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ABBREVIATIONS
AND ACRONYMS

AMPK = adenosine

monophosphate-activated

protein kinase

BP = blood pressure

CNS = central nervous system

HF = heart failure

HR = heart rate

ICV = intracerebroventricular

LV = left ventricular

MC4R = melanocortin-4
receptor

MI = myocardial infarction

MTII = melanotan II

mTOR = mechanistic target of

rapamycin

SUMMARY

eart failure (HF) is a major contrib-
utor to the high mortality rate
from cardiovascular diseases in
the United States and worldwide ().
Although the pathophysiology of HF is heteroge-
neous, the common outcome is the inability of the
heart to pump the required blood flow to meet the
metabolic demands of the body at rest or during
increased metabolic needs associated with exercise

or even normal daily activities. Most patients with
HF caused by myocardial infarction (MI) have
reduced left ventricular (LV) pumping ability (2).
Despite efforts to treat HF, current therapies offer
only limited benefits to patients who develop HF
post-MI, especially those who have not been reper-
fused within a short period of time and experience
extensive cardiac injury (3,4). Therefore, new, more
effective therapies are needed to protect the heart
and improve its function following MI.

Leptin, an adipocyte-derived peptide, regulates
body weight by reducing food intake and increasing
energy expenditure and stimulates glucose use and
fatty acid metabolism in peripheral tissues (5). Pre-
vious studies that investigated the effects of leptin on
cardiac function provided conflicting results, with
some suggesting a deleterious effect of hyper-
leptinemia on cardiac inflammation and fibrosis (6-8)
and others showing a beneficial impact of leptin
replacement therapy to improve heart function in
leptin-deficient animals (9,10). The majority of the
studies showing detrimental cardiac effects of leptin
are confounded by the fact that subjects with hyper-
leptinemia are usually obese, making it difficult to
control for other effects of obesity on cardiac struc-
ture and function. Conversely, studies that support a
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Heart failure has a high mortality rate, and current therapies offer limited benefits. The authors demonstrate
that activation of the central nervous system leptin-melanocortin pathway confers remarkable protection
against progressive heart failure following severe myocardial infarction. The beneficial cardiac-protective ac-
tions of leptin require activation of brain melanocortin-4 receptors and elicit improvements in cardiac substrate
oxidation, cardiomyocyte contractility, Ca>* coupling, and mitochondrial efficiency. These findings highlight a
potentially novel therapeutic approach for myocardial infarction and heart failure.

(J Am Coll Cardiol Basic Trans Science 2021;6:55-70) © 2021 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

protective action of leptin on the heart have exam-
ined the effect of raising peripheral leptin levels in
animals with normal or reduced baseline leptin levels
(9). Although leptin appears to have rapid direct ef-
fects to increase glucose and fatty acid uptake and
use in peripheral tissues, including the heart (11-13),
these actions appear to be short lived, and the ma-
jority of leptin’s long-term effects on overall meta-
bolism and energy balance are mediated by activation
of leptin receptors in the central nervous system
(CNS) (14,15).

Previous studies have also shown that long-term
intravenous leptin administration may reduce in-
flammatory responses and accelerate repair of
ischemic tissues (16). Conversely, disruption of leptin
signaling because of mutations of leptin receptors or
the leptin gene is associated with cardiac lipid accu-
mulation, cardiac dysfunction, and myocardial
apoptosis (17). In addition, cardiomyocyte-specific
deletion of leptin receptors in adult mice caused le-
thal HF in a Cre-recombinase-mediated cardiotoxicity
model through actions that impaired cardiomyocyte
energy metabolism (18). The mechanisms by which
leptin exerts these protective effects are still unclear
and may involve direct activation of cardiac leptin
receptors or indirect effects on the heart via activa-
tion of leptin receptors in the CNS.

We previously demonstrated that leptin has
powerful CNS-mediated antidiabetic effects capable
of normalizing blood glucose levels even in insulin-
deficient diabetic animals (19,20). We also demon-
strated that intracerebroventricular (ICV) leptin
administration reversed bradycardia and normalized
intrinsic heart rate (HR) in this model of diabetes (19).
Leptin also markedly improves cardiac glucose
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metabolism via its CNS actions in insulin-deficient
animals. Although these effects of leptin could be
beneficial in the setting of HF, whether leptin pro-
tects the heart and improves its function after MI
through its CNS actions has, to our knowledge, not
been previously tested.

In preliminary studies we discovered that leptin
administration elicited impressive recovery of cardiac
function after MI. However, the mechanisms involved
in mediating this recovery were unknown. Our pre-
vious studies also indicated that a major part of lep-
tin’s effects on blood pressure (BP) and glucose
metabolism required activation of the CNS melano-
cortin system (21,22). Leptin activates proopiomela-
nocortin neurons to stimulate their release of a-
melanocyte stimulating hormone, an endogenous
agonist of melanocortin-4 receptors (MC4Rs). a-Me-
lanocyte stimulating hormone exhibits immuno-
modulatory and anti-inflammatory activities and
facilitates regeneration of injured tissues (23,24).
However, the role of the CNS proopiomelanocortin-
MC4R in mediating leptin’s effects on cardiac func-
tion has, to our knowledge, not been previously
determined.

In the present study we tested the hypothesis that
leptin improves cardiac metabolism and attenuates
cardiac dysfunction after MI via CNS actions. We also
tested whether these beneficial cardiac actions of
leptin require activation of CNS MC4Rs using genetic
and pharmacological approaches. As long-term leptin
infusion and MC4R activation reduce appetite and
promote weight loss, we also determined if re-
ductions in food intake and body weight contribute to
the beneficial cardiac effects of leptin and MC4R
activation. Finally, we investigated the metabolic
mechanisms by which CNS leptin-MC4R activation
improves recovery of cardiac function and attenuates
adverse cardiac remodeling after MIL.

METHODS

All experimental procedures conformed to the Na-
tional Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the
University of Mississippi Medical Center. (Detailed
methods can be found in the Supplemental

Appendix).

