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BACKGROUND: Therapeutic strategies for preventing paradoxical reperfusion injury after myocardial ischemia are limited. We
tested whether central nervous system actions of leptin induce important protective effects on cardiac function and metabo-
lism after myocardial ischemia/reperfusion (I/R) injury, the role of cardiac sympathetic innervation in mediating these effects,
and whether there are major sex differences in the cardioprotective effects of chronic central nervous system leptin infusion.

METHODS AND RESULTS: Myocardial I/R was induced by temporary ligation of the left descending coronary artery in male and
female Wistar rats instrumented with intracerebroventricular cannula in the lateral ventricle. Vehicle or leptin (0.62 ug/h) infusion
was started immediately after reperfusion and continued for 28days using osmotic minipumps connected to the intracer-
ebroventricular cannula. Cardiac function was assessed by echocardiography, ventricular pressures, and exercise perfor-
mance. Intracerebroventricular leptin treatment markedly attenuated cardiac dysfunction post-I/R as evidenced by improved
ejection fraction (566.7+1.9 versus 22.6%+1.1%), maximal rate of left ventricle rise (11680+2122 versus 5022+441 mmHg)
and exercise performance (—4.2+7.9 versus —68.2+3.8 A%) compared with vehicle-treated rats. Intracerebroventricular lep-
tin infusion reduced infarct size in females, but not males, when compared with ad-lib fed or pair-fed saline-treated rats.
Intracerebroventricular leptin treatment also increased cardiac NAD*/NADH content (=10-fold) and improved mitochondrial
function when compared with vehicle treatment. Cervical ganglia denervation did not attenuate the cardiac protective effects
of leptin after I/R injury.

CONCLUSIONS: These data indicate that leptin, via its central nervous system actions, markedly improves overall heart function
and mitochondrial metabolism after I/R injury regardless of sex, effects that are largely independent of cardiac sympathetic
innervation.
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ardiovascular disease remains the leading cause
of mortality and is a major health care burden in
the United States and worldwide." Approximately
18.2 million Americans suffer from coronary artery disease
and =20% of patients who experience an acute myocar-
dial infarction (Ml) develop heart failure (HF) within 5years.?

Reperfusion strategies are currently the primary therapies
for acute MI; however, reperfusion of ischemic areas may
paradoxically exacerbate Ml-associated myocardial in-
jury, accounting for up to 50% of the final infarct size and
increasing the probability of HF development.® Although
improvements have been made with timely reperfusion
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CLINICAL PERSPECTIVE
What Is New?

Our study reveals a potent cardioprotective ef-
fects of leptin, mediated via the central nervous
system, that protect the heart after ischemia/
reperfusion injury.

e Central nervous system leptin infusion improves
cardiac function in male and female rats after
ischemia/reperfusion injury.

e The cardioprotective effect of central nervous
system leptin administration is not mediated by
cardiac sympathetic nerves.

What Are the Clinical Implications?

e Understanding the mechanisms by which leptin
acts on the central nervous system to regulate
cardiac metabolism and function may lead to
new, more effective therapeutic strategies for
myocardial ischemia and heart failure.

Nonstandard Abbreviations and Acronyms

B-OHB  beta-hydroxybutyrate

AMPK adenosine monophosphate-activated
protein kinase

CGx cervical ganglia denervation

H,0, hydrogen peroxide

I/R ischemia/reperfusion
OXPHOS oxidative phosphorylation
ROS reactive oxygen species

strategies and advances in percutaneous coronary inter-
vention technology, effective therapies to protect the heart
against ischemia/reperfusion (I/R) injury are still limited.

Our recent studies suggest that activation of brain
leptin receptors may offer a new approach for pre-
venting cardiac injury after ischemic insults. Leptin, an
adipocyte derived peptide, plays an important role in
glucose and lipid metabolism as well as in overall en-
ergy homeostasis via its central nervous system (CNS)
actions. We previously reported that CNS leptin ad-
ministration in insulin-deficient diabetic rats not only
restored euglycemia and enhanced cardiac glucose
uptake, but also restored intrinsic heart rate, auto-
nomic regulation of heart rate, and baroreflex sensitiv-
ity, which were all impaired in diabetes.*

These observations led us to hypothesize that the
CNS actions of leptin may improve cardiac metabolism
and overall function in conditions of metabolic stress such
as I/R injury. In this study we investigated whether leptin,
through its CNS effects, protects the heart from I/R injury
and if there are major sex differences in the cardioprotective
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effects of leptin. Our preliminary studies indicated that
chronic infusion of leptin, directly into the CNS at rates that
do not lead to leptin spillover into the systemic circulation,
exerted remarkable protection against cardiac I/R injury,
improving cardiac function and exercise performance.
Therefore, we also tested whether chronic CNS leptin in-
fusion improves cardiac mitochondrial function and me-
tabolism and whether these effects may be mediated via
sympathetic nervous system activation.

Previous studies from our laboratory and from oth-
ers showed that leptin increases sympathetic activity
to peripheral tissues including the heart.5-8 Although
some studies suggest that increased sympathetic ac-
tivation to the heart may be detrimental in HF,° cardiac
sympathetic innervation is an important compensatory
mechanism for increasing cardiac function in situa-
tions of stress, such as during M1."® However, the role
of the cardiac nerves in mediating the chronic effects
of leptin on cardiac function after I/R injury have not, to
our knowledge, been previously reported.

Therefore, the present study was designed to
test the hypothesis that leptin’s CNS actions protect
against progressive HF in a model of myocardial I/R in-
jury in male and female rats and whether cardiac sym-
pathetic nerves mediate these cardioprotective effects.
We also investigated potential mechanisms contribut-
ing to leptin’s cardioprotective actions by assessing
metabolic markers in the heart and plasma, as well as
cardiac mitochondrial function.

METHODS

The data that support the findings of this study are
available from the corresponding author upon request.

Animal Studies

All experimental protocols and procedures of this
study were conducted and conformed with the
National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee (proto-
col #1406B) of the University of Mississippi Medical
Center, Jackson, MS, USA.

Experiments were performed in 180 male and female
Wistar rats (12- to 14-weeks old) purchased from Charles
River Laboratories (Houston, USA). The rats were placed
in individual cages in a 12hour/12hour dark and light
cycle room and given free access to food (#3640, Harlan/
Envigo, USA) and water throughout the studly.

Animal Surgeries
Intracerebroventriclar Cannulation

Rats were anesthetized with isoflurane and a stainless-
steel cannula (26 gauge, 10mm long) was implanted
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into the brain right lateral ventricle for leptin or vehicle
infusions. Animals were housed individually and allowed
to recover from intracerebroventricular surgery for
7 days before baseline measurements were taken. The
accuracy of implantation of the intracerebroventricular
cannula was tested by determining the dipsogenic re-
sponse to an acute injection of 100ng of angiotensin
Il and cannula placement was examined post-mortem.

