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Background: Impaired cardiac insulin signalling and high cardiac fatty acid oxidation rates are characteristics of
conditions of insulin resistance and diabetic cardiomyopathies. The potential role of liver-derived peptides
such as adropin in mediating these changes in cardiac energy metabolism is unclear, despite the fact that in skel-
etal muscle adropin can preferentially promote glucose metabolism and improve insulin sensitivity.
Objectives: To determine the influence of adropin on cardiac energy metabolism, insulin signalling and cardiac ef-
ficiency.
Methods: C57B1/6 mice were injected with either vehicle or a secretable form of adropin (450 nmol/kg, i.p.) three
times over a 24-h period. The mice were fasted to accentuate the differences between animals in adropin plasma
levels before their hearts were isolated and perfused using a working heart system. In addition, direct addition of
adropin to the perfusate of ex vivo hearts isolated from non-fasting mice was utilized to investigate the acute ef-
fects of the peptide on heart metabolism and ex vivo function.
Results: In contrast to the observed fasting-induced predominance of fatty acid oxidation as a source of ATP pro-
duction in control hearts, insulin inhibition of fatty acid oxidation was preserved by adropin treatment. Adropin-
treated mouse hearts also showed a higher cardiac work, which was accompanied by improved cardiac efficiency
and enhanced insulin signalling compared to control hearts. Interestingly, acute adropin administration to iso-
lated working hearts also resulted in an inhibition of fatty acid oxidation, accompanied by a robust stimulation
of glucose oxidation compared to vehicle-treated hearts. Adropin also increased activation of downstream car-
diac insulin signalling. Moreover, both in vivo and ex vivo treatment protocols induced a reduction in the inhib-
itory phosphorylation of pyruvate dehydrogenase (PDH), the major enzyme of glucose oxidation, and the protein
levels of the responsible kinase PDH kinase 4 and the insulin-signalling inhibitory phosphorylation of JNK (p-
T'8/Y185) and IRS-1 (p-S3°7), suggesting acute receptor- and/or post-translational modification-mediated mech-
anisms.
Conclusions: These results demonstrate that adropin has important effects on energy metabolism in the heart and
may be a putative candidate for the treatment of cardiac disease associated with impaired insulin sensitivity.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Abbreviations: ACC, acetyl-CoA carboxylase; Akt, protein kinase B; AMPK, 5" AMP-
activated protein kinase; AS160, Akt substrate of 160 kDa; BSA, bovine serum albumin;
CD36, cluster of differentiation 36; CoA, Coenzyme A; CPT, carnitine palmitoyltransferase;
Enho, energy homeostasis associated gene; ERK1/2, extracellular signal-regulated kinases
1 & 2; FOXO1, forkhead box protein O1; GLUT, glucose transporter; GPR19, G-protein
coupled receptor 19; GSK33, glycogen synthase kinase 3 beta; IRS-1, insulin receptor sub-
strate 1; JNK, c-Jun NH2-terminal kinase; LVDP, left ventricular developed pressure; PDH,
pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase 4; PGC-1c, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PPARa, peroxisome
proliferator-activated receptor alpha; SIRT1, Sirtuin 1.
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Several secreted peptides have been shown to mediate whole body
energy homeostasis, lipid metabolism and maintenance of insulin sensi-
tivity [1-4]. For instance, adipokines, secreted by the adipose tissue, act
as paracrine/endocrine hormones to mediate energy metabolism and
have been extensively studied in the setting of obesity and diabetes
[5]. However, less attention has been given to the potential metabolic
actions of liver-secreted metabolic factors such as adropin [6]. Adropin
is a secretable peptide initially identified in the liver and is encoded by
the Energy Homeostasis Associated gene (Enho) [6]. Circulating adropin
levels are closely related to nutritional and metabolic cues in the body.
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For example, liver adropin expression decreases with diet- or
genetically-induced obesity [6]. Additionally, the expression and plasma
levels of adropin are increased by feeding and suppressed by fasting
[6,7]. In skeletal muscles, adropin has been proposed to have a role in
mediating energy metabolism through preferentially promoting glu-
cose oxidation over fatty acid oxidation [8]. This is associated with
improved insulin sensitivity in mice with diet-induced obesity [9].
This insulin sensitizing effect of adropin is thought to be mediated by
an increase in glucose oxidation through activation of pyruvate
dehydrogenase (PDH), by lowering the protein levels of it inhibitory ki-
nase PDH kinase 4 (PDK4), while also inhibiting sarcolemmal and mito-
chondrial fatty acid uptake at a transcriptional level through decreasing
the protein levels of the fatty acid transporter CD36, and carnitine
palmitoyltransferase 1 (CPTI) [8,9].

