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ABSTRACT

Previous studies have shown that treatment with recombinant adropin, a circulating peptide secreted by the liver
and brain, restores glucose utilization in the hearts of diet-induced obese mice. This restoration of fuel substrate
flexibility, which is lost in obese and diabetic animals, has the potential to improve contractile function in the
diabetic heart. Using an ex vivo approach, we examined whether short-term adropin treatment could enhance
cardiac function in a mouse model of diet-induced obesity. Our study showed that acute adropin treatment
reduces inhibitory phosphorylation of pyruvate dehydrogenase in primary neonatal cardiomyocytes, and leads to
moderate improvements in ex vivo cardiac function in mice fed a low fat diet. Conversely, short-term exposure to
adropin led to a small decrease in cardiac function in mice fed a long-term high fat diet. Insulin treatment did not
significantly alter cardiac function in adropin treated hearts from either low or high fat diet mice, however acute
adropin treatment did moderately restore some aspects of downstream insulin signaling in high fat diet fed mice.
Overall, these data suggest that in an ex vivo setting, acute adropin treatment alone is not sufficient to promote

improved cardiac function in obese animals.

1. Introduction

Adropin is a short circulating peptide hormone produced in the liver
and brain (Kumar et al., 2008). Once cleaved from its propeptide form,
circulating adropin regulates metabolic function in a number of tissues,
including the liver, brain, skeletal muscle, and the cardiovascular system
(see, e.g, Kumar et al., 2008; Lovren et al., 2010; Gao et al., 2014; Gao
et al., 2015; Stein et al., 2016; Thapa et al., 2019; Altamimi et al., 2019).
Early studies demonstrated that long-term exposure to a high fat diet in
mice resulted in decreased levels of circulating adropin (Kumar et al.,
2008). Subsequent studies from the same group showed that restoration
of adropin levels in diabetic mice, using either transgenic
over-expression or treatment with recombinant peptide, led to a reversal
in hyperglycemia, and the restoration of glucose oxidation in formerly
insulin-resistant tissues such as skeletal muscle (Gao et al., 2014, 2015).

The ability of adropin to restore glucose oxidation in striated muscle
from diabetic animals raised the possibility that it may have a beneficial
effect on cardiac function in models of diabetic cardiomyopathy. While
previous studies have shown that adropin can indeed improve glucose
utilization in the hearts of both lean and diet-induced obese mice
(Altamimi et al., 2019; Thapa et al., 2019), its effect on cardiac con-
tractile function in obese animals remains unclear. In this study, we used
an ex vivo isolated working heart approach to determine whether acute
adropin treatment would improve cardiac functional parameters in the
hearts of both lean and obese mice. Our studies demonstrate that while
short-term adropin improves cardiac function in lean mice ex vivo, it has
a small negative effect on cardiac contractile function in diet-induced
obese mice. This lack of improvement may be the result of impaired
insulin signaling in ex vivo hearts from obese mice, which is only
moderately improved in adropin-treated animals fed a long-term high
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fat diet.
2. Methods
2.1. Animal husbandry and use

Animals were housed in the University of Pittsburgh animal facility
under standard conditions with ad libitum access to water and food on a
constant 12 h light/12 h dark cycle. Male control and diet-induced obese
C57BL/6 J mice were obtained from The Jackson Laboratory after 22
weeks of either standard low fat diet (LFD; 70% carbohydrate, 20%
protein, 10% fat; Research Diets D12450B), or a high fat diet (HFD; 20%
carbohydrate, 20% protein, 60% fat; Research Diets D12492). Mice were
maintained on this diet at the University of Pittsburgh for two weeks to
acclimatize after transport prior to experimental use. At the end of 24
week LFD or HFD feeding regimens, mice received three L.P. injections of
either vehicle (sterile PBS) or adropin (450 nmol/kg) over two days on a
schedule described in Fig. 3. After the second injection, mice were fasted
overnight with free access to water. After the third injection, mice were
euthanized and hearts rapidly excised for experimental use. Mouse
hearts were excised and used at the same point of the day/night cycle to
remove any potential circadian effects on endogenous adropin expres-
sion (Banerjee et al., 2020). Experiments were conducted in compliance
with National Institutes of Health guidelines, and followed procedures
approved by the University of Pittsburgh Institutional Animal Care and
Use Committee.