Myocardial I/R

The rats were anesthetized with ketamine/xylazine
cocktail (100 and 10mg/kg, intraperitoneally), an en-
dotracheal intubation was performed using polyethyl-
ene size 90 tubing, and then a mechanical ventilator
(Harvard Apparatus, USA) was connected to the en-
dotracheal tube to ventilate the animals at 80 breaths
per minute and a tidal volume of 1.2mlL/kg. After
steady breathing was established, the chest was
opened at the fourth left intercostal space using a
chest retractor inserted between the ribs. The pericar-
dium was removed, and the left anterior descending
coronary artery was ligated using 4-0 prolene suture
(Ethicon, USA) for 60 minutes followed by reperfusion.
The chest retractor was removed, the ribs were drawn
together, thoracic pressure was reestablished, and the
skin was closed. A thin layer of antibiotics (penicillin
G benzathine, 6000000U/mL, Pfizer) was applied in
the chest before suturing the skin to prevent infections.
Buprenorphine (0.1 mg/kg, sc) was administrated im-
mediately after surgery and after 24 hours of postop-
erative recovery. Sham animals were subjected to the
same surgical procedures with the exception of left
anterior descending coronary artery ligation and rep-
erfusion. The effectiveness of I/R surgery to induce Ml
was determined by the presence of left ventricle (LV)
anterior wall akinesia at week 1 post-I/R using echo-
cardiography. Animals that do not develop LV anterior
wall akinesia were excluded from the protocol.

Cervical Ganglia Denervation

Two weeks before I/R surgery, the rats were anesthetized
with isoflurane and a midline incision in the ventral neck
region was performed to remove the cervical ganglia
as previously described.!"'? Briefly, the salivary glands
were exposed and retracted to access and dissect the
underlying muscles until the cervical ganglia were identi-
fied. Then, the superior and medial cervical ganglia were
gently pulled and removed bilaterally using an ophthalmic
scissor. After cervical ganglia denervation (CGx), a thin
layer of antibiotics (penicilin G benzathine, 6000000U/
mL, Pfizer) was applied, the skin was sutured, and bu-
prenorphine (0.1 mg/kg) was injected subcutaneously.
The success of the denervation was confirmed by
bilateral ptosis and significant reduction in tyrosine
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hydroxylase immunofluorescence in cardiac fibers after
euthanasia. The heart’s ability to increase heart rate after
a reduction in blood pressure induced by acute intrave-
nous infusion of sodium nitroprusside in CGx and control
animals was also used to test the efficacy of CGx surgery;
under isoflurane (2%) anesthesia, a polyethylene cathe-
ter was implanted in the femoral artery and connected
to a pressure transducer attached to a bridge amplifier
(Bridge Amp, ADInstruments, NZ) and an analogical to
digital interface (PowerlLab 16/30, ADInstruments, NZ)
for arterial pressure and heart rate recording. After 2 min-
utes of stable arterial pressure recording, sodium nitro-
prusside (32 ug/kg) was administered through the penile
vein using a 27G needle coupled with a 1-mL syringe.

Ventricular Catheterization

At the end of the protocol (week 4 post-I/R), the rats
were anesthetized with urethane (1g/kg) and placed
on a temperature-controlled heating pad to maintain
body temperature. A pressure-volume catheter (Millar
1.4F, SPR 838, ADInstruments, NZ) connected to an
Mikro-Tip® Pressure Volume System (MPVS) Ultra unit
(ADInstruments, NZ) and a Powerlab digital data ac-
quisition (ADInstruments, NZ), was inserted into the LV
through the right carotid artery and ventricular pres-
sure was recorded for at least 10minutes. The follow-
ing parameters were calculated: maximal rate of left
ventricle pressure rise and drop and isovolumetric re-
laxation time constant.

Experimental Protocol

The rats were allowed to recover for 7 days after intrac-
erebroventricular cannula implantation before baseline
measurements were recorded. Daily food intake and
weekly body weight were measured during the entire
protocol. Echocardiographic images and videos were
acquired at baseline (before) I/R surgery and at weeks
1, 2, 3, and 4 post-I/R. A graded maximum velocity
exercise tolerance test was also performed at baseline
and at the end of week 4 post-I/R.

Leptin (0.62ug/h) or vehicle (saline 0.5uL/h) infu-
sion was started immediately after myocardial reperfu-
sion using an osmotic minipump (model 2002, Durect
Corp., CA) that was implanted subcutaneously in the
scapular region and connected to the intracerebro-
ventricular cannula using tygon tubing (Cole Parmer,
0.38mm ID, USA). Leptin or vehicle was administered
for 28 consecutive days with minipumps replaced on
day 14 of infusion under brief isoflurane anesthesia.
The rate of leptin infusion was based on our previous
studies showing this dose is effective in decreasing
food intake and improving glucose homeostasis.?'3

On day 28, the LV was catheterized with a pressure-
volume Millar catheter (SPR-383, ADInstruments, NZ)
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and after measurements the rats were euthanized.
The heart was collected, weighed and divided into 3
pieces: the base was used to collect myocardial fibers
for mitochondrial function analysis using Oxygraph2-k
electrodes (Oroboros Instruments, AT); a section of the
mid-LV was stored in 10% buffered formalin for his-
tology; and noninfarcted areas of the midapical region
were frozen for molecular analysis (Figure 1A).

Euthanasia

Euthanasia was performed by thoracotomy and re-
moval of the heart after induction of deep anesthesia
by intravenous injection of urethane (1g/kg) or by inha-
lation of isoflurane (5%).

Echocardiography

Transthoracic echocardiography was performed at
baseline (before I/R) and on weeks 1, 2, 3, and 4 after
I/R surgery using the VEVO 3100 system (VisualSonics,
CA) equipped with a 21-MHz transducer (MX250) at 100
frames/sec. Rats were anesthetized with 2.0% isoflurane
and placed on a heating table and their extremities were
fixed to 4 electrocardiography leads on the table. A par-
asternal long axis B-mode was acquired at the maximum
LV length. Three long axis B-mode movies of the LV were
also acquired at midventricular level for longitudinal strain
analysis. Echocardiographic parameters of systolic func-
tion including LV end-systolic and end-diastolic volumes
were calculated as previously described.' LV ejection
fraction (EF) and stroke volume (SV) were calculated as
EF=[(LV end-diastolic volume-LV end-systolic volume)/
LV end-diastolic volume]x100 and SV=LV end-diastolic
volume-LV end-systolic volume, respectively. Global lon-
gitudinal strain was analyzed by 2-dimensional echocar-
diography speckle-tracking using the Vevolab software
(VisualSonics, CA) which uses the Lagrangian method?®
as follows: global longitudinal strain =[L(t)-L(t,)]/L(t,),
where L represents the apex-to-base fiber length at time
t after cardiac fibers deformation and t,, the length of the
cardiac fiber before deformation.