Myocardial energy metabolism is profoundly altered in many heart
pathologies including heart failure and diabetic cardiomyopathy [10].
In diabetes the heart is more reliant on fatty acid oxidation for energy
production and displays impairment of glucose uptake and insulin sig-
nalling, whereas failing hearts show a general impairment of mitochon-
drial oxidative phosphorylation with an increased dependence on
glycolysis [11]. These alterations in cardiac energy metabolism contrib-
ute to the severity of heart disease [11,12]. Clinically, reduced serum
levels of adropin are associated with several cardiovascular conditions
including endothelial dysfunction, heart failure, acute myocardial in-
farction, coronary atherosclerosis, and cardiac syndrome X, and repre-
sent an independent risk factor and predictor of most of these
conditions [13]. Consequently, a relationship between adropin levels
and cardiovascular energy metabolism and health is most likely to
exist and warrants adequate investigation.

Whether adropin alters cardiac energy metabolism in the heart is
unclear, as are the potential mechanisms by which it might mediate en-
ergy metabolism. Understanding the metabolic effects of adropin may
not only provide diagnostic tools for early detection of cardiac patholo-
gies but may also help devise novel therapies aiming at alleviating the
metabolic disturbances contributing to the progression of heart disease.
Therefore, the aim of this study was to investigate the effects of adropin
administration on cardiac energy metabolism and function with the hy-
pothesis that adropin causes a switch of myocardial energy metabolism
towards glucose oxidation, while improving insulin sensitivity, thus im-
proving the metabolic profile and cardiac efficiency.

2. Methods
2.1. Animals and materials

Male C57BL/6 mice (7-10 weeks of age) were obtained from
Charles River laboratories (Wilmington, MA, USA) and used in
the study. The animals were given free access to regular chow
diet (Harlan Teklad, Madison, WI, USA) unless a fasting protocol
was applied as explained below. All animals were randomized to
one of the experimental groups explained below in study
protocols. The injectable adropin peptide used in our study
(adropin®#-7%) is compatible with and native to the murine biol-
ogy as the Enho mRNA sequence encodes a 76 aa open reading
frame (ORF) that is identical between humans, rats, and mice,
among other species [6]. Therefore, all animal studies were ap-
proved by the University of Alberta Health Sciences Animal Wel-
fare Committee and conform to the guidelines of the Canadian
Council of Animal Care, Alberta. A full list of materials is provided
in the Supplementary information file.

2.2. Study protocol
The animals utilized in this study to evaluate cardiac functional and

metabolic changes with adropin administration were subjected to one
of the following two protocols.

2.2.1. In vivo adropin

Mice received three intraperitoneal (IP) injections of 450 nmol/kg
adropin®¥-76 dissolved in 0.1% BSA normal saline or vehicle, over a 20-
24 h period. This adropin administration protocol was previously used
to induce metabolic actions in whole-body and skeletal muscles in
mice [8,9]. All mice were fasted 4 h after the first treatment injection
just before their dark cycle, and for a total of 16-20 h (Fig. 1A). This
fasting protocol was adopted to accentuate the differences in plasma
levels of adropin between the animals of the two experimental groups
and to investigate adropin's metabolic effects under conditions of de-
creased metabolic flexibility and increased reliance of the heart on
fatty acid oxidation for energy production as what is seen in diabetes
and obesity [8,9] that is similarly seen with fasting [11]. At the end of
fasting period, the mice were euthanized using 12 mg sodium pentobar-
bital IP injections followed by isolating and perfusing the heart using a
working heart preparation as described previously [14] [15,16] for
30 min without insulin, followed by 30 min with 100 pU/ml insulin. A
schematic view of the in vivo protocol is shown in Fig. 1A.

2.2.2. Ex vivo adropin

To examine if adropin had acute metabolic/functional effects
on the heart, we also acutely perfused hearts from normally fed
animals. These animals did not receive treatments before euthana-
sia. Hearts were perfused using the ex vivo working heart system
as described above, with the modification that during the whole
perfusion protocol, 100 pU/ml insulin was present in the perfusate
as well as either adropin®4-7¢ (2 nM, equivalent to 10 ng/ml), a
slightly elevated yet physiologically relevant concentration of
adropin, or vehicle. A schematic view of the ex vivo protocol is
shown in Fig. 4A.

2.3. Heart perfusions

In addition to the specific treatment as explained above, the
isolated working-heart perfusate consisted of a modified Krebs-
Henseleit bicarbonate (KHB) solution containing in mM (118.5
NaCl, 4.7 KCl, 2.5 CaCl,, 25 NaHCOs;, 1.2 KH,;PO04, 1.2 MgSO04, 5 glu-
cose, and 0.8 palmitate bound to 3% bovine serum albumin. Trace
amounts of radiolabeled [5->H] glucose, [U-'“C] glucose, or [9,
10-3H] palmitate were added to the perfusate to assess rates of
glycolysis, glucose oxidation, and palmitate oxidation, respec-
tively. The perfusate was continuously oxygenated with a gas mix-
ture of 95% O, and 5% CO,. Two metabolic rates were determined
simultaneously by quantitative collection of '#CO, and *H,0 pro-
duced by the hearts from metabolizing the respective energy sub-
strates. The dry/wet tissue ratio was determined and metabolic
rates were represented as nmol per g dry weight per min
(nmol-g dry wt™'-min~") [15,16].