2.2. Neonatal cardiomyocyte isolation and treatment

Neonatal cardiomyocytes were isolated by collagenase disassocia-
tion from hearts obtained from P1-P3 rats. Cells were pre-plated to
remove non-cardiomyocyte cells, and purified cardiomyocytes were
seeded on collagen plates for 48 h prior to experimental use.

Isolated neonatal cardiomyocytes were treated with vehicle (PBS) or
adropin (0.5 pg/mL) for 2 h, and then harvested for biochemical analysis
by qPCR and Western blot.

2.3. Protein isolation and western blotting

Cardiac tissues were minced and lysed in CHAPS buffer (1% CHAPS,
150 mM NaCl, 10 mM HEPES, pH 7.4) on ice for ~2 h. Homogenates
were spun at 10,000 g, and supernatants collected for western blotting.
Protein lysates were prepared in LDS sample buffer, separated using
SDS/PAGE 4-12% or 12% Bis-Tris gels, and transferred to nitrocellulose
membranes. Protein expression was analyzed using the following pri-
mary antibodies: mouse PDK4 (Abcam, catalog number ab110336,
1:1000), rabbit PDH (Cell Signaling, catalog number 2784, 1:1000),
rabbit phospho-PDH Ser 293 (Cell Signaling, catalog number 31866,
1:1000), rabbit Tubulin (Cell Signaling, catalog number 2125, 1:5000),
rabbit AKT (Cell Signaling, catalog number 9272, 1:1000), rabbit
phospho-AKT Ser 473 (Cell Signaling, catalog number 4060, 1:1000),
rabbit GSK-3p (Cell Signaling, catalog number 9315, 1:1000), rabbit
GSK-3p Ser 9 (Cell Signaling, catalog number 5558, 1:1000). Fluorescent
anti-mouse or anti-rabbit secondary antibodies (red, 700 nm; green, 800
nm) from Li-Cor were used to detect expression levels. Protein densi-
tometry was measured using Image J software (National Institutes of
Health, Bethesda, MD).

2.4. Gene expression analysis

RNA was extracted from cells using RNEasy kit (Qiagen). cDNA was
generated with 500 ng-1 pg of RNA using Maxima Reverse Transcriptase
(ThermoFisher). Quantitative PCR (qQPCR) was performed using SYBR-
Green (ThermoFisher) reagent with primers for Ppargcla, Cd36, Cptlb,
Pdk4, and Gapdh (Qiagen).
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2.5. Isolated working heart analysis

Cardiac ex vivo function was calculated using a Harvard Apparatus
ISHR isolated working heart system as previously described (Manning
et al., 2019). Hearts from anesthetized mice were rapidly excised and
cannulated via the aorta in warm oxygenated Krebs-Henseleit buffer
(118 mM NaCl, 25 mM NaHCOs, 0.5 mM Na-EDTA [disodium salt
dihydrate], 5 mM KCl, 1.2 mM KH5POy4, 1.2 mM MgSO4, 2.5 mM CaCly,
11 mM glucose). Retrograde (i.e. Langendorff) perfusion was initiated to
blanch the heart, maintained at a constant aortic pressure of 50 mmHg
with a peristaltic pump through a Starling resistor. A small incision was
next made in the pulmonary artery to allow perfusate to drain, and the
heart was paced at a rate slightly higher than endogenous (~360-500
bpm). The left atrium was then cannulated via the pulmonary vein, and
anterograde perfusion was initiated with a constant atrial pressure of 11
mmHg against an aortic workload of 50 mmHg. Left ventricle pressure
was measured via Mikro-tip pressure catheter (Millar) carefully inserted
into the LV through the aorta. The work-performing heart was permitted
to equilibrate for 30 min to establish baseline functional parameters.
After baseline measurements were completed, hearts were exposed to
0.1 U/L insulin for 10 min, after which hearts were either used for
measurements of insulin-stimulated cardiac function, or snap-frozen for
biochemical analyses. Mouse hearts that failed to equilibrate and/or
function after cannulation were excluded from the working heart
analysis.