Four-Dimensional Echocardiography

Four-dimensional images were collected using the VEVO
3100 System (VisualSonics, CA), a 21-MHz transducer
(MX250) and a translating linear step motor. Rats were
anesthetized with isoflurane 2.0% and placed in supine
position in a heating table with electrocardiography elec-
trodes leads. Serial short-axis ECG-gated cine loops were
acquired with =11 um stepwise movement across the full
length of the LV. Extracted ultrasound images were then
analyzed using a MATLAB graphical user interface (Weldon
School of Biomedical Engineering, Purdue University—
Indiana, USA)'® to measure regional surface area strain
in the 17-segment model of the LV. Regional surface
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area strain was calculated as regional surface area strain
©.)=ABH-A©E)/AE) where A represents the surface area
of the boundary voxel as calculated using the vector cross
product at rotation 6 and time t in the cardiac cycle, and A
is the respective surface area at end-diastole (ie, t=0).

Maximum Graded Exercise Test

All animals were adapted to running on a motorized ro-
dent treadmill (Columbus Instruments, USA) for 2 days
before the test was performed. Each session of adap-
tation lasted =5minutes and the animals ran at 9m/
min without inclination. Two maximum graded exercise
performance tests were performed, the first during the
baseline period before I/R surgery and the second at
week 4 post-1/R. Tests followed the protocol described
by Petrosino and collaborators.!”” Blood lactate was
measured before and after exercise testing using lac-
tate strips (Lactate Plus, Nova Biomedical, USA) right
after the exercise test. The work performed by each
animal was calculated as the product of body weight
(kg) and total vertical distance (meters), where vertical
distance = (distance run) x (sin 6) x gravity, where 0 is
equal to the angle of the treadmill from 5° to 15° and
assuming gravity is equal to 10m/s?.

High-Resolution Respirometry in Isolated
Cardiac Fibers

Cardiac fibers were isolated, weighed, and per-
meabilized with saponin as previously described.'®
Respirometric oxidative phosphorylation (OXPHOS)
analysis was performed using a 2-chamber titration-
injection oxygraph (Oroboros Oxygraph2-k, Oroboros
Instruments, AT). ATP-linked respiration was measured
using the difference between succinate (10mmol/L,
substrate for succinate dehydrogenase, complex Il)
and oligomycin (4 ng, inhibitor of ATP synthase), and
the difference between oligomycin and antimycin
(2.5umol/L, complex Ill inhibitor) was used to calculate
ATP-leak. ATP reserve was calculated from the differ-
ence between carbonyl cyanide p-(trifluoromethoxy)
phenylhydrozone (0.1mM) and oligomycin. High-
resolution respirometry was combined with the
Fluorescent-Sensor Green of the O2K-Fluo LED2-
Module for hydrogen peroxide (H,O,) production. The
respiratory control ratio was used as a quality assur-
ance marker and cytochrome C (10umol/L) as a vali-
dation of proper tissue preparation.

Plasma B-Hydroxybutyrate and Cardiac
NAD*/NADH Measurements

Plasma g-hydroxybutyrate (@b83390, Abcam, USA)
and cardiac tissue NAD*/NADH (ab65348, Abcam,
USA) concentrations were measured with ELISA Kits.
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Immunofluorescence

Paraffin embedded heart tissue sections (5um) were
dewaxed and rehydrated, the sections were treated
with 0.1 mol/L sodium citrate buffer for antigen re-
trieval and Opal 4-color IHC kit (PerkinElmer, USA)
was used for simultaneous detection of tyrosine hy-
droxylase (1:300; AB152, Milipore, USA) stained with
Opal570 fluorophore (650 to 570nm, green color), a-
actinin sarcomeric protein (1:300; A781, Sigma, USA)
stained with Opal620 fluorophore (588 to 616 nm, red

Leptin’s CNS Effects Protect Heart From I/R Injury

color) and nuclear counterstain (spectral DAPI, 358 to
461nm, blue color). Sections were observed under
fluorescence microscope (LionHeart FX, Agilent, USA)
using 100x magnification.

Histological Analysis and Infarct Size

Heart samples were sectioned (5um) and stained
using picrosirius red for quantification of interstitial col-
lagen. Stained cross-sections were captured using
light microscopy (NIKON, Eclipse 50i, JP) at 40x
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Figure 1. Central leptin effects on food intake and body weight.

A, Experimental protocol; (B) Net cumulative food intake, which is the sum of daily food intake during the experimental period compared
with the average baseline food intake; (C) body weight measured in male and female Wistar rats treated with intracerebroventricular
vehicle, leptin, or vehicle+pair-feeding (n=8 per sex/group). * Vs vehicle, P<0.05; T vs pair-fed, P<0.05. Two-way repeated measures
ANOVA (B and C).
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magnification. To estimate the fraction area (%) of col-
lagen using picrosirius red-stained sections, 15 to 20
images of the septum were randomly captured for
posterior analysis using NIH Imaged software. LV in-
farct size was measured using picrosirius red-stained
sections and calculated by dividing the length of the
infarcted area by the total circumference of the LV (ex-
pressed as percentage). Cardiomyocyte diameter was
estimated in =30 cells/animal with well-defined round
cell membranes and visible cell nuclei at midwall depth
on sections stained with hematoxylin and eosin.

Statistical Analysis

The results are expressed as mean + SEM and scatter
plots with bars were used to represent the data. The
data points show individual values, indicating the upper
and lower extremes, and the bars represent the mean
of all individual values. The data were analyzed for
Gaussian distribution (normality) using 3 different tests
(Kolmogorov—Smirnov, Shapiro-Wilk, and Anderson—
Darling). Sample distributions were considered normal
when all groups passed in at least 1 normality test.
Nonparametric test (Kruskal-Wallis or Mann-Whitney)
was used for data with non-Gaussian distribution and
parametric test (1-way ANOVA or t-test) was used for
samples with Gaussian distribution. Comparisons be-
tween baseline and experimental values within each
group and comparisons between different groups
were made by 2-way ANOVA with repeated measures
followed by Tukey post hoc test when appropriate.
Single-time point differences between 2 groups were
compared using t-test. Statistical significance was ac-
cepted at a level of P<0.05. Data were plotted and ana-
lyzed using GraphPad Prism 9 (GraphPad Software,
La Jolla, CA). The number of animals calculated for
each experiment was based on our previous studies
and strong preliminary data for similar experimental
designs (paired, unpaired), expected variance of ex-
perimental measurements, and anticipated differences
between means. There were no missing data, and all
treatment groups were equivalent at baseline, thus no
baseline adjustment was necessary.

RESULTS

Chronic Intracerebroventricular Leptin
Administration Reduces Food Intake and
Body Weight

Figure 1A is a schematic representation of the ex-
perimental design followed in the present study.
Compared with vehicle treatment, chronic intracer-
ebroventricular leptin infusion reduced net cumula-
tive food intake (Figure 1B, P<0.0001) as well as body
weight (Figure 1C, P=0.0001) in male and female rats.
Pair feeding was performed in additional groups of
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vehicle-treated male and female rats to reduce food in-
take to the same level observed during chronic intrac-
erebroventricular leptin infusion to control for potential
effects of reduced food intake on cardiac function.
Despite the same reduction in cumulative food intake,
pair-fed animals did not exhibit the same weight loss
experienced by leptin-treated rats. This is likely caused
by the fact that leptin not only promotes satiety but
also increases energy expenditure.'®

Chronic Intracerebroventricular Leptin
Administration Improves Cardiac Function
After I/R Injury

Time-course evaluation of cardiac function by echo-
cardiography showed that vehicle-treated and pair-fed
rats, male and female, presented a reduction in EF,
SV, and global longitudinal strain at weeks 1, 2, 3, and
4 post-I/R compared with baseline values (Figure 2A
through 2G, P<0.0001). However, chronic intracer-
ebroventricular leptin infusion markedly improved EF in
male and female rats submitted to I/R injury (Figure 2A
and 2E, P<0.0001), SV (Figure 2B and 2F, P<0.0001)
and global longitudinal strain (Figure 2C and 2G,
P=0.0004) at weeks 3 and 4 post-I/R compared with
vehicle-treated and pair-fed rats.