Cardiac function was assessed in isolated working hearts using
a MP100 system from AcqKnowledge (BIOPAC Systems, Inc.). This
included assessing heart rate, peak systolic pressure, left ventricu-
lar developed pressure, cardiac output, and aortic output [17].
Cardiac work was determined as a function of cardiac output and
peak systolic pressure. Cardiac efficiency was calculated as the
ratio of cardiac work to total ATP production rates, which in turn
was obtained from energy substrate metabolic rates. At the end
of each perfusion, the heart ventricles were clamp-frozen in liquid
nitrogen then stored at —80 °C for subsequent biochemical
examination.

2.4. Western blotting

Protein levels and phosphorylation were assessed in heart tissue
using immunoblotting, as described previously [18]. For details see the
Supplementary information file.
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2.5. Protein acetylation assay 2.6. Glucose tolerance test

Specific protein acetylation was assessed using an immunoprecipita- An intraperitoneal glucose tolerance test was conducted on fasted
tion (IP) method as previously described [19] with minor modification. mice administered adropin or vehicle using a dose of 2 g glucose/kg as pre-
For details see the Supplementary information file. viously described [20]. For details see the Supplementary information file.
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Fig. 1. In vivo adropin administration improves cardiac function in fasted mice. (A) A diagram showing the experimental protocol of in vivo adropin/vehicle injections followed by isolated
working hearts perfusions. Functional and metabolic assessment of working heart perfusions (60 min) of hearts isolated from fasting C57BL/6 mice that were injected three times with
intraperitoneal 450 nmol/kg adropin®#-7° or vehicle over a 20-24 h period: (B) cardiac work, (C) cardiac output, and (D) coronary flow, Cardiac functional parameters data were
recorded using an MP100 system from AcqKnowledge (BIOPAC Systems, Inc.). Data provided were used to calculate cardiac work and coronary flow as explained in experimental
procedures. *p <« 0.05 (treatment), *p <« 0.05 (time), ¥p <« 0.05 (interaction), 2-way ANOVA with repeated measures. * on individual points show significance at the specific time point
with Bonferroni's test. All values represented as mean + SEM, n = 7. IP, intraperitoneal.
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2.7. Statistical analysis

Data are expressed as mean 4 SEM. Statistical significance was de-
termined using paired, unpaired t-test, 2-ANOVA, or 2-ANOVA with re-
peated measures, followed by Bonferroni post-hoc test whenever
appropriate. Differences were deemed significant if p « 0.05.

3. Results

3.1. Adropin administration to fasting mice improves cardiac function and
efficiency while increasing insulin's inhibitory effect on cardiac fatty acid
oxidation

As expected in these lean mice, not displaying insulin resistance or
impaired glucose homeostasis, whole body glucose tolerance was not
different between the two groups (Supplementary Fig. 1). Interestingly,
treatment with adropin improved ex vivo cardiac function, as evidenced
by enhanced cardiac work especially upon the introduction of insulin to
the perfusate (Fig. 1B). This was partially a result of increased cardiac
output which was higher in adropin's group, although not reaching sta-
tistical significance (Fig. 1C). Additionally, there was a significant in-
crease in coronary flow (Fig. 1D), which may have contributed to the
enhanced cardiac work.

Despite fasting, the effect of insulin on stimulating cardiac glucose
oxidation rates was seen in both vehicle and adropin-treated mice
(Fig. 2A). In contrast, hearts from vehicle-treated fasted mice, lacked a
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significant inhibitory effect of insulin on palmitate oxidation (Fig. 2B),
that normally exist in fed mice. However, the inhibitory effect of insulin
on fatty acid oxidation was preserved in hearts from adropin-treated
mice (Fig. 2B). This suggests enhanced myocardial insulin sensitivity
with adropin despite the partial masking effect of fasting that largely
suppressed glucose oxidation in all hearts. Glycolysis rates were also
not different between hearts from adropin-treated mice and vehicle-
treated mice (Fig. 2C), suggesting that the insulin sensitizing effects of
adropin on glucose metabolism are independent of glycolysis.

The relative contribution of fatty acid oxidation to ATP production
was decreased by insulin in hearts from adropin-treated mice (Fig. 2D)
which resulted in a moderate decrease in total ATP produced (not
shown) to provide a higher cardiac work as shown in Fig. 1B above,
thus leading to a rise in cardiac efficiency in the hearts from adropin-
treated mice (Fig. 2E) which in turn is defined as the amount of cardiac
work per ATP produced. Together, these results suggest that three injec-
tions of adropin over 24 h were enough to promote ex vivo cardiac func-
tion with an enhancement of insulin's inhibitory effect on fatty acid
oxidation, ultimately resulting in a higher cardiac efficiency.