ANIMALS. Experiments were performed in 12- to 14-
week-old male Sprague-Dawley rats purchased
from Harlan/Envigo (Houston, Texas), and MC4R-
knockout rats from our colony maintained at the an-
imal facilities at the University of Mississippi Medi-
cal Center.

Gava et al.

CNS Leptin-Melanocortin System and HF

ANIMAL SURGERY. The rats were anesthetized with
isoflurane and telemetry BP transmitters (model
HSD10, Data Sciences International, New Brighton,
Minnesota) were implanted in the abdominal aorta
distal to the renal arteries under sterile conditions, as
previously described (19,25). After stable control
measurements for food intake and hemodynamic
status, the rats were submitted to baseline echocar-
diography followed by left anterior descending coro-
nary artery ligation previously
described (26).

EXPERIMENTAL PROTOCOLS. Food
hemodynamic

surgery, as

intake and
measurements. The rats were
allowed to recover for 10 days after telemetry trans-
mitters and ICV cannulas were implanted before
control measurements were recorded. Daily food
intake was measured, and BP and HR were recorded
24 h/day and analyzed using Dataquest ART software
(Data  Science previously
described (27).

Long-term central infusion of leptin, MC4R
agonist, or vehicle after MI. Approximately 15 to

International), as

20 min after left anterior descending coronary artery
ligation surgery, an osmotic minipump (model 2002,
Durect, Cupertino, California) was implanted subcu-
taneously in the scapular region and connected to the
ICV cannula using Tygon tubing (0.38-mm inside
diameter; Cole Parmer, Vernon Hills, Illinois) to
deliver leptin (0.62 pg/h), vehicle (saline, 0.5 pl/h), or
the MC4R agonist melanotan II (MTII) (10 ng/h) for 28
consecutive days. The rates of leptin and MTII infu-
sion were based on previous studies showing that
these doses effectively decrease food intake and
promote weight loss (20,28). On the 14th day of
infusion, the rats were briefly anesthetized with iso-
flurane for osmotic minipump replacement. On day
28, the rats were euthanized and hearts were
collected.

Echocardiography. Transthoracic  echocardiogra-
phy was performed at baseline before left anterior
descending coronary artery ligation and at weeks 1, 2,
3, and 4 after ligation using the VEVO 3100 system
(VisualSonics, Toronto, Ontario, Canada) equipped
with a 21-MHz scan-head probe (MX250) at 100
frames/s. Rats were anesthetized with 1.5% isoflurane
and placed on a heating table, and their extremities
were fixed to 4 electrocardiographic leads on the ta-
ble. After removal of all hair in the chest area, warm
Aquasonic 100 gel (Parker Laboratories, Fairfield,
New Jersey) was applied to optimize visibility of the
heart chambers. A parasternal long-axis B-mode im-
age was acquired at the maximum LV length. Three
short-axis B-mode videos of the left ventricle were
also acquired at the midventricular level for strain
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analysis. The left atrium/aorta ratio was calculated
using a B-mode image from the short-axis view to
measure the left atrial and aortic diameters. The long-
axis image with the maximal and minimal cross-
sectional areas in a heart cycle and LV end-systolic
and end-diastolic volumes were calculated as previ-
ously described (29). LV ejection fraction was calcu-
lated as: [(LV end-diastolic volume — LV end-systolic
volume)/LV end-diastolic volume] - 100. The
myocardium at the midventricular level was divided
into 6 segments (average radial strain), including the
infarcted areas, and regional wall motion in each
segment was measured using speckle-tracking anal-
ysis. We also removed segments 1 and 6 (area of
infarction) and examined overall radial strain in the
remaining areas (radial strain only).

Glucose and fatty acid oxidation in perfused
working hearts. Glucose and fatty acid oxidation
were measured in hearts from saline-treated (n = 5),
leptin-treated (n = 6), and MTII-treated (n = 5) rats
using a working heart system at the end of week 2
of ICV infusion. We used nonrecirculating Krebs-
Henseleit buffer supplemented with 5.5 mmol/l
glucose and 0.4 mmol/l oleate as the long-chain
fatty acid bound to 0.5% (w/v) bovine serum albu-
min in the perfusion medium and the radiolabeled
tracers [U-'#Clglucose (0.1 pCi/ml) and [9,3-3H]
oleate (0.1 puCi/ml) to determine myocardial rates of
glucose and long-chain fatty acid oxidation every
5 min by quantitative collection of [**C]O, and
[®H],O released in the coronary effluent, as previ-
ously described (30). At the end of the 20-min mark
(samples were collected at 0, 5, 10, 15, and 20 min),
hearts were quickly removed from the working
heart apparatus and snap-frozen for determination
of wet and dry weights. Coronary blood flow was
calculated by measuring the amount of perfusate
collected in the perfusion chamber in 1 min. Total
cardiac output was calculated by measuring the
amount of perfusate pumped against an afterload of
90 mm Hg in 1 min plus the coronary blood flow.
Cardiac power was also calculated using cardiac
output and the afterload pressure. Cardiac O, con-
sumption was measured using the difference of O,
content in the perfusate before passing through the
heart and in the perfusate collected from the coro-
nary blood flow. These measurements were cor-
rected by dry heart weights.