Figure 2D and 2H show a 3-dimensional representa-
tion of longitudinal strain in 3 consecutive cardiac cycles
in vehicle and leptin-treated rats at baseline and at week
4 post-I/R. Note that after I/R injury, shortening of the
cardiac fibers was reduced (red color positive waves) in
vehicle and pair-fed treated animals when compared with
baseline (Figure 2D and 2H). However, the normal pattern
of shortening (blue color negative waves) was restored in
leptin-treated male and female rats (Figure 2D and 2H).

Four-dimensional endocardial strain analysis was
also performed in vehicle and leptin-treated rats for
better visualization of endocardial contractility patterns
in the entire LV (Figure 2J). The LV was divided into 17
regions and the endocardial surface peak strain was
calculated in each region and represented in a heat
map (Figure 2I). Intracerebroventricular leptin-treated
rats presented better surface strain pattern in several
LV regions, especially in the base-posterior septum,
apical-posterior and apical-free wall (blue squares),
compared with vehicle-treated rats post-I/R (Figure 2|
and 2J). Video S1 and S2 show leptin-treated animals
and vehicle-treated animals, respectively.

Chronic Intracerebroventricular
Leptin Administration Improves Heart
Contractility, Relaxation and Exercise
Capacity After I/R Injury

We observed a significant improvement in maximal
rate of left ventricle pressure rise (Figure 3A and 3D,
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Figure 2. Cardiac function assessed by echocardiography at baseline and at weeks 1 to 4 of central leptin infusion post-I/R
in male and female rats.

A, and E, Ejection fraction; (B and F) stroke volume; (C and G) global longitudinal strain. D and H, are 3-dimensional representations
of longitudinal strain in male and female rats at baseline (top left) and 4weeks post-I/R in vehicle-treated (top right), leptin-treated
(left bottom) and pair-fed (right bottom) rats. | and J, are a heat map representation of regional endocardial surface strain and a
4-dimensional reconstruction of the endocardial surface strain, respectively, in vehicle and leptin-treated animals analyzed by
4-dimensional echocardiography technology (Videos S1-S2) (n=8 per sex/group). * Vs vehicle, P<0.05; 1 vs pair-fed, P<0.05. £ Vs
leptin Wk2, P<0.05; § vs leptin Wk1, P<0.05. Two-way repeated measures ANOVA (A through D and E through H). FW indicates free
wall; I/R, ischemia/reperfusion; and LV, left ventricle.

P<0.005) and isovolumetric relaxation time constant  change (difference between baseline and week 4 post--
(Figure 3B and 3E, P<0.02), assessed by ventricular I/R values, Figure 3C and 3F, P<0.023). In contrast,
catheterization at the end of the experimental protocol, vehicle-treated and pair-fed animals showed marked
in male and female rats infused with intracerebroven- reductions in exercise capacity as expected following
tricular leptin when compared with vehicle-treated and I/R injury.

pair-fed animals. These observations corroborate the

echocardiographic data and suggest that chronic in- Chronic Intracerebroventricular Leptin

tracerebroventricular leptin infusion improved systolic .. . . .
and diastolic functions post-I/R injury. Administration Reduces Septal Fibrosis

Intracerebroventricular leptin infusion also pre- ~ and Infarct Size After I/R Injury
vented deterioration of exercise capacity following I/R Infusion of leptin intracerebroventricular reduced in-
injury in male and female rats, as evidenced by main- farct size in females, but not in males, when compared
tenance of similar exercise performances at baseline  with vehicle and pair-fed treated rats (Figure 4A and 4F,
and week 4 post-I/R surgery, expressed as delta %  P<0.0056). However, male and female rats receiving
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Figure 3. Effects of central leptin infusion on ventricular pressures and exercise performance 4weeks after I/R injury in

male and female rats.

A and D, maximal rate of left ventricle pressure rise; (B and E), isovolumetric relaxation time constant; (C and F) exercise performance
percentage change (n=5-6 per sex/group). * Vs vehicle, P<0.05; T vs pair-fed, P<0.05; Il vs sham, P<0.05. Kruskal-Wallis test (C—E)
and 1-way ANOVA (A, B, and F). +dP/dt,,, indicates maximal rate of left ventricle pressure rise.

intracerebroventricular leptin exhibited reduced heart
weight/tibia length (Figure 4B and 4G, P<0.04) and
septal collagen deposition (Figure 4C and 4H, P<0.011)
compared with vehicle and pair-fed rats. No differences
in myocyte diameter were observed between groups
for either sex (Figure 4D and 4l, P>0.33). Figure 4E
and 4J show representative images of the histologi-
cal cross sectional mid-LV, septal collagen deposition
(40x), and septal myocytes (40x).

Chronic Intracerebroventricular Leptin
Administration Improves Cardiac
Mitochondrial Function and Cardiac
Metabolism After I/R Injury

Mitochondrial function in isolated cardiac fibers
from the LV remote region was significantly improved
in intracerebroventricular leptin-treated male and fe-
male rats compared with vehicle and pair-fed controls.
For instance, leptin treatment increased ATP-linked
respiration (Figure 5A and 5G, P<0.01) and reduced
proton leak in male and female rats (Figure 5B and
5H, P<0.008). Males, but not females, treated with

J Am Heart Assoc. 2022;11:e027081. DOI: 10.1161/JAHA.122.027081

leptin also showed increased mitochondrial reserve
(Figure 5C and 5I, P=0.03) compared with vehicle
and pair-fed rats, and a reduction in H,O, production
(Figure 5D and 5J, P<0.01) compared with the pair-fed
group. Intracerebroventricular leptin treatment also in-
creased cardiac NAD*/NADH content in males and fe-
males (Figure 5E and 5K, P<0.027) compared with all
other groups and reduced plasma B-hydroxybutyrate
levels in both sexes (Figure 5F and 5L, P<0.031) back
to levels observed in sham-operated rats, suggesting
an improvement in cardiac metabolism. Figure 5M is a
representative trace of the oxygen consumption mea-
sured in permeabilized cardiac fibers at 37 °C using
Oroboros high-resolution respirometry.