3.2. In vivo 24 h treatment with adropin decreases the phosphorylation of
pyruvate dehydrogenase and protein levels of pyruvate dehydrogenase ki-
nase 4

Based on our functional and metabolic data, we investigated possible
variations in levels and phosphorylation status of proteins known to
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Fig. 2. In vivo adropin enhances insulin-induced inhibition of cardiac fatty acid oxidation and increases efficiency. (A) Glucose oxidation; (B) palmitate oxidation; (C) glycolysis;
(D) percent contribution of catabolic pathway to ATP production and (E) cardiac efficiency. Insulin (100 pU/ml) was added at 30 min during heart perfusions as described in methods.
*p < 0.05, paired t-test. “p « 0.05 (interaction), 2-way ANOVA, *p « 0.05 vs. vehicle of same insulin treatment, 2-way ANOVA followed by Bonferroni's test. All values represented as

mean + SEM, n = 5-8.
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regulate energy metabolic pathways. Accordingly, we explored some
mechanisms previously suggested to mediate adropin effects in skeletal
muscles at a translational level [8,9]. Contrary to the proposed paradigm
in skeletal muscles, we did not see changes in protein levels of CD36,
PPARa, PGC-q, or CPT Ib in the heart (Fig. 3A and B). However, consis-
tent with findings in skeletal muscles [9] and cultured H9c2
cardiomyocytes [21], PDK4 protein levels were significantly reduced in
the hearts of adropin-treated mice (Fig. 3A and B). It was suggested
adropin's metabolic effects are mediated in skeletal muscles through
the inhibitory acetylation control of the transcriptional coactivator
PGC-1a with subsequent effects on PDK4 and CPT levels [8,9]. However,
we could not reproduce such acetylation changes (Supplementary Fig.
2) with adropin in the heart.

As AMPK and ACC2 play a major role in the regulation of
mitochondrial uptake of long-chain fatty acyl groups, and hence
fatty acid oxidation, through the malonyl-CoA axis, we investi-
gated the phosphorylation status of these enzymes. The well-
established signalling pathway involves a stimulatory phosphory-
lation of AMPK which, in turn, phosphorylates and inhibits ACC2,
the enzyme responsible for the production of the endogenous
fatty acid oxidation inhibitor malonyl-CoA. However, neither of

these two enzymes were differently phosphorylated (Fig. 3C and
D), suggesting that other mechanisms may account for adropin's
metabolic effects. In contrast, the inhibitory phosphorylation of
PDH E1-alpha subunit at $*3, the rate limiting and major enzyme
in the glucose oxidation pathway, appears to be reduced by
adropin injections (Fig. 3C and D), which is consistent with the
drop in PDK4 protein levels. These results suggest that in the
heart the metabolic effects associated with adropin administra-
tion over a 24-h period are at least partially explained by variable
protein expression of PDK4 and its subsequent phosphorylation of
PDH.

3.3. Acute administration of adropin stimulates glucose oxidation with a
corresponding inhibition of palmitate oxidation

Since we did not see effects of adropin injections on protein
levels of several metabolic regulatory components that were pre-
viously suggested to mediate adropin's effects on skeletal muscle
energy metabolism [8,9], we went on to examine whether
adropin has any acute metabolic and/or functional effects on the
heart that are not dependent on protein expression. This was
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Fig. 3. In vivo adropin decreases cardiac PDK4 protein expression. (A) Western blots of key enzymes involved glucose and fatty acid oxidation, CD36, PPARa, PGC-1c, CPT I B, and PDK4,
indicating protein levels. a-Tubulin or 3-actin was used as protein loading controls of the respective protein. (B) Quantification of data presented in (A). (C) Western blots showing the
phosphorylation of the key enzymes involved glucose and fatty acid oxidation p-PDH 5?3, p-AMPK T'72, and p-ACC2 $'2°°, correlating to their activity. The phosphorylated forms of PDH,
AMPK, and ACC2 are normalized for the total protein level of the respective enzyme. (D) Quantification of data presented in (C). Western blot samples were prepared from heart ventricles

34-76

clamp-frozen at the end of the 60 min isolated heart perfusion of hearts isolated from fasting C57BL/6 mice that were injected three times with intraperitoneal 450 nmol/kg adropin or
vehicle over a 20-24 h period. *p<0.05. All values represented as mean 4 SEM, n = 5-6. ACC, acetyl-CoA carboxylase; AMPK, 5" AMP-activated protein kinase; CD36, cluster of
differentiation 36/fatty acid translocase; CPT, carnitine palmitoyltransferase; PDH, pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase 4; PPARq, peroxisome proliferator-
activated receptor alpha; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha.
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Fig. 4. Ex vivo adropin does not alter cardiac function. (A) A diagram showing the experimental protocol of ex vivo adropin/vehicle working hearts perfusions as explained in methods.
Functional and metabolic assessment of working heart perfusions (60 min) of hearts isolated from non-fasting C57BL/6 mice and then perfused with 2 nM adropin®*-7 or vehicle:
(B) Cardiac work; (C) heart rate, and (D) rate pressure product (RPP). Cardiac functional parameters data were recorded using an MP100 system from AcqKnowledge (BIOPAC
Systems, Inc.). Data provided were used to calculate RPP and cardiac work as explained in experimental procedures. ¥p « 0.05 (interaction), 2-way ANOVA with repeated measures.

