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HIGHLIGHTS

� A mitochondrial-derived peptide therapy, HNG, was safe and was delivered as adjunctive therapy with standard-of-care

reperfusion in a translational large animal model of myocardial ischemia/reperfusion injury.

� HNG reduced infarct size per area-at-risk by 41% with an ischemic time of 60 min followed by 48 h of reperfusion.

� The infarct-sparing effects of HNG were abolished when the ischemic time was increased to 75 min followed by 48 h of

reperfusion.

� The use of rigorous translational large animal models that account for clinically relevant variables is a prerequisite to

better predict the clinical efficacy and outcomes of novel therapeutic strategies.
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With the complexities that surround myocardial ischemia/reperfusion (MI/R) injury, therapies adjunctive to

reperfusion that elicit beneficial pleiotropic effects and do not overlap with standard of care are necessary. This

study found that the mitochondrial-derived peptide S14G-humanin (HNG) (2 mg/kg), an analogue of humanin,

reduced infarct size in a large animal model of MI/R. However, when ischemic time was increased, the infarct-

sparing effects were abolished with the same dose of HNG. Thus, although the 60-min MI/R study showed that

HNG cardioprotection translates beyond small animal models, further studies are needed to optimize HNG

therapy for longer, more patient-relevant periods of cardiac ischemia.

(J Am Coll Cardiol Basic Trans Science 2020;5:699–714) ©2020 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/).
I n the United States, coronary heart dis-
ease afflicts >16.5 million individuals,
with 48% of those having experienced

an acute myocardial infarction (MI) (1). The
single most impactful therapeutic interven-
tion developed for MI is reperfusion therapy
using percutaneous coronary intervention.
Early reperfusion can significantly reduce
infarct size and mortality (2). Despite the
success of reperfusion therapy, a large
portion of these patients still have large in-
farcts and ultimately develop heart failure.
The high incidence of developing heart fail-
ure and re-hospitalization represents a major
health care issue. Over the last 5 decades,
numerous novel therapeutic strategies have
shown promise in preclinical studies but
have failed in clinical trials (3). Despite the
lack of success, it is necessary to develop
and test novel adjunctive therapy that can further
reduce infarct size, improve survival, and reduce re-
hospitalization rates because of the prevalence and
socioeconomic burden of coronary heart disease.

Therapeutic agents that inhibit cell death, atten-
uate oxidative stress, and modulate the inflammatory
response have been at the forefront of basic and
clinical investigations to salvage the myocardium (4).
The mitochondria are a central regulator of cellular
energetics and redox signaling that influence many
cellular processes, most importantly cell survival and
oxidative stress. This has made mitochondria a top
target in attempts to mitigate ischemia/reperfusion
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injury. A wide variety of mitochondrial-targeted
therapeutic agents have been tested for efficacy in
MI patients (4). Direct reactive oxygen species scav-
engers, such as triphenylphosphonium or coenzyme
Q10 (5,6), metabolic energetic modulators (7), and
mitochondrial permeability transition pore inhibitors
(i.e., cyclosporin A) (8,9), have all been tested in
clinical trials. With neutral results, none is currently
approved by the U.S. Food and Drug Administration.

Investigation into small open reading frames
within mitochondrial DNA led to the discovery of
humanin, a mitochondrial-derived peptide (MDP)
(10). Comprising only 24 amino acids, humanin was
serendipitously discovered to protect against neuro-
toxicity caused by formation of amyloid-beta plaque.
This MDP is widely conserved across species and is an
intracellular and endocrine-signaling molecule
(11,12). Humanin was initially shown to be cytopro-
tective through interaction with insulin-like growth
factor–binding protein-3 (IGFBP3) (13) and inhibition
of Bcl-2–associated X protein (Bax) activity (11). Iko-
nen et al. (13) first described the interaction between
humanin and IGFBP3 as being cooperative and
antagonistic depending on cell subtype and tissue.
They also described the presence of humanin in re-
gions of healthy neuronal tissue in the brains of
people with Alzheimer disease protecting against
IGFBP3-induced cell death. Guo et al. (11), in an
in vitro staurosporine-induced cell death model, re-
ported the specificity of humanin to bind Bax in its
inactive form, thereby inhibiting the conformational
change necessary for Bax translocation into the
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mitochondria. This lack of translocation leads to a
suppression of cytochrome C release, an initiating
step for apoptosis.