Cardiac Sympathetic Denervation Does
Not Alter the Cardioprotective Effects of
Chronic Intracerebroventricular Leptin
Infusion After I/R Injury

To test if the CNS-mediated cardioprotective effects
of leptin after I/R injury are mediated by changes in
cardiac sympathetic activity, we performed bilateral
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Figure 4. Effects of central leptin infusion on cardiac remodeling 4 weeks after I/R injury in male and female rats.

A and F, infarction size; (B and G) heart weight/tibia length; (C and H) septal collagen deposition; (D and I) myocyte diameter. E and J,
are representative pictures of mid-ventricular histological sections of the heart showing infarction size (4x), septal collagen deposition
(40x) and myocyte diameter (40x) (n=8 per sex/group). * Vs vehicle, P<0.05; T vs pair-fed, P<0.05; Il vs sham, P<0.05. One-way ANOVA

(A through D and F through I).

surgical removal of the cervical ganglia (CGx) before
induction of myocardial I/R injury and intracerebroven-
tricular leptin infusion (Figure BA). Successful cardiac
sympathetic denervation was confirmed by =70% re-
duction in tyrosine hydroxylase staining in cardiac fi-
bers (Figure 6B, P<0.001) and a 50% attenuation of
the compensatory rise in heart rate after an acute re-
duction in blood pressure induced by intravenous in-
jection of sodium nitroprusside (Figure 6C). Bilateral
ptosis, a marker of successful denervation, was also
observed after CGx. Despite this significant reduction
in cardiac sympathetic innervation, intracerebroven-
tricular leptin infusion still improved cardiac function as
evidenced by an increase in LV contraction and relax-
ation (Figure 6D and 6E, P<0.03), maximum exercise
capacity (Figure 6F, P=0.04), EF (Figure 6G, P<0.0001),
SV (Figure 6H, P=0.012), and global longitudinal strain
(Figure 61, P=0.019) when compared with CGx animals

treated with vehicle. Data from male and female CGx
rats were combined since we did not observe sex dif-
ferences within each group.

Cardiac Sympathetic Denervation

Does Not Alter the Beneficial Effects of
Intracerebroventricular Leptin Infusion
on Cardiac Remodeling, Mitochondrial
Function, and Cardiac Metabolism after
I/R Injury

We also examined if CGx would impair leptin’s effects
to attenuate adverse myocardial remodeling after I/R.
However, CGx did not impair the CNS actions of leptin
to reduce heart weight/tibia length and septal colla-
gen deposition when compared with vehicle-treated
CGx rats (Figure 7A and 7B, P<0.006), despite similar

J Am Heart Assoc. 2022;11:e027081. DOI: 10.1161/JAHA.122.027081 9
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Figure 5. Effects of central leptin infusion on cardiac mitochondrial function and metabolism 4 weeks after I/R injury in male
and female rats.

A and G, ATP-linked respiration; (B and H) proton leak; (C and I) mitochondrial reserve; (D and J) H,O, production; (E and K) cardiac
NAD*/NADH content; (F and L) plasma levels of -hydroxybutyrate. M, is a representative tracing of permeabilized cardiac fiber’s
oxygen consumption rate measured by Oroboros high-resolution respirometry at 37 °C (n=5-6 per sex/group). * Vs vehicle, P<0.05;

1 vs pair fed, P<0.05; Il vs sham, P<0.05. One-way ANOVA (A through L).

infarct sizes between the groups (Figure 7C, P=0.89).
No differences were observed in cardiomyocyte diam-
eter between groups (Figure 7D, P=0.92). Figure 7E
show representative images of the histological cross-
sectional mid-LV, septal collagen deposition (40x), and
septal myocytes (40x).

CGx also did not impair the beneficial effects of in-
tracerebroventricular leptin infusion to improve cardiac
mitochondrial function at week 4 post-I/R, as demon-
strated by an increase in ATP-linked respiration and
reduction in proton leak compared with vehicle-treated
CGx rats (Figure 7F and 7G, P=0.0004). No differences
were observed in mitochondrial reserve or H,O, pro-
duction between groups (Figure 7H and 71, P>0.18). In
addition, cardiac metabolic improvement, as evidenced

J Am Heart Assoc. 2022;11:e027081. DOI: 10.1161/JAHA.122.027081

by increased NAD*/NADH ratio (Figure 7J, P=0.0003)
and reduction in B-hydroxybutyrate (8-OHB) circulating
levels (Figure 7K, P=0.0052), was not affected by CGx.

DISCUSSION

A major new finding of the current study is that in-
tracerebroventricular leptin infusion for 28 days greatly
improved cardiac function after I/R injury in male and
female rats as evidenced by marked improvements in
echocardiographic parameters at weeks 3 and 4 post--
I/R, and in LV intraventricular pressures (maximal rate
of left ventricle pressure rise and drop) and exercise
capacity at week 4 post-I/R. Additionally, central leptin
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Figure 6. Effects of cardiac sympathetic denervation on cardioprotective actions of central leptin infusion 4weeks after I/R
injury in male and female rats.

A, Schematic showing anatomical location of the cervical ganglia and its surgical removal in Wistar rats; (B) Immunofluorescence for
tyrosine hydroxylase in the heart of denervated (cervical ganglia denervation) and control rats; (C) Representative trace recording of
blood pressure and heart rate responses during intravenous infusion of sodium nitroprusside; (D) Maximal rate of left ventricle pressure
rise; (E) maximal rate of left ventricle pressure fall; (F) percentage change of exercise performance; (G) ejection fraction; (H) stroke
volume; (I) global longitudinal strain. (n=5-7 per sex/group). * Vs cervical ganglia denervation+ischemia/reperfusion+vehicle, P<0.05;
T vs leptin Wk2, P<0.05; § vs leptin Wk1, P<0.05. One-way ANOVA (A through E), Mann-Whitney test (F), and 2-way repeated measures
ANOVA (G through I). BP indicates blood pressure; CGx, cervical ganglia denervation; HR, heart rate; I/R, ischemia/reperfusion; DAPI,

4’,6-diamidino-2-phenylindole; SNP, sodium nitroprusside; and —dP/dt

administration attenuated adverse cardiac remodeling,
including reductions in septal collagen deposition and
heart weight to tibia length ratio. Surprisingly, female,
but not male, rats treated with leptin also showed a
significant reduction in infarction size.

Another important new finding is that leptin, admin-
istered directly into the CNS after I/R injury, markedly
increased cardiac mitochondrial oxidative capacity and
NAD*/NADH redox state. Furthermore, we showed that
leptin’s CNS-mediated effects on cardiac metabolism
and mitochondrial function as well as its overall cardiac
protective effects after I/R injury are not dependent on
intact cardiac sympathetic innervation since bilateral
CGx did not diminish these improvements in cardiac

J Am Heart Assoc. 2022;11:e027081. DOI: 10.1161/JAHA.122.027081

max: Maximal rate of left ventricle pressure drop.

function elicited by chronic intracerebroventricular
leptin infusion. We also provided strong evidence that
these cardiac protective actions of leptin are equally ef-
fective in males and females, and occur independently
of leptin’s anorexic effects since pair-feeding did not
elicit similar protection against myocardial I/R injury.
Leptin plays an important role in controlling adipose
tissue homeostasis by regulating appetite and energy ex-
penditure according to the body’s nutritional status.®2°
We previously showed that central leptin administration
reversed the deleterious effects of uncontrolled diabetes
on the cardiovascular system* and improved heart func-
tion in male rats with Ml induced by permanent coronary
artery ligation.?' We also showed that these effects were
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Figure 7. Effects of central leptin infusion on cardiac remodeling, mitochondrial function, and metabolism in cardiac
sympathetic denervated male and female rats 4weeks post-ischemia/reperfusion (I/R) injury.