Cardiomyocyte isolation and measurement of
contractility and calcium transient. Rats were
injected intravenously with 1,000 U/kg of heparin for
anticoagulation before anesthesia with 2% to 3% iso-
flurane. The heart was excised, cannulated, and
connected to a heart perfusion apparatus (Radnoti,
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Covina, California), and perfusion was initiated in the
Langendorff mode. The heart was perfused with a
calcium-free-based buffer (pH 7.2, 37°C) containing
135 mmol/l NaCl, 4 mmol/l KCl, 1 mmol/l1 MgCl,,
10 mmol/l HEPES, 0.33 mmol/l NaH,PO,, 10 mmol/l
glucose, 10 mmol/l 2,3-butanedione monoxime
(B0753, Sigma-Aldrich, St. Louis, Missouri), and
5 mmol/l taurine (T0625, Sigma-Aldrich) and bubbled
with 95% 0,/5% CO,. After 3 to 5 min of perfusion, the
buffer was replaced with a similar buffer containing
0.6 mg/g body weight collagenase D (11088858001,
Roche, Basel, Switzerland), 0.8 mg/g body weight
collagenase B (11088807001, Roche), and 0.1 mg/g
body weight protease type XIV (P5147, Sigma-Aldrich)
dissolved in 50 ml perfusion buffer (31). After com-
plete digestion (6 to 8 min), the heart was removed
and minced. Extracellular Ca>* was gradually added
back to the cells, starting at 0.06 mmol/l to a final
concentration of 1.2 mmol/l. The interval of each
calcium concentration was 15 min (32).
Cardiomyocyte contractility was assessed using a
SoftEdge MyoCam system (IonOptix, Westwood,
Massachusetts). Cardiomyocytes were placed in a
chamber and stimulated with a suprathreshold
voltage at a frequency of 1 Hz (33,34). IonOptix Sof-
tEdge software was used to record the changes in
sarcomere length and duration of shortening and
relengthening. Intracellular Ca®" transient was
measured using a dual-excitation, single-emission
photomultiplier system (IonOptix). Cardiomyocytes
were treated with Fura 2-AM (2 pmol/l; Thermo Fisher
Scientific, Waltham, Massachusetts) at 37°C for
20 min and then exposed to light emitted by a 75-W
halogen lamp through either a 340- or 380-nm filter
while being stimulated to contract at a frequency of
1 Hz.
Histological analysis and
samples were sectioned (5 pm thick) and stained us-
ing picrosirius red for quantification of interstitial
collagen. Stained cross sections were captured using
light microscopy (Eclipse 50i, Nikon, Tokyo, Japan) at
40x magnification. To estimate the fraction area
(percentage) of collagen using picrosirius red-stained
sections, 15 to 20 images of the septum were
randomly captured for posterior analysis using

infarct size. Heart

ImageJ software (National Institutes of Health,
Bethesda, Maryland). LV infarct size was measured
using picrosirius red-stained sections and calculated
by dividing the length of the infarcted area by the
total circumference of the left ventricle (expressed as
a percentage). Only cells with well-defined cell
membranes and visible cell nuclei at midwall depth
were selected to measure cardiomyocyte diameter on
sections stained with Masson’s trichrome.
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After Myocardial Infarction

Blood Glucose

TABLE 1 Blood Glucose, Tissue Weight, and Infarct Area in ICV Leptin-Treated, ICV MTII-Treated, and ICV Vehicle-Treated Rats 28 Days

Infarcted

(mg/dl) Heart (g) Heart/Tibia Length Liver (g) Lung (Wet, g) Lung (Dry, g) Area (%)
Vehicle 80 +6 1.5+ 0.1 0.33 +£ 0.02 12.8 £ 0.4 1.94 + 0.04 0.39 £+ 0.01 29 +4
Leptin 76 £ 6 1.3+ 0.1 0.27 +£ 0.01* 8.8 £1.2% 1.56 + 0.09* 0.31 + 0.02* 30+3
MTII 70 £3 1.6 £ 0.1 0.34 + 0.01 10.9 + 0.6* 1.89 + 0.06 0.38 + 0.01 32+4

ICV = intracerebroventricular; MTIl = melanotan II.

Values are mean + SEM obtained on day 28 of chronic ICV infusion. *p < 0.05 compared with vehicle (n = 6 to 8 per group).

STATISTICAL METHODS. Results are expressed as
mean 4+ SEM. One-way analysis of variance was used
for comparisons of single time points among 3 or
more groups, and 1-way analysis of variance with
repeated measures followed by Dunnett’s post hoc
test was used for comparisons between control
(baseline) (treatment)
within each group as appropriate. Comparisons be-

and experimental values

tween different groups over time were made using 2-
way analysis of variance followed by the Bonferroni
post hoc test. Single time points between 2 groups
compared using Student’s t-test. A p
value <0.05 was considered to indicate statistical

were

significance. The repeated-measures analyses were
completed in GraphPad Prism (GraphPad Software, La
Jolla, California), thereby using the default com-
pound symmetrical (exchangeable) covariance struc-
tures. Time point and treatment group were the only
fixed effects. There were no missing data, and all
treatment groups were equivalent at baseline, thus no
baseline adjustment was necessary.

RESULTS

BLOOD GLUCOSE, TISSUE WEIGHT, AND INFARCT
SIZE RESPONSES TO LONG-TERM ICV LEPTIN OR
MTII INFUSION AFTER MI. Blood glucose concentra-
tion and heart weight were not different in rats
with MI that were treated for 28 days with ICV leptin,
MTII, or vehicle. However, ratio of heart weight to
tibia length, liver weight, and lung wet and dry
weights were significantly lower in ICV leptin-treated
rats with MI compared with vehicle treatment
(Table 1). ICV MTII infusion also reduced liver weight
compared with vehicle-treated rats (Table 1). Infarct
size was similar in all 3 groups (Table 1 and
Supplemental Figure S1).

FOOD INTAKE AND BODY WEIGHT RESPONSES TO
LONG-TERM ICV LEPTIN OR MTII INFUSION AFTER
MI. After MI, food intake decreased transiently in
vehicle-, leptin-, and MTII-infused rats. However,
long-term ICV leptin or MTII infusion for 28

consecutive days further reduced food intake during
the first few days after MI (Figure 1A). The impact of
long-term ICV leptin or MTII treatment to decrease
food intake compared with saline vehicle infusion is
more evident when analyzing the net cumulative
deficit food intake during the entire 28 days of
treatment (Figure 1B). This decrease in food intake
was associated with significantly greater weight loss
in leptin-treated rats at weeks 1(-39 +5gvs. 6 6 g),
2(-30+5gvs.18+6g),and3(-18 +8gvs.38 £7g)
and reduced weight regain at week 4 (5 £ 11 g vs. 53 +
5 g) compared with vehicle treatment (Figure 1C).
Similarly, long-term ICV MTII infusion was associated
with a significant decrease in body weight at weeks 1
(—45+4gvs.6+6g)and2(-27+3gvs.18 £ 6 g) and
reduced weight regain at weeks 3 (-3 -6 gvs.38 +7
g)and 4 (-7 £ 5 g vs. 53 &+ 5 g) compared with vehicle
treatment (Figure 1C).