2.6. Statistical analysis

Graphpad Prism software was used to perform statistical analyses.
Means + SEM were calculated for all data sets. Data were analyzed using
either one-way or two-way ANOVA with Dunnett’s post-hoc multiple
comparison testing to determine differences between treatment and
feeding groups. Data were analyzed with two-tailed Student’s T-Tests to
determine differences between single variable groups. P < 0.05 was
considered statistically significant.

3. Results

3.1. Adropin treatment reduces Pdk4 gene expression and inhibitory PDH
phosphorylation in neonatal cardiomyocytes

We first examined the impact of adropin treatment on metabolic
gene expression in primary neonatal cardiomyocytes. Exposure to
adropin for 2 h had no discernible effect on the expression of genes
involved in fatty acid oxidation, including Ppargcla, Cd36, and Cptlb
(Fig. 1A-C). In contrast, Pdk4 gene expression, a negative regulator of
pyruvate dehydrogenase (PDH) activity, was significantly decreased by
exposure to adropin (Fig. 1D). The significant decrease in Pdk4 gene
expression resulting from adropin treatment was matched at the protein
level (Fig. 2A and B), which led to a significant decrease in inhibitory
PDH phosphorylation at Ser 293. Based on these results, we conclude
that adropin treatment is likely to improve glucose utilization in car-
diomyocytes under normal nutrient conditions, in concordance with
previous studies in H9¢2 cells (Thapa et al., 2018).

3.2. Exposure to a long-term high fat limits improvements in cardiac
function driven by acute adropin treatment

The positive effects of adropin on the glucose energy metabolism
signaling pathways noted above are consistent with previous reports
(Thapa et al., 2018; Altamimi et al., 2019), and can be generalized
across all cardiomyocytes, However, glucose-dependent neonatal car-
diomyocytes exist in a very different energetic milieu to adult hearts,
which use a range of fuels (fatty acids, glucose, ketones, amino acids) for
contractile purposes (reviewed in Piquereau and Ventura-Clapier,
2018). As such, to address the effects of adropin on adult
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Fig. 1. — Adropin reduces Pdk4 expression in rat neonatal cardiomyocytes. (A-D) Adropin treatment significantly reduced Pdk4 gene expression in rat neonatal
cardiomyocytes without affecting fatty acid oxidation pathway enzymes (Ppargcla, Cd36, and Cptla) Con = control, Adr = Adropin. N = 3, * = P < 0.05 (Student’s

T-Test).
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Fig. 2. — Adropin reduces inhibitory phosphorylation of PDH in neonatal cardiomyocytes. (A-C) Adropin treatment reduced PDK4 protein expression, leading
to significant reductions in inhibitory phosphorylation of pyruvate dehydrogenase (PDH). Con = control, Adr = Adropin. N = 3, * = P < 0.05 (Student’s T-Test).

cardiomyocyte function in situ, we moved to a whole-organ model. We
previously demonstrated that acute adropin treatment allows
insulin-resistant, pre-diabetic mouse hearts to resume the use of glucose
as a fuel substrate (Thapa et al., 2019). However, this study did not
address whether improved glucose use led to improvements in cardiac
contractility and workload. Therefore, we next examined whether a
short-term adropin treatment regimen (Fig. 3A) would result in
increased cardiac function using an ex vivo isolated working heart
approach. After 24 weeks of a high fat diet (HFD), there was an increase
in body weight that was not affected by short-term adropin treatment
(Fig. 3B and C). At the end of the HFD exposure, there was a minor in-
crease in contractility in vehicle-treated mice relative to their low fat
diet (LFD) controls, along with a trend towards increased relaxation and
cardiac output (Fig. 4A-D). As shown previously by Altamimi et al.
(2019), short-term adropin treatment led to a small fold-change increase
in all functional parameters (contractility, relaxation, workload, and
output) in LFD mice (Fig. 4A-D). In contrast, treatment of HFD mice
with adropin led to a moderate fold-change decrease in cardiac function
across the group relative to their vehicle-treated controls, which met
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statistical significance in the relaxation parameter (Fig. 4A-D). Based on
these results, we conclude that acute adropin exposure in obese mice, in
an ex vivo context, leads to an unexpected small decrease in cardiac
function relative to lean mice.