A, Heart weight/tibia length; (B) septal collagen deposition; (C) infarct size; (D) myocyte diameter; (F) ATP-linked respiration; (G) proton
leak; (H) reserve; (I) H,O, production in isolated cardiac fibers from cervical ganglia denervation rats 4 weeks after I/R injury. J, Cardiac
NAD*/NADH content and (K) plasma levels of 3-hydroxybutyrate from cervical ganglia denervation rats 4 weeks after I/R injury. E,
Representative pictures of mid-ventricular histological sections of the heart showing infarction size (4x), septal collagen deposition
(40x) and myocyte diameter (40x). (n=5-7 per sex/group). * Vs cervical ganglia denervation+l/R+vehicle, P<0.05. Unpaired t test. CGx
indicates cervical ganglia denervation; and I/R, ischemia/reperfusion.

mediated by the CNS since this dose of leptin infused rats treated with central leptin also presented cardiovas-
intracerebroventricular does not increase circulating lev- cular improvements,* indicating that the cardiometabolic
els of leptin.'® In addition, chronic intraperitoneal leptin effects of intracerebroventricular leptin administration are
infusion at the same dose infused intracerebroventricular independent of insulin. Therefore, we are confident that
in the present study (0.62 ug/h) did not alter food intake, the beneficial cardiac protective effects of intracerebro-
body weight, blood pressure, heart rate, blood glucose, ventricular leptin infusion after I/R injury are mediated by

or insulin levels in male and female rats.’® CNS actions and not by direct peripheral effects of leptin
Although intracerebroventricular leptin infusion re- or reductions in plasma insulin levels.
duces insulin plasma levels in male and female rats,'® The impact of leptin on cardiac function has

we have previously shown that insulin-deficient diabetic been a topic of debate with some studies showing a
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deleterious effect of high circulating leptin levels on
cardiac structure and function,?>?® while other studies
show beneficial effects of leptin on cardiac physiology
in animals with low baseline leptin levels®* or when
leptin is infused directly into the CNS.2" It is import-
ant to note that most previous studies supporting a
deleterious effect of leptin on cardiac function were
correlative studies in individuals with obesity who
could have additional confounding factors associated
with increased adiposity.?>?% Since obesity is usually
accompanied by other comorbidities, such as hyper-
tension and diabetes, it is difficult to separate the ef-
fects of hyperleptinemia on cardiac function from other
factors that occur concurrently in obesity. Conversely,
preclinical research suggests a role for intramyocardial
leptin signaling in the maintenance of proper cardiac
structure, function, and glycolytic metabolism.?”2¢ Our
present study provides new evidence that leptin, via
its actions of the CNS, exerts remarkable protective
effects that improve cardiac function after myocardial
I/R injury and that this effect is not mediated by leptin
spillover into the systemic circulation.

Cardioprotective Effects of
Intracerebroventricular Leptin Infusion
After I/R Injury Are Not Attributable to
Reduced Food Intake

Long-term intracerebroventricular leptin infusion signif-
icantly reduced food intake and body weight during the
first 2weeks of treatment leading to weight loss com-
pared with vehicle-treated rats. We included a vehicle-
infused pair-fed group to serve as an additional control
for leptin’s anorexic effects. We found that vehicle-
treated pair-fed rats exhibited similar impairments in
cardiac function and other parameters related to car-
diac dysfunction post-I/R injury when compared with
ad libitum-fed vehicle-treated rats. Thus, we found no
evidence that the anorexic effect of leptin contributes
importantly to leptin’s ability to improve cardiac func-
tion and attenuate progression to HF after myocardial
I/R injury.

Although pair-feeding experiments did not com-
pletely mimic the effects of intracerebroventricular
leptin on body weight, probably because of leptin’s
thermogenic effect, it is unlikely that the increase in
total body energy expenditure could explain the im-
provement observed in cardiac metabolism and func-
tion in rats with myocardial I/R injury that were treated
with intracerebroventricular leptin. Leptin also stimu-
lates lipolysis and increases free fatty acids in the cir-
culation,?® which could provide an extra source of fuel
to the heart. This lipolytic effect of leptin, however, oc-
curs acutely whereas we began to observe significant
cardiac functional improvement only 2weeks after
initiating leptin treatment. Moreover, diabetic animals
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with elevated circulating free fatty acids are not pro-
tected from myocardial dysfunction after ischemic in-
jury.®® Whether increased lipolysis and circulating free
fatty acids contribute to the beneficial CNS-mediated
effects of leptin on the heart post-I/R injury is unclear
and beyond the scope of this study.

Leptin’s CNS-Mediated Effects to Improve
Cardiac Function After I/R Develop Slowly
An interesting observation that remains unexplained
is the slowly developing but remarkable improvement
of cardiac function after I/R injury that occurs during
chronic intracerebroventricular leptin infusion. Although
the mechanisms involved are unclear, we previously
demonstrated that intracerebroventricular leptin infu-
sion significantly increases phosphorilated adenosine
monophosphate-activated protein kinase (p-AMPK)/
adenosine monophosphate-activated protein kinase
(AMPK) ratio, an important metabolic energy sensor,
at the end of the second week of leptin treatment post-
MIL.2" However, the increase in p-AMPK/AMPK expres-
sion at week 2 was followed by a decrease at week
4 post-MI. This transient increase in p-AMPK expres-
sion may be attributable to restoration of an adequate
energy supply to the heart that coincides with im-
provement of cardiac function. Thus, the restoration of
myocardial bioenergetics observed at week 2 of leptin
infusion may be necessary for subsequent improve-
ments in cardiac function at weeks 3 and 4 post-MI. At
this later time, expression of this metabolic energy sen-
sor may be reduced back to normal levels as energy
production is normalized. However, the factors that link
leptin’s CNS effects to the slowly developing improve-
ments in cardiac metabolism and function are still un-
clear and will require further investigation.

Cardioprotective Effects of
Intracerebroventricular Leptin Infusion
After I/R Occur in Male and Female Rats

In the current study, we also demonstrate that leptin,
via its CNS actions, protects the myocardium of female
rats submitted to myocardial I/R. The only significant sex
difference noted was that intracerebroventricular leptin
infusion reduced the infarcted area in female, but not
male, rats when compared with vehicle treatment, indi-
cating an even more pronounced cardioprotective effect
of leptin in females. Previous studies suggest that estro-
gens may confer important protection against I/R injury
in females and a decline in estrogens after menopause
may contribute to age-related increased vulnerability to
I/R injury.®" Lagranha and collaborators showed that car-
diac functional recovery in premenopausal female rats
after myocardial I/R injury was accompanied by smaller
infarct size associated with increased post-translational
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modifications of mitochondrial enzymes involved in
regulating reactive oxygen species (ROS) generation
and oxidative metabolism.®? Despite previous evidence
demonstrating that premenopausal females may be
protected against I/R injury, our vehicle-treated young
females exhibited similar infarct size and cardiac func-
tional impairment compared with male rats.