All values represented as mean & SEM, n = 14.

achieved through directly perfusing isolated working mouse
hearts with adropin or vehicle (protocol is shown in Fig. 4A).
Acute adropin-treatment did not have major effects on cardiac
work (Fig. 4B), although there was a significant preservation of
heart rate and rate-pressure product (RPP) over the duration of
perfusion (Fig. 4C and D, respectively). Despite these minor ef-
fects on cardiac function, hearts perfused with adropin showed a
significant enhancement of glucose oxidation accompanied by a
corresponding decrease in palmitate oxidation (Fig. 5A and B, re-
spectively) compared to control. Here again, there was no change
in glycolysis rates (Fig. 5C), in support of the idea that adropin's
effects are independent of glycolysis. The changes in glucose/
fatty acid oxidation rates resulted in significant increases in the
relative contribution of glucose oxidation to the production of
ATP (Fig. 5D). Since these non-stressed hearts produced compara-
ble total amount of ATP and magnitude of cardiac work, their car-
diac efficiency did not differ from controls (Fig. 5E).

3.4. Insulin signalling is enhanced in the hearts of adropin-injected mice
and in isolated hearts perfused with adropin

The acute and profound effect of adropin administration on stimu-
lating cardiac glucose oxidation while inhibiting fatty acid oxidation,
along with the limited changes in the expression of several proteins in-
volved in energy metabolism following in vivo adropin administration,
led us to the hypothesis that a post-translational mechanism(s) may ac-
tually be responsible for the effects of adropin on cardiac energy metab-
olism in the heart. We therefore measured several components of the
insulin signalling pathway following both in vivo and ex vivo adropin
treatments. As shown in Fig. 6, tissue lysates of heart ventricles from
mice treated with in vivo adropin showed an enhanced stimulatory
phosphorylation of Akt (p-Akt $*73), AS160 (p-AS160 T542), and insulin
receptor substrate-1 (p- IRS-1 Y®%8), along with an increased inhibitory
phosphorylation of GSK3B (p-GSK3 S°) compared to vehicle controls
(p < 0.05) (Fig. 6A and B), all indicating enhancement of insulin
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Fig. 5. Ex vivo adropin enhances cardiac glucose oxidation and inhibits fatty acid oxidation. (A) Glucose oxidation; (B) palmitate oxidation; (C) glycolysis; (D) percent contribution of the
respective catabolic pathway to ATP production and; (E) cardiac efficiency. Insulin (100 pU/ml) was present from the beginning of heart perfusions as described in methods. *p « 0.05
compared to vehicle controls, unpaired t-test. All values represented as mean 4 SEM, n = 6-14.

signalling. Similarly, ex vivo adropin also increased insulin signalling
compared to vehicle controls, as evidenced by increased stimulatory
phosphorylation of IRS-1 (p- IRS-1 Y528) and Akt (p-Akt $473), as well
as by downstream inhibitory phosphorylation of GSK3p (p-GSK3p S°)
in ex vivo adropin hearts (p < 0.05), although not significantly changing
AS160 phosphorylation (p-AS160 T%42) status (Fig. 7A and B). Of note,
ex vivo adropin also showed reduced phosphorylation of PDH (Fig. 7A
and B) as was seen with the in vivo protocol above. Of interest, a one-
hour exposure of the mouse hearts to adropin in the perfusate resulted
in reduction of PDK4 levels (Fig. 7C and D), which correlated well with
the reduced phosphorylation of PDH. Taken together, adropin adminis-
tration to mice or directly to the mouse heart stimulates insulin signal-
ling and sensitivity in cardiac ventricular tissue.

3.5. Adropin reduces PDK4 protein levels and enhances insulin-IRS-1 path-
way through mechanisms involving MAPKs and FOXO1 signalling

A negative regulator of IRS-1 is its phosphorylation at S>°7 residues
in mouse tissue (S*'? in the human) which is located at a domain in-
volved in the binding of IRS-1 to the insulin receptor (IR), and when
phosphorylated hinders this binding and subsequent insulin signalling
[22]. We observed a decline in IRS-1 S*°7 phosphorylation with both
in vivo and ex vivo adropin administration (Figs. 6A & B and 7A & B).
This is also consistent with stimulation of insulin signalling and
improved cardiac insulin sensitivity as evident in the above molecular
and metabolic effects of adropin. One upstream kinase responsible for
IRS-1 $3°7 phosphorylation is c-Jun NH,-terminal kinase (JNK)
mitogen-activated protein kinase [23], which displayed decreased
phosphorylation (p-JNK T'83/Y'85) with both in vivo and ex vivo adropin
administration protocols. This decreased phosphorylation was

associated with inhibited activity of this kinase and consequently in
line with decreased IRS-1 S3°7 phosphorylation (Figs. 6 and 7). FOXO1
and another mitogen-activated protein kinase, ERK 1/2, are both re-
sponsive to insulin stimulation and are known to regulate PDK4 expres-
sion [24,25]. FOXO1 is phosphorylated and inhibited by Akt [26]. We
detected an increased phosphorylation of FOXO1 and ERK1/2 by both
treatment protocols of adropin (Figs. 6C and D and 7C and D), which
may account at least in part for the decline in PDK4 with adropin treat-
ments. To summarize, in vivo adropin administration as well as acute
ex vivo adropin in isolated hearts was associated with stimulation of in-
sulin signalling pathways that was accompanied by inhibitory effects on
FOXO1-PDK4 and JNK/IRS-1 S*°7 phosphorylation axis as well as activa-
tion of ERK1/2 pathway.