3.3. Insulin stimulation is not able to restore improvements in cardiac
function after acute adropin treatment in high fat diet-exposed mice

Insulin stimulation leads to a shift towards glucose oxidation in
adropin-treated lean mice (Altamimi et al., 2019) ex vivo, and in obese
mice under hyperinsulinemic-euglycemic clamp conditions in vivo
(Thapa et al., 2019). Therefore, we examined whether insulin stimula-
tion would reverse the loss of cardiac function in adropin-treated mice
using our isolated working heart approach. In LFD mice, insulin stimu-
lation of adropin treated animals again resulted in a small fold-change
increase in cardiac functional parameters (Fig. 5A-D). However, the
ability of insulin to drive glucose oxidation in the hearts of HFD
adropin-treated mice did not result in improved cardiac contractility or
output, and there was a significant decrease in relaxation relative to
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Fig. 3. — Schematic of in vivo/ex vivo experimental
plan. (A) Male C57BL6/J mice aged six weeks were
placed on a low fat diet (LFD; 10% fat) or high fat diet
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hearts from lean mice (Fig. 5A-D). Based on these results, we conclude
that insulin stimulation alone is not sufficient to restore functional pa-
rameters in adropin-treated HFD mouse hearts ex vivo.

3.4. Acute adropin treatment moderately improves downstream cardiac
insulin signaling in high fat diet-exposed mice

In lean mice, adropin treatment leads to an increase in cardiac in-
sulin sensitivity, as measured by the induction of cellular signaling
pathways (Altamimi et al., 2019). To understand if exposure to a HFD
was blocking the ability of adropin to enhance insulin signaling path-
ways, we first examined AKT activation in hearts from lean and obese
mice after insulin exposure. In vehicle-treated LFD mice, insulin stim-
ulation led to a significant increase in AKT activation, as measured by
phosphorylation at Ser 473 (Fig. 6A). However, while there was a small
increase (~25-40%) in AKT phosphorylation after insulin exposure in
both vehicle- and adropin-treated HFD mice, this did not reach statis-
tical significance (Fig. 6A). We next examined insulin signaling down-
stream of AKT, by measuring phosphorylation of GSK-3p at Ser 9. As
with AKT, insulin exposure led to a significant induction of GSK-3f
phosphorylation in vehicle-treated LFD mice (Fig. 6B). While
vehicle-treated HFD mice showed no significant response to insulin (in
keeping with AKT, above), adropin-treated HFD mice displayed a sig-
nificant increase in GSK-3f phosphorylation at Ser 9 (Fig. 6B). Based on
these results, we conclude that acute adropin treatment has the potential
to moderately amplify the effect of insulin in obese mice downstream of
AKT activation (see Fig. 7).

4. Discussion

In keeping with previous studies, we show that short-term adropin
treatment reduces inhibitory phosphorylation of PDH in primary car-
diomyocytes in vitro, and increases overall cardiac function in the hearts
from lean mice ex vivo. For the first time, we show that acute adropin
treatment has a small detrimental effect on cardiac function in obese
mouse hearts, when examined in an ex vivo context. Furthermore, we
show that while adropin treatment can moderately improve insulin
signaling in mice fed a high fat diet downstream of AKT, it does not
significantly restore proximal insulin signaling at the level of AKT itself.
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Studies on the role of adropin in cardiac energy metabolism were
prompted by reports of its function in skeletal muscle. Elegant work by
the Butler group demonstrated that acute adropin treatment down-
regulated genes involved in fatty acid oxidation, reduced inhibitory PDH
phosphorylation via reductions in Pdk4 expression, and restored insulin
signaling in the skeletal muscle of diet-induced obese mice (Gao et al.,
2014, 2015). Importantly, in addition to showing that acute adropin
treatment reduced whole-body hyperglycemia, they used indirect calo-
rimetry to show that adropin shifted oxidation preferences from fat to
glucose in obese mice (Gao et al., 2015). Follow-up studies in the heart
demonstrated that all of these same metabolic pathways were operable,
and that acute adropin treatment could promote glucose utilization in
the hearts of both lean and obese mice (Altamimi et al., 2019; Thapa
et al., 2019).