BP, HR, AND CARDIAC FUNCTION RESPONSES TO
LONG-TERM ICV LEPTIN OR MTII INFUSION AFTER
MI. Long-term ICV leptin infusion for 28 days atten-
uated the fall in BP observed at week 1 post-MI in
vehicle-treated rats, although mean arterial pressure
during weeks 2 to 4 of treatment was not different
compared with baseline for ICV vehicle or leptin
treatment (Figure 2A). HR in vehicle-treated rats did
not change at week 1 post-MI but gradually
decreased, reaching the lowest value at week 4
(Figure 2B). In leptin-treated rats, HR spiked at week 1
post-MI but also gradually decreased, returning to
baseline values by week 3 post-MI (Figure 2B).

ICV leptin infusion post-MI significantly improved
ejection fraction and fractional shortening compared
with vehicle treatment (Figures 2C and 2D). In addi-
tion, leptin infusion returned cardiac output back to
baseline levels before MI (Figure 2E) and markedly
improved systolic function after MI, as evidenced by
increased average LV radial strain and radial strain
from segments 2 to 5 of the noninfarcted LV area
(Figures 2F and 2G). In fact, leptin infusion restored
radial strain in the noninfarcted area to values that
were not significantly different from control values
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FIGURE 1 Long-Term ICV Leptin and MTII Infusion Reduced Food Intake and Body
Weight in Rats With Myocardial Infarction
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(A) Food intake, (B) net cumulative food intake, and (C) body weight in Sprague-Dawley
rats with myocardial infarction and intracerebroventricular (ICV) infusion of vehicle

(n = 6), leptin (n = 8), or melanotan Il (MTII) (n = 8) for 4 weeks. *p < 0.05 compared
with vehicle-treated group.
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measured prior to MI. In vehicle-treated rats, how-
ever, the average radial strain and radial strain in the
noninfarcted area remained significantly reduced
4 weeks after MI compared with baseline values
before MI (Figures 2F and 2G). Leptin infusion also
attenuated cardiac congestion, as indicated by
reduced left atrium/aorta diameter ratio (Figure 2H)
and lung weight compared with vehicle treatment
(Table 1). These results indicate that leptin acts on the
CNS to markedly improve cardiac function and
attenuate the progression of HF after MI.

To determine if long-term CNS activation of MC4R
recapitulates the protective effects of leptin on car-
diac function post-MI, we infused MTII for 4 weeks
beginning 15 to 20 min after left anterior descending
coronary artery ligation. ICV MTII infusion prevented
the decreases in BP and HR that were observed in
vehicle-treated rats after MI (Figures 2A and 2B), and
similar to our observations with ICV leptin infusion,
MTII also markedly improved ejection fraction and
fractional shortening compared with vehicle treat-
ment (Figures 2C and 2D). In addition, ICV MTII infu-
sion returned cardiac output back to baseline levels
(Figure 2E), increased average radial strain and radial
strain from segments 2 to 5 in noninfarcted areas
(Figures 2F and 2G), and prevented cardiac conges-
tion, as indicated by reduced left atrium/aorta diam-
eter ratio (Figure 2H) compared with vehicle
treatment. These results indicate that activation of
CNS MC4R with MTII significantly improved cardiac
function and attenuated progression of HF after MI in
a similar fashion as observed in ICV leptin-treated
rats.

REDUCED FOOD INTAKE AND WEIGHT LOSS DO NOT
MEDIATE LEPTIN’S BENEFICIAL EFFECT ON
CARDIAC FUNCTION AFTER MI. As leptin treatment
caused significant reductions in food intake and
promoted weight loss in rats with MI, we examined if
reduction in food intake contributes to the cardiac-
protective effect of ICV leptin treatment. For this
purpose, we included a group of rats with MI and
infused ICV with saline vehicle that were pair-fed the
same amount of food consumed by rats infused ICV
with leptin. We found that pair feeding did not
attenuate the progression of HF after MI, suggesting
that leptin’s effects on appetite and body weight do
not contribute importantly to leptin’s beneficial car-
diac effects in HF (Supplemental Figure S2).

CARDIAC COLLAGEN DEPOSITION AND
CARDIOMYOCYTE DIAMETER IN RATS WITH MI
TREATED WITH VEHICLE, LEPTIN, OR MTIIL To
assess the impact of long-term ICV leptin infusion
and CNS MC4R activation on cardiac remodeling and
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collagen deposition after MI, we quantified car-
diomyocyte size and estimated collagen content us-
ing picrosirius red-stained heart sections. Chronic
ICV leptin infusion post-MI significantly reduced
collagen deposition by 21% in the noninfarcted area
compared with similar areas in hearts from vehicle-
treated rats with MI (Figure 2I). We also observed an
11% reduction in cardiomyocyte diameter in ICV
leptin-treated rats compared with vehicle treatment
4 weeks after MI (Figure 2J), which is consistent with
our finding of reduced cardiac weight and suggests
that ICV leptin treatment attenuates cardiomyocyte
hypertrophy post-MI. In rats treated with ICV MTII
after MI, we found no major effect in collagen depo-
sition (Figure 2I), but cardiomyocyte diameter was
significantly reduced in MTII-treated compared with
vehicle-treated rats (Figure 2J).