4. Discussion

Several peptides secreted by non-muscular tissues are known to af-
fect energy homeostasis and insulin sensitivity in heart and skeletal
muscle [1,27-29]. Dysregulated plasma levels and functions of certain
adipokines including adiponectin, leptin as well as pro-inflammatory
cytokines and resistin are associated with insulin resistance seen in obe-
sity [28,29]. Here we show that a secreted form of adropin (i.e.
adropin®*-7), which is naturally synthesized and secreted by the liver,
can also induce significant modification of cardiac energy metabolism
by increasing glucose oxidation and inhibiting fatty acid oxidation.

Decreased adropin plasma levels are associated with markers of in-
sulin resistance [30], while heart failure is associated with elevated
levels of plasma adropin [31] perhaps as an adaptive mechanism.
Adropin has been proposed to have an important role in regulating skel-
etal muscle energy metabolism particularly in post-prandial conditions
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Fig. 6. In vivo adropin increases cardiac insulin sensitivity. (A) Western blots showing phosphorylation of key components of the insulin signalling pathway: p-Akt>*’3, p-GSK3p%°, p-
AS160"%42, p-IRS-1Y528 and p-IRS-153%7, as surrogate markers of their activity. (B) Quantification of data presented in (A). (C) Western blots of proteins involved in regulation of PDK4
expression and insulin signalling, namely p-JNK™'#3/¥185 b_FOX015%¢, and p-ERK1/2™2/7204 (D) Quantification of data presented in (C). The phosphorylated form of each protein is
normalized for the total level of the same protein. Western blot samples prepared from heart ventricles clamp-frozen at the end of the 60 min isolated heart perfusion of hearts

isolated from fasting C57BL/6 mice that were injected three times with intraperitoneal 450 nmol/kg adropin34-7¢

or vehicle over a 20-24 h period. *p <« 0.05 versus vehicle control,

unpaired t-test. All values represented as mean 4 SEM, n = 5-6. Akt, protein kinase B; AS160, Akt substrate of 160 kDa; ERK1/2, extracellular signal-regulated kinases 1 & 2; FOXO1,
forkhead box protein O1; GSK3p, glycogen synthase kinase 3 beta; IRS-1, insulin receptor substrate 1; JNK, c-Jun NH2-terminal kinase.

[6,8] and in obesity [9]. In these previous studies, either transgenic over-
expression or exogenous administration of adropin improves the over-
all metabolic profile in animals with diet-induced obesity through
better glucose tolerance and oxidation and insulin sensitivity [6,9].
The expression and plasma levels of adropin are increased during feed-
ing and suppressed by fasting [6,7]. This may contribute to the flexibility
that the myocardium displays in switching between energy substrates,
from the fatty-acid reliant fasting state to the more metabolically flexi-
ble fed state, where glucose is more abundant in the circulation [11]. In
general, and due to multiple reasons, fatty acids are considered less ef-
ficient as a source of energy to the myocardium [11,32,33]. Accordingly,
current metabolic modulators are almost invariably aimed at enhancing
glucose oxidation in relation to fatty acid metabolism [34,35].

Direct effects of adropin on cardiac energy substrate metabolism
have not been clearly demonstrated. To examine the effects of adropin
on cardiac energy metabolism we utilized a fasting protocol applied to
mice that were injected with adropin or vehicle. Injected adropin has
been shown to enhance whole body glucose clearance in diet-induced
obesity whereas adropin overexpressing transgenic mice show im-
proved glucose tolerance even on regular chow diet [6]. The discrepancy
between those lean transgenic mice and our wild type lean mice is
mostly due to the difference in the length of exposure of insulin-
sensitive tissues to a constitutive overexpression and oversecretion of
adropin as opposed to a transient increase in its levels over 24 h. Al-
though we did not use in this preliminary study an experimental
model of diabetes, which is a limitation in our study, our protocol

allowed us to simulate the metabolic status of diabetic hearts by creat-
ing a fasting-induced elevation of fatty acid oxidation and metabolic in-
flexibility accompanied by inhibited rates of glucose oxidation. This
proved useful in evaluating adropin for possible effects counteracting
the fasting-associated energy metabolism profile akin to the insulin-
resistant heart.