While cardiac function was improved by acute adropin treatment in
lean mice ex vivo (Altamimi et al., 2019), its effect on the obese mouse
heart is less clear. Thapa et al. (2019) showed that three days of adropin
treatment had little effect on systolic function, with a non-significant
trend towards improved diastolic function in adropin-treated obese
mice in vivo. Our findings in this study suggest that acute adropin
exposure in mice exposed to a long-term HFD is moderately detrimental
in terms of cardiac function when measured ex vivo (Figs. 4 and 5). The
mechanism underlying this decrease in function is unclear, but may be
the result of several factors. Firstly, this short-term adropin treatment
did not fully re-establish insulin signaling in the HFD mouse hearts
(Fig. 6), which may have left these hearts mildly energy starved relative
to their LFD controls. However, while the perfusate contained only
glucose, isolated working hearts from rodents can maintain fatty acid
oxidation from endogenous triglyceride pools for at least 60 min (Saddik
and Lopaschuk, 1991), suggesting that energy supply per se may not be
the main cause of functional decline. Secondly, the adropin treatment
regimen used here (three injections over two days) was shorter than our
previous in vivo studies (five injections over three days; Thapa et al.,
2019), and this may have abrogated its biological response. Thirdly, the
isolated working heart model used necessarily operates in the absence of
neurohormonal stimulation (reviewed in Ghionzoli et al., 2021), and our
understanding of the interplay between adropin and other hormonal
regulators of cardiac function remains incomplete. Finally, previous
studies in non-diabetic failing hearts have shown that blocking cardiac
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Fig. 4. — Exposure to a high fat diet inhibits adropin-driven improvements in cardiac function. (A-D) Vehicle treated (Veh) mice placed on a high fat diet
(HFD) displayed a significant increase in contractility, and trends toward increased relaxation and cardiac output, relative to low fat diet (LFD) controls. Adropin
(Adr) treatment in LFD mice led to moderate increases in all cardiac functional parameters, however the opposite effect was observed in mice exposed to a HFD. Left
column: N = 6-9, * = P < 0.05 vs. LFD Veh group (Two-way ANOVA with Dunnett’s Post-Hoc Test). Right column: N = 6-9, * = P < 0.05 vs. LFD Adr group
(Student’s T-test).
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Fig. 5. - Insulin stimulation does not compensate for reductions in cardiac function in mice exposed to a high fat diet treated with adropin. (A-D) As in the
unstimulated state (Fig. 3), mice on a low fat diet (LFD) displayed moderate increases in cardiac functional outcomes after insulin stimulation following acute adropin
(Adr) treatment. Similarly, mice exposed to a high fat diet (HFD) did not display any improvements in cardiac function in response to insulin stimulation after acute
adropin treatment. Left column: N = 4-5, * = P < 0.05 vs. LFD Vehicle (Veh) group (Two-way ANOVA with Dunnett’s Post-Hoc Test). Right column: N = 4-5, * = P
< 0.05 vs. LFD Adr group (Student’s T-test).
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Fig. 7. — Model of acute adropin treatment on cardiac function in mice
exposed to a high fat diet. Short-term adropin exposure, potentially signaling
through the cell surface receptor GPR19, results in decreased inhibitory pyru-
vate dehydrogenase (PDH) phosphorylation and increased cardiomyocyte
glucose utilization. In animals on a low fat diet, this leads to increased cardiac
contractility and output, however the effect is lost after exposure to a long-term
high fat diet (HFD).

glucose uptake via insulin resistance may be cardioprotective, by pre-
venting glucotoxicity from incomplete glucose metabolism (Taegtmeyer
et al., 2013). While the short-term switch to increased glucose use driven
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by adropin treatment may potentiate such a response, this may be
viewed as a less likely outcome, as glucose oxidation appears to be
complete in both lean and obese mice after adropin treatment (Altamimi
et al., 2019; Thapa et al., 2019).

To address these questions, future work will need to focus on two
main factors. Firstly, given the uncertainty surrounding potential lack of
neurohormonal stimulation, further in vivo studies of cardiac fuel
metabolism and function will need to be performed in both lean and
obese mice after adropin treatment. Secondly, given that structural
changes (dilation, hypertrophy, etc.) may occur after extended periods
of high fat feeding in mice, it is unlikely that a short-term adropin
treatment regimen will be sufficient to reverse these outcomes. As such,
future studies will need to examine whether long-term adropin
replacement is required to improve cardiac functional outcomes in obese
and diabetic animals.
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