Although some studies suggest that there may be
sex differences in leptin’s effects on sympathetic activity,
our results in the present study and in previous studies
suggest that chronic intracerebroventricular leptin infu-
sion appears to alter cardiac function to the same extent
in conscious male and female rats.*'3 Additionally, other
studies indicate that increases in sympathetic activity
and heart rate evoked by intracerebroventricular leptin
infusion are similar in male and pro-estrus female rats.3?
Although levels of estrogen were not measured in the
present study, we speculate that intracerebroventricular
leptin treatment may potentiate estrogen-related car-
diac protection, contributing to smaller infarcts in leptin-
treated females. Future studies are needed to test this
possibility and to investigate other potential mechanisms
responsible for increased resistance of the myocardium
to ischemia and/or reperfusion insults in females during
intracerebroventricular leptin treatment.

CNS-Mediated Effects of Leptin Improve
Cardiac Diastolic Function After I/R
Another important and novel observation of the pre-
sent study is the improvement in isovolumetric relaxa-
tion time constant, a gold-standard index of diastolic
function, and improved exercise capacity 4weeks
post-I/R in male and female rats treated with leptin.
After MI, the active relaxation phase of the myocardium
is delayed by a decrease in the elastic recoil energy
stored in titin molecules following cardiomyocyte con-
traction.®* Therefore, impaired contractility after Ml also
impairs relaxation since the stored energy in the titin
molecule is a function of the maximal cardiomyocyte
shortening.®* Depending on the extent of the infarct,
LV passive relaxation may also be compromised by
increased fibrosis leading to reduced LV compliance.
In the present study, we showed that chronic intracer-
ebroventricular leptin infusion not only improved active
relaxation, as evidenced by a reduction in isovolu-
metric relaxation time constant (probably because of
an increase in cardiac fiber shortening, ie, increased
global longitudinal strain), but also reduced septal fi-
brosis which may have improved LV compliance lead-
ing to better passive relaxation. Altogether, restoration
of cardiac systolic and diastolic function by CNS leptin
administration improved the ability of the myocardium
to increase cardiac output during states of high meta-
bolic demand (ie, maximum exercise test), resulting in
normal exercise performance after I/R.
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CNS-Mediated Effects of Leptin Improve
Mitochondrial Function and Cardiac
Metabolism After I/R

We also investigated whether the increased cardiac
contractility observed in viable areas of the heart dur-
ing intracerebroventricular leptin infusion after I/R was
related to improved mitochondrial function and car-
diac metabolism. The heart has high energy demands
and must continuously produce large amounts of ATP
to sustain its contractile function. A large part of ATP
produced in the heart is generated by mitochondrial
OXPHOS of substrates (approaching 95% under nor-
mal circumstances).®>% However, during states of
metabolic stress, such as following I/R, dramatic altera-
tions in cardiac metabolism occur and energy produc-
tion may become compromised because of reduction
in mitochondrial OXPHOS capacity.®®

OXPHOS is an uncoupled process where pro-
tons translocated to the intermembrane space by
specific respiratory complexes can return to the
mitochondrial matrix independent of FyF,-ATP syn-
thase in a process known as proton leak, which is
tightly linked with ROS production.®” ROS are gen-
erally considered to be toxic byproducts of aero-
bic metabolism and increased ROS production in
periods of stress, such as during I/R injury, can
damage organelles and whole cells, exacerbating
the injury. We found that chronic intracerebroven-
tricular leptin treatment not only improved ATP
production and reduced proton leak measured
in isolated cardiac fibers of male and female rats
after myocardial I/R, but also reduced H,0O, levels,
an important cellular ROS, in these fibers. These
findings suggest an additional mechanism for the
CNS-mediated cardiac protective effect of leptin
after I/R injury.

Mitochondria damage is an important mediator of
I/R injury and opening of mitochondrial permeability
transition pore, a non-selective channel of the inner
mitochondrial membrane, during the reperfusion pro-
cess results in membrane depolarization leading to
enhanced OXPHOS uncoupling, ROS formation, and
ATP depletion.® Previous studies showed that mito-
chondrial permeability transition pore inhibitors ad-
ministered at the onset of reperfusion reduced infarct
size and improved cardiac function in small and large
animal models.®3 Thus, we speculate that increased
cardiac ATP production and reduced ROS formation
elicited by intracerebroventricular leptin infusion may
prevent/attenuate the opening of mitochondrial per-
meability transition pore and protect the heart after I/R.

Nicotinamide adenine dinucleotide (NADY) is the
major electron carrier coenzyme in fuel oxidation and
mitochondrial ATP generation and has recently been
proposed as a potential target for future metabolic
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therapies in HF.3° Although the mechanisms leading
to impaired NAD" metabolism in HF are not fully un-
derstood, NAD" levels or NAD*/NADH redox state are
reduced in HF, and supplementation with NAD* precur-
sors has beneficial cardiac effects in preclinical models
of HF and in patients with HF.%9-4" Since we observed
increased ATP production in the hearts of intracerebro-
ventricular leptin treated rats, we also measured car-
diac NAD*/NADH content in and found an impressive
10-fold increase in NAD*/NADH content compared
with sham, vehicle and pair-fed groups. One potential
mechanism for the protection provided by increasing
NAD" levels in the heart is reduced acetylation of pro-
teins that regulate cardiac metabolism since NAD*" is
an important co-substrate for sirtuin deacetylases.*
Sirtuin 3 is the major deacetylase localized in the mi-
tochondria that has been linked to the cardioprotective
effects of increased NAD" levels and prevents mito-
chondrial permeability transition pore opening during
reperfusion of the ischemic myocardium.*® Additional
studies are needed to determine Sirtuin 3 activity
within the mitochondria in the myocardium of intrace-
rebroventricular leptin-treated animals after I/R.

CNS-Mediated Effects of Leptin
Normalize 3-Hydroxybutyrate After I/R

We also found a reduction in circulating -OHB, the pre-
dominant ketone body oxidized by the heart, 4weeks
after I/R in rats treated with leptin. Ketone bodies pro-
vide an important source of energy during fasting, star-
vation, prolonged exercise, or uncontrolled diabetes.*445
Circulating ketone bodies are increased in patients with
HF and have been proposed as an important source
of energy for failing hearts.*® Our findings indicate that
cardiac I/R injury is associated with increased circulating
B-OHB levels, and that chronic intracerebroventricular
leptin administration completely normalized plasma (-
OHB concentrations. Although the precise mechanisms
responsible for normalization of f-OHB levels in intrac-
erebroventricular leptin-treated rats after I/R injury are
still unclear, increased glucose and fatty acid OXPHOS
in the heart, and potentially in several other organs, by
leptin’s CNS effects may have contributed to normaliza-
tion of B-OHB plasma levels. Unfortunately, we did not
quantify cardiac g-OHB levels in the present study and
additional studies are needed to determine whether in-
tracerebroventricular leptin treatment alters -OHB oxi-
dation by the heart in situations of metabolic stress.