LONG-TERM ICV LEPTIN OR MTII INFUSION AFTER
MI ALTERS CARDIAC METABOLISM. We investigated
if improvements in cardiac function 4 weeks post-MI
in ICV leptin-treated rats were associated with alter-
ations in markers of cardiomyocyte energy meta-
bolism including phosphorylated adenosine
monophosphate-activated protein kinase (p-AMPK)
and mechanistic target of rapamycin (mTOR). At the
end of the 4-week treatment post-MI, p-AMPK/AMPK
and p-mTOR/mTOR ratios were significantly lower in
noninfarcted LV areas from ICV leptin- or MTII-
treated rats compared with vehicle treatment
(Supplemental Figures S3A and S3B). As AMPK is a
cellular metabolic sensor that can be activated during
energy deprivation, the lower p-AMPK/AMPK ratio in
hearts from ICV leptin-treated rats may suggest
improved myocardial bioenergetics compared with
hearts from vehicle-treated animals 4 weeks after MI,
when functional echocardiographic data show stable
improved heart function (Figures 2C to 2G).

We also examined gene expression of factors
involved in glucose metabolism, including pyruvate
dehydrogenase kinase 4, hypoxia-inducible factor-
alpha, and glucose transporter 4 (Supplemental
Figures S3C to S3E), and fatty acid metabolism such
as fatty acid transport protein 1, fatty acid translo-
case, and carnitine palmitoyltransferase 1b
(Supplemental Figures S3F to S3H) in hearts from the
vehicle- and leptin-treated groups. We found no sig-
nificant differences in gene expression at the end of
4 weeks of treatment between ICV leptin and vehicle
infusion.

We also found that p-AMPK/AMPK and p-mTOR/
mTOR ratios were lower in hearts from ICV MTII-
rats compared with vehicle treatment
(Supplemental Figures S3A and S3B). This may

treated
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suggest that, similar to ICV leptin treatment, activa-
tion of CNS MC4R led to improved myocardial bio-
energetics in these hearts 4 weeks post-MI. We also
examined expression of genes involved in glucose
(pyruvate dehydrogenase kinase 4, hypoxia-inducible
factor-alpha, and glucose transporter 4
(Supplemental Figures S3C to S3E) and fatty acid
metabolism (fatty acid transport protein 1, fatty acid
translocase, and carnitine palmitoyltransferase 1b)
(Supplemental Figures S3F to S3H) in hearts from rats
treated with MTII and found no significant differ-
ences compared with vehicle treatment.

LONG-TERM ICV LEPTIN OR MTII INFUSION AFTER
MI INCREASES CARDIAC SUBSTRATE OXIDATION.
To test the possibility that long-term activation of
the CNS leptin-MC4R axis in rats with MI-induced
HF induced time-dependent changes in cardiac
energy metabolism, we also quantified p-AMPK/
AMPK and p-mTOR/mTOR ratios at the end of the
second week post-MI. This period was chosen
because it corresponds to the interval immediately
before significant improvements in cardiac function
begin to be detectable on echocardiography in rats
infused with leptin or MTII (Figures 2C to 2G). Con-
trary to what we observed at the end of 4 weeks of
treatment, ICV leptin or MTII infusion significantly
increased cardiac p-AMPK/AMPK ratio (Figure 3A).
Conversely, p-mTOR/mTOR ratio remained reduced
in ICV leptin- or MTII-treated rats compared with
vehicle treatment 2 weeks post-MI (Figure 3B),
which was similar to what we observed at 4 weeks
post-MI.

We then hypothesized that the increased p-AMPK/
AMPK ratio would be associated with increased sub-
strate oxidation at 2 weeks post-MI, which would lead
to a new steady state of nutrient surplus resulting in
adaptive reduction in p-AMPK/AMPK ratio at 4 weeks
of treatment. Therefore, we analyzed glucose and
fatty acid oxidation in isolated perfused hearts from
rats treated with ICV leptin, MTII, or vehicle 2 weeks
after MI and found marked increases in glucose
oxidation and fatty acid oxidation, respectively, for
ICV leptin and MTII infusion compared with ICV
vehicle treatment (Figures 3C and 3D). This improve-
ment in cardiac energy metabolism observed during
the initial stage of treatment at 2 weeks post-MI may
be necessary for the consequent amelioration of
cardiac function observed by echocardiographic
measurements that are noticeable at weeks 3 and 4
post-MI compared with vehicle treatment. Then,
AMPK phosphorylation is suppressed in response to
the new state of improved metabolism and cardiac
function in rats infused with leptin or MTII.
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Perfused hearts from MTII-treated rats had higher
cardiac output and cardiac power compared with
vehicle and leptin treatment groups (Supplemental
Table Si1). Leptin and MTII-treated groups also
exhibited increased O, consumption compared with
vehicle treatment (Supplemental Table Si1). No dif-
ferences in coronary blood flow were observed among
the 3 groups.

LONG-TERM ICV LEPTIN INFUSION AFTER MI
IMPROVES CARDIAC MITOCHONDRIAL FUNCTION
AND CARDIOMYOCYTE CONTRACTILITY. To further
investigate potential mechanisms contributing to
leptin’s amelioration of cardiac function in rats with
MI-induced HF, we instrumented additional groups of
male Sprague-Dawley rats divided into 4 groups: 1)
sham controls; 2) MI plus ICV saline vehicle treatment
for 2 weeks; 3) MI plus ICV leptin infusion for
2 weeks; and 4) MI plus ICV MTII infusion for 2 weeks.
Onday 14 of treatment, hearts were excised, and pieces
of the left ventricle (from healthy areas around the
infarct) were used to assess mitochondrial function,
while remaining portions of the heart were digested,
and cardiomyocytes isolated from healthy areas, away
from the infarct, were used to examine cardiomyocyte
contractile function and calcium transients.