Our demonstration of direct beneficial effects of adropin on cardiac
function may suggest useful implications and benefit in conditions of
cardiac disease associated with impaired insulin sensitivity. Indeed, pre-
vious studies have demonstrated an association between cardiac insulin
resistance and the severity of heart failure [11,36-40]. As a result, an im-
proved cardiac function in adropin treated mice may be occurring sec-
ondary to improved cardiac insulin sensitivity. However, this study
represents a preliminary evaluation of actions of adropin on cardiac
function and future investigations on diseased hearts are warranted.
The exact mechanism of improved cardiac function, especially with in-
sulin stimulation, is not clear, although this may be related to an in-
creased cardiac efficiency with in vivo adropin (Fig. 2F), a finding
consistent with increased cardiac insulin sensitivity, increased glucose
oxidation, and inhibition of fatty acid oxidation (which is a less efficient
energy substrate compared to glucose) [11,17,33,41].

The mechanism by which adropin has previously been proposed to
stimulate glucose oxidation in skeletal muscles or stimulate mitochon-
drial respiration in H9c2 cells involved stimulating PDH activity by
down-regulating the protein expression of its inhibitory kinase PDK4
[8,9]. Our results are in agreement with these previous studies and go
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Fig. 7. Ex vivo adropin increases cardiac insulin sensitivity. (A) Western blots showing phosphorylation of key proteins in the insulin signalling pathway and glucose metabolism: p-Akt>*73,
p-GSK3pR%°, p-AS160™%42, p-IRS-1Y628, p-IRS-153%7, and p-PDH S?°* as surrogate markers of their activity. (B) Quantification of data presented in (A). (C) Western blots of PDK4 and proteins
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(C). The phosphorylated form of each protein is normalized for the total level of the same protein. WB samples were made from heart ventricles clamp-frozen at the end of the 60 min

isolated heart perfusion of hearts isolated from non-fasting C57BL/6 mice and then perfused with 2 nM adropin

34-76 or vehicle. *p « 0.05 versus vehicle control, unpaired t-test. All

values represented as mean + SEM, n = 5-8. Akt, protein kinase B; AS160, Akt substrate of 160 kDa; ERK1/2, extracellular signal-regulated kinases 1 & 2; FOXO1, forkhead box
protein O1; GSK3p, glycogen synthase kinase 3 beta; IRS-1, insulin receptor substrate 1; JNK, c-Jun NH2-terminal kinase; PDH, pyruvate dehydrogenase; PDK4, pyruvate

dehydrogenase kinase 4.

further to show a similar effect with acute adropin exposure on decreas-
ing PDK4 expression. PDK4 levels are not only dependent on its rate of
synthesis, but also its degradation by the mitochondrial protease Lon,
and possible other proteases and ubiquitination pathways which con-
tribute to its short life (t%2 ~ 1 h) [42]. Consistently, a decline in PDK4
levels was achieved by the first hour of exposure of H9c2 cells to
adropin [21]. On the other hand, inhibition of fatty acid oxidation was
proposed to occur through decreasing the protein expression of the sar-
colemmal fatty acid translocase, CD36, and of CPT I, the enzyme respon-
sible for mitochondrial uptake and hence oxidation of activated long
fatty acids [8,9]. In addition, it was suggested that these effects are me-
diated through the inhibitory acetylation control of the transcriptional
coactivator PGC-1a with subsequent effects on CD36 and CPT levels
[8,9]. However, we could not reproduce such protein level changes of
CD36, CPT1b, and PGC-1a, which agrees with the lack of effect on
these proteins in cultured cardiomyocytes incubated with adropin for
24 h. Acetylation changes with adropin were not reproduced either in
our study (Supplementary Fig. 2). This suggests that the cardiac re-
sponse to adropin may involve different mechanisms depending on
the tissue affected and/or duration of treatment. Nonetheless, the

phosphorylation of PDH was reduced by in vivo adropin injections as
well as after acute ex vivo administration of adropin to the heart. The
discrepancy of this latter finding compared to the lack of p-PDH changes
by 4 h of adropin exposure in H9c2 cells [21] is unclear, but may stem
from the fact that H9c2 cells are considered a more glycolytic type of
cells that are not beating or subject to actual workloads and thus require
minimal energy production and are less reliable on glucose oxidation
and PDH activity.

Several components of cardiac insulin signalling were stimulated by
adropin in our study, associated with increased glucose oxidation and/
or reduced fatty acid oxidation (Fig. 6). These are consistent with the
aforementioned studies on normal and insulin-resistant mouse skeletal
muscles [8,9]. Noteworthy, in our in vivo treatment model, glucose oxi-
dation was not increased with adropin in parallel with the reduced in-
hibitory phosphorylation of PDH. The exact reason behind this
observation is unclear but could be due to the complexity of mecha-
nisms regulating energy metabolism in general under fasting conditions
which, per se, suppresses glucose oxidation. However, the observed re-
duction of fatty acid oxidation with adropin injections is important since
conditions such as obesity and diabetes are associated with cardiac
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insulin resistance and increased reliance on fatty acids for energy pro-
duction. On the other hand, cardiac glycolysis rates were not changed
by adropin which is consistent with previous studies using models of in-
sulin resistance including heart failure and high fat diet, that showed re-
duction in glucose oxidation without changes in glycolysis [43,44].
Effects of adropin on gluconeogenesis and glycogenolysis were not in-
vestigated in our study as we focused on heart glucose and fatty acid ox-
idation, being the major energy sources for the heart, and due to the fact
that the heart does not possess significant gluconeogenic capacity, sec-
ondary to the limited phosphoenolpyruvate carboxykinase (PEPCK)
protein expression [45]. However, a recent study showed that adropin
can reduce hepatic glucose production and improve insulin sensitivity
in the liver [46].