Cardiac Sympathetic Nerves Do Not
Mediate the Chronic CNS Cardioprotective
Actions of Leptin After Myocardial I/R

Since leptin stimulates sympathetic activity to several
organs including the heart,* we hypothesized that
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leptin-induced increases in cardiac sympathetic activ-
ity could contribute, at least in part, to the beneficial
effects of leptin on cardiac contractility and overall
function in rats with I/R injury. To test this hypothesis,
we performed bilateral CGx in male and female rats
before myocardial I/R surgery and intracerebroven-
tricular leptin infusion. Most sympathetic fibers inner-
vating the heart come from postganglionic adrenergic
neurons with cell bodies in the cervical sympathetic
chain ganglia that run bilaterally to the spinal cord.*"4®
Although 3 major ganglia send projections to the heart,
the superior and middle cervical ganglia are located
in the cervical level, whereas the stellate ganglion is
located in the thoracic level which makes its surgical
removal challenging for in vivo protocols. Furthermore,
complete sympathetic denervation of the heart could
increase I/R mortality since cardiac sympathetic fib-
ers play an important role in the acute compensatory
hemodynamic changes that occur after myocardial
ischemia.”® In fact, we observed a 10% increase in
mortality rate during I/R surgery in CGx rats when com-
pared with animals with intact ganglia, reinforcing the
importance of cardiac sympathetic innervation for the
acute compensatory response after cardiac ischemia.
Thus, only the cervical ganglia were removed leading
to a 70% decrease in myocardial tyrosine hydroxylase
expression, a precursor of noradrenaline formation in
sympathetic fibers. CGx efficacy was also confirmed
by a 50% reduction in compensatory tachycardia in
response to acute hypotension induced by sodium ni-
troprusside. The 50% elevation in heart rate may be
explained by increased catecholamines from the adre-
nal medulla following the large reduction in blood pres-
sure and by the 30% remaining cardiac sympathetic
fibers.

A previous report showed that superior cervical
ganglia denervation improved cardiac function and in-
flammation after MI'" In our study, however, CGx did
not prevent cardiac I/R injury in vehicle-treated rats,
and CGx failed to attenuate the cardiac protection
provided by intracerebroventricular leptin administra-
tion. These observations suggest that any potential
changes in sympathetic activity to the heart during in-
tracerebroventricular leptin administration did not con-
tribute significantly to leptin’'s CNS-mediated cardiac
protective effects during I/R.

Leptin, acting via the CNS, has important effects
on peripheral glucose and lipid usage.®“® However,
activation of the autonomic nervous system cannot
fully explain leptin’s effects on metabolism in peripheral
tissues, including the heart.>® Qur results corroborate
these previous studies examining the chronic effects of
leptin on glucose regulation, and suggest that leptin’s
CNS cardioprotective effects that improve mitochon-
drial function and myocardial contractility in hearts after
I/R injury are not mediated primarily by the sympathetic
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Figure 8. Central leptin infusion improves cardiac function
after ischemia/reperfusion injury regardless of cardiac
sympathetic denervation.

Chronic infusion of leptin directly into the brain improves cardiac
function and exercise capacity while it attenuates cardiac
remodeling and adverse collagen accumulation after ischemia/
reperfusion injury. This improvement in cardiac function during
central leptin administration was accompanied by increased
cardiac mitochondrial function and NAD*/NADH redox state, and
reduced circulating p-hydroxybutyrate levels. Ablation of cardiac
sympathetic nerves did not abolish the cardioprotective effects
of chronic central leptin infusion after ischemia/reperfusion injury.
-OHB, p-hydroxybutyrate; and I/R indicates ischemia/reperfusion.

nervous system. Using parabiosis, we recently pro-
vided evidence that the CNS-mediated antidiabetic
effects of leptin may involve release of a brain-derived
factor that circulates in the blood and produces a pow-
erful glucose-lowering effect.®® Thus, it is possible that
a similar mechanism may be responsible for leptin’s
CNS-mediated effect to improve cardiac metabolism
and overall function in situations of extreme stress
such as after myocardial I/R. However, the identity of
this factor(s) remains elusive and additional studies be-
yond the scope of the present study are needed to test
this possibility and to identify this factor(s) and its (their)
downstream pathways in the heart.

In summary, chronic intracerebroventricular leptin
treatment elicited profound cardioprotective effects
after myocardial I/R injury in male and female rats
(Figure 8). These beneficial cardiac effects of leptin
included improvements in mitochondrial function, in-
creased ATP production, reduced proton leak and
H,O, production, and increased cardiac NAD" levels,
leading to improved cardiac contraction (systolic func-
tion), relaxation (diastolic function), and increased ex-
ercise capacity. We also provide strong evidence that
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leptin’'s CNS cardiac protective effects are largely in-
dependent of reductions in food intake or increases in
cardiac sympathetic activity and occur in males and
females. These important effects of leptin suggest
novel therapeutic targets for ischemic heart disease
and reperfusion injuries.

Translational Perspective

Current therapies for myocardial I/R injury offer lim-
ited benefits, and alternative approaches are urgently
needed. Our findings highlight the CNS as an impor-
tant, albeit unconventional, target for new approaches
to treat myocardial I/R and heart failure. Our study re-
veals potent cardioprotective effects of leptin, medi-
ated via the CNS, that improve mitochondrial function
and cardiac metabolism and protect the heart after
ischemic insults. Although intracerebroventricular infu-
sions are impractical in a clinical setting, understand-
ing the mechanisms by which leptin acts on the CNS
to regulate cardiac metabolism and function may lead
to new, more effective therapeutic strategies for myo-
cardial ischemia and heart failure. For example, ac-
tivating a major downstream mediator of leptin — the
brain melanocortin system, particularly melanocortin-
4 receptors — may be a viable therapeutic approach
since new melanocortin-4 receptors agonists given
systemically cross the blood-brain barrier and are
currently approved to treat some forms of genetic
obesity. In addition, we recently demonstrated that the
intracerebroventricular administration of melanotan II,
an melanocortin-4 receptors agonist, also has impor-
tant cardioprotective effects after permanent ligation
of the left anterior descending coronary artery.?! Thus,
the CNS leptin-melanocortin system may offer a novel
therapeutic target for Ml and I/R injury of the heart.
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Supplemental Video Legends:

Video S1. Four-dimensional ultrasound derived-strain map in leptin-treated animal obtained 4
weeks after I/R injury. The blue color indicates increased surface area strain. Best viewed with

Windows Media Player.

Video S2. Four-dimensional ultrasound derived-strain map in vehicle-treated animal obtained 4
weeks after I/R injury. The red color indicates decreased surface area strain. Best viewed with

Windows Media Player.
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