We found that long-term ICV leptin or MTII
administration significantly improved mitochondrial
function, as evidenced by augmented adenosine
triphosphate-linked respiration compared with ICV
saline treatment (Figure 3E), indicating improved
cardiomyocyte mitochondrial efficiency. We also
observed impaired sarcomere contractile function in
cardiomyocytes isolated from noninfarcted areas of
the hearts of saline-treated rats after MI compared
with sham controls and that ICV leptin or MTII
administration fully restored cardiomyocyte con-
tractile function, including sarcomere shortening and
velocity of contraction (Figures 4A and 4D). No dif-
ferences were observed in sarcomere length at rest
among all 4 groups (Figure 4B).

ICV leptin treatment not only normalized car-
diomyocyte contractility but also increased baseline
calcium signal in cardiomyocytes (Figure 4E) and
improved calcium-contractility coupling, which was
impaired in saline-treated rats with MI; saline
vehicle-treated rats with MI required markedly
calcium transients for

greater cardiomyocyte
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contraction than leptin-treated rats after MI or sham
rats that did not receive MI (Figure 4F). Long-term ICV
MTII infusion also improved cardiomyocyte calcium-
contractility coupling (Figure 4F); however, MTII did
not significantly increase resting baseline calcium
signal (Figure 4E).

ICV LEPTIN OR MTII INFUSION IN RATS WITH MI DID
NOT ALTER EXPRESSION OF GENES INVOLVED IN
REGULATION OF TRANSCRIPTION, REMODELING,
INFLAMMATION, AND NEOVASCULARIZATION OF
CARDIAC TISSUE. We further investigated if ICV
leptin infusion up-regulates the expression of several
genes known to be involved in transcription, neo-
vascularization, and remodeling while
reducing expression of genes involved in inflamma-

cardiac

tion in noninfarcted areas of the left ventricle.
However, we found no major differences in inter-
leukin-1-beta, tumor necrosis factor-alpha, vascular
endothelial growth factor-alpha, peroxisome pro-
liferator-activated  receptor-gamma  coactivator
1-alpha, peroxisome proliferator-activated receptor-
alpha, or sarcoendoplasmic reticulum calcium trans-
port adenosine triphosphatase 2 (Supplemental
Figures S3I to S3N) messenger ribonucleic acid
expression in hearts from ICV leptin- or vehicle-
treated groups after 4 weeks of treatment. Similar
results were observed in rats treated with MTII

(Supplemental Figures S3I to S3N).

CARDIAC FUNCTION RESPONSES TO LONG-TERM
ICV LEPTIN INFUSION POST-MI IN MC4R-DEFICIENT
RATS. As long-term CNS MC4R activation with MTII
recapitulated the improvement in cardiac function
observed in rats infused with leptin, and our previous
studies supported a critical role of brain MC4R in
mediating leptin’s effects on BP and overall glucose
regulation, we tested whether genetic disruption of
MC4R attenuates leptin’s CNS-mediated cardiac-pro-
tective effects in rats with MI-induced HF. Male
MC4R-knockout rats colony (MC4R-
knockout rats originally developed by Transposagen,

from our

Lexington, Kentucky [35]) were instrumented with
ICV cannulas, and left anterior descending coronary
artery ligation was performed followed by implanta-
tion of osmotic pumps to deliver vehicle or leptin via
ICV infusion for 4 weeks according to the same pro-
tocols used in Sprague-Dawley rats described previ-
ously. As we hypothesized, ICV leptin infusion failed

FIGURE 2 Continued

(A) Mean arterial pressure (MAP), (B) heart rate (HR), (C) ejection fraction (EF), (D) fractional shortening (FS), (E) cardiac output (CO), (F)

average radial strain (segments 1 to 6), (G) radial strain (segments 2 to 5), (H) left atrium/aorta diameter ratio, (1) collagen content, and (J)

myocyte diameter in Sprague-Dawley rats with myocardial infarction and ICV infusion with vehicle (n = 6), leptin (n = 8), or MTII (n = 8) for
4 weeks. *p < 0.05 compared with vehicle-treated group; #p < 0.05 compared with baseline. Abbreviations in Figure 1.
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FIGURE 3 Long-Term ICV Leptin or MTII Infusion for 2 Weeks Increased Cardiac Substrate Oxidation, p-AMPK/AMPK Ratio, and
Mitochondrial Efficiency in Rats With Myocardial Infarction
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(A) Representative curves of isolated cardiomyocyte sarcomere shortening, (B) baseline sarcomere length, (C) sarcomere shortening (index of
cardiomyocyte contraction), (D) sarcomere shortening velocity (contraction velocity), (E) resting calcium signal, and (F) calcium transient in
isolated cardiomyocytes from hearts of rats with myocardial infarction treated with ICV vehicle or leptin at the end of the second week of
treatment and sham controls. *p < 0.05 compared with vehicle-treated group; +p < 0.05 compared with sham controls. Abbreviations as in

to improve cardiac function in MC4R-knockout rats
post-MI, and we observed similar reductions in car-
diac output, ejection fraction, fractional shortening,
and radial strain in ICV leptin-treated rats compared

with vehicle treatment (Figures 5A to 5D). These ob-
servations suggest that leptin’s powerful CNS-
mediated effects to improve cardiac function require
functional brain MC4R.
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DISCUSSION

A major goal of this study was to test the hypothesis
that pharmacological activation of the brain leptin-
MC4R axis attenuates cardiac dysfunction and
adverse cardiac remodeling after severe MI and to
determine the mechanisms involved. Our results
indicate that ICV leptin infusion for 4 weeks, begin-
ning about 15 to 20 min after MI at rates that have no
major effects on plasma leptin concentrations,
elicited remarkable improvements in cardiac func-
tion, as evidenced by the return of cardiac output and
radial strain back to baseline values, increased ejec-
tion fraction and fractional shortening, and attenua-
tion of cardiac congestion as indicated by reduced left
atrium/aorta diameter and wet and dry lung weights.
We also found that leptin, via its actions on the CNS,
attenuated cardiac hypertrophy, cardiomyocyte
diameter, and cardiac collagen deposition after MI.
Similar protective effects on cardiac structure and
function, with few exceptions, were observed with
CNS MC4R activation by ICV infusion of MTII
for 4 weeks after MI. Moreover, the beneficial effects
of ICV leptin administration were completely abro-
gated in rats with genetic deficiency of MC4R. These
findings strongly support the hypothesis that
leptin-induced stimulation of the CNS melanocortin
system, particularly MC4R, is necessary for leptin’s
impressive effects to improve cardiac function
post-MI.