The impressive acute adropin metabolic response in the absence of
alterations in the expression of key metabolic proteins suggest a mech-
anism of action involving a possible ligand (adropin)-receptor interac-
tion, resulting in the post-translational modifications of components
of the insulin signalling pathway. Adipokines such as adiponectin and
leptin induce their metabolic actions on the heart through binding to
specific receptors on the cell membrane [47-49]. However, to date the
identity of any cardiac receptor of adropin remains to be determined.
Arecent study suggested adropin's effects on the brain may be mediated
through GPR19, a G-protein coupled receptor (GPCR) in neuronal cells
[50]. This protein is also expressed in the heart although in lower levels
[51]. The more recent study by Thapa et al. [21], proposed GPR19 as the
receptor for adropin in H9c2 cells by mediating its metabolic actions on
PDH activation through suppression of PDK4 expression in a p44/42
MAPK (ERK1/2)-dependent mechanism. Although our results confirm
alterations in this pathway as well as involvement of other pathways af-
fecting insulin sensitivity, further investigation is required to determine
the exact receptor/mechanism of action of adropin on the myocardium.

In agreement with our results, a recent paper showed a relative in-
crease in cardiac glucose oxidation in mice on high fat diet treated
with adropin injections as compared to other energy substrates [52].
However, in contrast to our direct measurement of actual cardiac meta-
bolic rates over the time course of perfusion and in correlation with
functional consequences and changes in mechanical efficiency, that
study utilized indirect calculation of steady state enrichment in TCA
cycle intermediates following *C-labbeled glucose venous infusion to
estimate the relative contributions of glucose versus fatty acid to cardiac
acetyl-CoA production [52]. Contrary to our findings in ex vivo cardiac
function, 3-day adropin treatment did not lead to significant improve-
ment of in vivo contractile function [52]. Additionally, the metabolic
changes seen with adropin were attributed to alterations in the acetyla-
tion status of key metabolic enzymes involved in glucose and fatty acid
oxidation rather than PDK4-PDH axis [52], an observation we did not
see in our study perhaps due to differences in the treatment protocols
and experimental models utilized.

Our data suggests that the signalling pathways mediating adropin's
metabolic effects in the heart may involve modulating JNK activity.
Sustained JNK activity is known to contribute to endoplasmic reticulum
stress [53]. The inhibitory serine phosphorylation of IRS-1 by JNK is
known to underline inflammatory- as well as free fatty acid- induced in-
sulin resistance [23,54]. Binding of insulin to its receptor at the extracel-
lular o subunits elicits the intracellular tyrosine autophosphorylation of
the  subunits, which enhances the tyrosine kinase activity of the recep-
tor to its downstream adaptor proteins including IRS-1 [55,56]. The
phosphorylated tyrosine residues of IRS initiate the activation of down-
stream kinases and proteins of the insulin signalling pathway including
Akt, which in turn phosphorylates and activates AS160 leading to in-
creased GLUTA4 translocation to the cell membrane and thus enhance
glucose uptake, as well as phosphorylating and inhibiting GSK3{ to in-
crease glycogen synthesis and FOXO1 limiting its transcriptional activity
on its target genes including PDK4 [24,26,55,57]. As such, attenuation of
JNK phosphorylation by adropin is consistent with de-inhibiting IRS-1
mediation of insulin signalling and the observed enhancement of

insulin stimulation of glucose oxidation. However, it remains unclear
how administration of adropin could lead to decreased JNK phosphory-
lation in the heart, and whether these effects are mediated downstream
of a cardiac adropin receptor. A schematic view of the proposed signal-
ling pathways modulated by adropin is shown in Fig. 8.

5. Conclusions

We demonstrate that adropin has an important role in regulating
cardiac energy substrate preference through enhancing cardiac insulin
signalling, stimulating glucose oxidation and inhibiting fatty acid oxida-
tion. This action of adropin could potentially provide a promising target
in devising therapies for the heart of patients with the metabolic syn-
drome, obesity, and diabetes, through modulating myocardial energy
metabolism. Published clinical research on adropin has been mostly
limited so far to observational studies showing correlations between
its plasma levels and the consumed diet or several diseases and meta-
bolic parameters such as obesity, cholesterol homeostasis, or the risk
of coronary heart disease [30,58-60]. However, the growing body of
promising evidence with adropin in pre-clinical studies, including
ours, could potentially encourage future clinical trials to explore possi-
ble benefits of this compound or its analogues in the treatment of car-
diac metabolic conditions such as diabetic cardiomyopathy.
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