Our findings also provide important insights on the
metabolic mechanisms by which CNS leptin-MC4R
activation improves cardiac function after MI. Long-
term ICV leptin infusion or CNS MC4R activation
with MTII increased expression of global metabolic
energy sensors, such as p-AMPK, in hearts at 2 weeks
post-MI, which was associated with increased cardiac
glucose and fatty acid oxidation. This transient
decrease was followed by a new energy status at
4 weeks post-MI whereby metabolic energy sensors
were reduced, likely because of restoration of
adequate energy supply to the heart. Whether the
reduction in p-AMPK observed at 4 weeks of treat-
ment is a consequence of a new steady state in which
the heart has adequate energy supply and thus does
not require activation of energy sensors is still un-
clear and would require additional studies. Further-
more, we demonstrated that the improvement in
cardiac function post-MI in ICV leptin-treated rats
was mediated, at least in part, by increased mito-
chondrial efficiency, normalization of cardiomyocyte
contractile function, and attenuation of calcium
transient-contractility uncoupling compared with
vehicle treatment.

CNS Leptin-Melanocortin System and HF

FOOD INTAKE AND BODY WEIGHT RESPONSES TO
LONG-TERM ACTIVATION OF THE CNS LEPTIN-
MELANOCORTIN AXIS POST-MI. Long-term ICV lep-
tin or MTII infusion significantly reduced food intake
during the first 2 weeks of treatment, resulting in
weight loss compared with ICV vehicle treatment. de
Lucia et al. (36) reported that caloric restriction after
established HF reduced cardiac dysfunction and
improved inotropic reserve. In the present study,
however, reduction in caloric intake alone in vehicle-
treated rats with MI did not attenuate the impairment
of cardiac function following MI. In addition, ICV
leptin or MTII infusion caused only transient re-
ductions in food intake, and body weight returned to
baseline values by the end of treatment. We also
conducted studies in rats that were pair-fed the same
amount of food as ingested by rats infused with leptin
after MI and demonstrated that this did not signifi-
cantly improve recovery of cardiac function after MI.
Thus, it is unlikely that the beneficial impact of acti-
vating the brain leptin-MC4R axis on cardiac function
post-MI can be explained by reduced food intake and
weight loss.

CHANGES IN BP, HR, AND CARDIAC FUNCTION IN
RESPONSE TO LONG-TERM ACTIVATION OF THE
CNS LEPTIN-MELANOCORTIN AXIS POST-MI. We
previously demonstrated that leptin’s long-term CNS-
mediated BP effects are mediated by activation of the
brain melanocortin system, ultimately requiring
stimulation of MC4R (27). For example, blockade of
the proopiomelanocortin-MC4R pathway using phar-
macological agents or transgenic mice that do not
have functional MC4R or leptin receptors in proo-
piomelanocortin neurons completely prevented
leptin-induced sympathetic activation as well as
leptin’s ability to modulate BP and HR (27,37). We
also showed that long-term ICV leptin infusion re-
verses bradycardia, restores cardiac sympathetic
tone, reduces HR variability, and normalizes intrinsic
HR in insulin-deficient diabetic rats (19). Although the
precise mechanisms by which leptin alters pacemaker
activity and autonomic outflow to the heart in this
model of diabetes are still unknown, they appear to
require activation of CNS MC4R, as no improvement
in HR was observed when leptin was infused after
pharmacological blockade of MC4R (37). In the pre-
sent study, ICV leptin infusion attenuated the fall in
HR observed in vehicle-treated rats with MI. Similar
attenuation was observed in rats treated with the
MCA4R agonist MTIIL.

Although leptin administration greatly improved
recovery of cardiac function after MI, many patients
with MI are overweight or obese and may be resistant
to the CNS effects of leptin (7). In contrast, obesity
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does not appear to be associated with resistance to
the CNS actions of MC4R agonists (38). Therefore, we
examined whether activation of the brain MC4R
would mimic the cardioprotective effects of leptin in
a model of MI-induced HF. As we hypothesized, long-
term activation of brain MC4R recapitulated most of
the effects of leptin on cardiac function post-MI.
These findings highlight an important and novel
role for the brain melanocortin system in attenuating
the adverse cardiac effects that accompany MI and
in mediating the beneficial cardiac effects of leptin
after MI.

These results have potential clinical relevance, as
MC4R agonists that cross the blood-brain barrier have
been developed and tested in clinical trials for treat-
ment of patients with proopiomelanocortin gene
mutations (39) and some other genetic forms of se-
vere obesity (40,41). MC4R agonists also appear to
have minimal adverse side effects when used to treat
premenopausal women with acquired, generalized
hypoactive sexual desire disorder (42,43). If our re-
sults in rodents can be extrapolated to humans, they
suggest that MC4R agonists may be a promising new
therapeutic approach for treating patients who
experience severe MI. However, clinical studies are
needed to test the potential therapeutic value of
MC4R agonists in patients with MI, HF, and other
associated pathologies.

LONG-TERM ACTIVATION OF THE CNS LEPTIN-
MELANOCORTIN  AXIS IMPROVES CARDIAC
METABOLISM, MITOCHONDRIAL EFFICIENCY, AND
CARDIOMYOCYTE CONTRACTILE FUNCTION POST-MI.

LV dysfunction post-MI is usually accompanied by
decreased overall cardiomyocyte energy production
(44). Although the mechanisms by which activation
of the CNS leptin-melanocortin axis improves systolic
function post-MI have not been fully elucidated, they
may involve improved cardiomyocyte energy meta-
bolism and contractility in the noninfarcted portions
of the heart after MI. Administration of leptin or MTII
for 2 weeks after MI markedly increased cardiac sub-
strate oxidation in perfused hearts from rats with MI.
Also, ICV leptin or MTII administration fully reversed
impaired cardiomyocyte contractility and uncoupling
of calcium transient-contractility observed in non-
infarcted regions of the heart in vehicle-treated rats
2 weeks post-MI. The improvements
diomyocyte contractility observed during activation
of the CNS leptin-MC4R pathway were accompanied
by increased mitochondrial efficiency, as shown by
higher percentage of adenosine triphosphate-linked

in car-

respiration compared with hearts of vehicle-treated
rats. These results indicate that activation of the
CNS leptin-MC4R axis slows progression of HF post-
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MI by improving cardiac mitochondrial function and
energy metabolism that translates into better con-
tractile function.

Although our results support a key role for brain
MC4R in contributing to leptin’s cardiac-protective
actions in HF, leptin and MC4R activation may not
have the same quantitative effects on cardiac meta-
bolism. Leptin administration markedly increased
glucose oxidation, while MTII infusion mainly
increased fatty acid oxidation and had minimal
impact on glucose oxidation in perfused hearts
2 weeks after MI. These observations suggest that
leptin and MC4R activation may trigger other mech-
anisms that contribute to improved cardiac function
in addition to differentially modulating cardiac
glucose and fatty acid oxidation.

We also observed increased AMPK phosphorylation
in cardiac tissue of rats treated with leptin or MTII
compared with vehicle treatment 2 weeks post-MI. At
4 weeks of treatment, however, AMPK phosphoryla-
tion was reduced in ICV leptin- or MTII-treated rats.
One interpretation of these findings is that activation
of the brain leptin-MC4R axis attenuated the impair-
ment in metabolic function induced by MI, stimulated
cardiac AMPK phosphorylation, and increased
glucose and fatty acid uptake and oxidation as pre-
viously demonstrated in normal animals without MI
(45,46). This improvement in cardiac energy meta-
bolism observed after 2 weeks of treatment post-MI
was likely necessary for the consequent improve-
ment in cardiac function observed by echocardio-
graphic measurements that began to be significant
compared with vehicle treatment at week 3 post-MI.
Then, AMPK phosphorylation was suppressed in
response to the new state of improved metabolism
and cardiac function in rats infused with leptin or
MTII.

Although ICV leptin treatment attenuated cardiac
fibrosis in rats with MI, we observed no major changes
in gene expression of key regulators of cardiac
inflammation, remodeling, and neovascularization
after 4 weeks of treatment. For example, we found no
significant changes in expression of genes associated
with remodeling and hypertrophy (sarcoendoplasmic
reticulum calcium transport adenosine triphosphatase
2), inflammation (interleukin-i-beta and tumor ne-
crosis factor-alpha), and neovascularization (vascular
endothelial growth factor-alpha) or transcriptional
factors such as peroxisome proliferator-activated re-
ceptor-gamma coactivator 1-alpha or peroxisome
proliferator-activated receptor-alpha in hearts from
leptin- or MTII-treated animals compared with
vehicle-treatment. These results suggest that any
reduction in pro-inflammatory processes elicited by
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ICV leptin or MTII infusion during treatment may have
already subsided by week 4 of treatment, coinciding
with the marked improvements in cardiac function at
thattime. Itisalso possible that the beneficial effects of
the leptin-brain MC4R on cardiac function post-MI
may be independent of alterations in inflammatory
processes that occur in this model. Additional studies
are needed to test these possibilities.

CONCLUSIONS

Our results provide strong evidence for an important
beneficial effect of leptin, via its actions on the CNS,
to improve cardiac function in rats with HF post-MI.
The CNS actions of leptin restored ejection fraction,
cardiac output, LV muscle strain, and left atrium/
aorta diameter ratio almost all the way back to
baseline values before MI. These cardiac-protective
actions of leptin are mimicked by long-term activa-
tion of CNS MC4R and are completely abolished in
rats with genetic deficiency of MC4R. Furthermore,
our study demonstrated that the CNS actions of
leptin-MC4R activation enhance cardiac substrate
oxidation, improve mitochondrial efficiency, and
increase cardiomyocyte contractile function, thus
halting progression of HF following severe MI.
Whether an initial transient increase in p-AMPK
levels and improved cardiac substrate oxidation and
mitochondrial efficiency observed at 2 weeks of ICV
leptin or MTII administration are directly respon-
sible for the functional improvements observed at
weeks 3 and 4 post-MI is still unclear and represents
a limitation of our studies. Thus, additional studies
are needed to unravel the link between the brain
leptin-MC4R pathway and improved cardiac function
in HF.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: HF is a serious
health condition associated with high mortality rates and sig-
nificant morbidity for which current therapies offer only modest
benefits. Thus, development of new, more effective therapies is
urgently needed. Our results demonstrate an important and
novel beneficial effect of activating the brain leptin-MC4R
pathway to improve cardiac performance and attenuate pro-
gression of HF post-MI. These findings represent a shift in the
current paradigm of focusing on therapies that directly target the
heart and show remarkable CNS-mediated effects that are
capable of ameliorating cardiac dysfunction and protecting
against progressive HF following severe MI.

TRANSLATIONAL OUTLOOK: Our findings highlight a
promising new therapeutic approach for treatment of Ml and HF.
A limitation of our study is that we used ICV administration of
leptin and MC4R agonist, which is impractical in clinical settings.
However, new MC4R agonists that cross the blood-brain barrier
have been developed and tested to treat rare genetic disorders in
humans and may represent an alternative approach to target
brain MC4R and to overcome the challenge of leptin resistance in
obese patients with MI. Future studies designed to test the
therapeutic value of leptin or MC4R agonist administration for Ml
in large animal models and in humans are needed.
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