Humanin has been shown to be a key regulator in
mitochondrial homeostasis and other regulatory
pathways within the cell that confer cytoprotection,
specifically to stress in multiple organs (14–22).
Humanin is an intracellular signaling peptide that is
also found in circulation, suggesting that it may also
possess endocrine properties. Due to the small size of
humanin, a thorough investigation into the func-
tional characteristics of each amino acid has been
performed (14). It was determined that the point
mutation at serine 14 to glycine (i.e., S14G-humanin
[HNG]) increased humanin’s potency to be neuro-
protective in the face of gene mutations that lead to
early-onset familial Alzheimer disease (10). Several
basic research studies have now reported on the
ability of HNG to modulate oxidative stress (23,24),
regulate insulin sensitivity (25) and cell survival, and
inhibit canonical apoptotic signaling (11,26). The
administration of HNG in aged mice induces Janus
kinase/signal transducer and activator of transcrip-
tion (STAT) signaling and increases protein kinase B
and extracellular signal-regulated kinase 1/2 phos-
phorylation with downstream effects on mitochon-
drial respiration and cytoprotection through bcl-2/
BAX (16). This scenario has been corroborated by us
and others. Exogenous humanin administration
leads to activation of STAT3 activation and the
extracellular signal-regulated kinase 1/2 pathway
triggering cytoprotection against oxygen-glucose
deprivation (27) and oxidative stress (21), and
improves glucose tolerance and delays onset of
diabetes (28).

In addition to their involvement in Alzheimer
disease, humanin and MDPs have been implicated in
other diseases, including type 2 diabetes (25), obesity
(29,30), atherosclerosis (17), and age-related cardiac
fibrosis (18). Previously, we showed the importance
of humanin-mediated STAT3 activation in the
context of insulin sensitivity (25). This study also
showed that the circulating levels of humanin
decrease with age in rodents and humans. Reduction
in endogenous humanin with age correlates with
increased age-related oxidative stress burden and
cellular damage. Apolipoprotein E–deficient mice,
fed a high-cholesterol diet and treated with the
humanin analogue (HNGF6A), were protected
against endothelial dysfunction and vascular plaque
formation via reduction of oxidative and nitrosative
stress as measured by reduced nitrotyrosine immu-
noreactivity, preserved endothelial nitric oxide syn-
thase, and reduced terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining
(17). A more recent study showed that age-related
cardiac fibrosis in C57BL/6N mice was attenuated
through the exogenous administration of HNG (18)
and corroborated previous findings by which
humanin activates canonical antiapoptotic pathways.
Continued research, over a wide variety of age-related
diseases, has shown that loss of humanin is deleterious
and confirmed several signaling cascades that are
altered by exogenous humanin during cellular stress,
cardiovascular-related morbidities, and other age-
related pathologies.

Therapeutic efficacy testing of humanin analogues
have shown effects on metabolism, oxidative stress,
insulin sensitivity, body weight gain, and cell sur-
vival, which are all part of the pathophysiological
responses observed during and after an MI
(13,16,17,25,28,29,31). Furthermore, we (31) and others
(11) have reported on the antiapoptotic effects of a
potent humanin analogue (HNG) through inhibition
of canonical cell death–signaling pathways. Previ-
ously, this humanin analogue reduced infarct size in a
dose-dependent manner in a mouse model of
myocardial ischemia/reperfusion (MI/R) injury (31).
Furthermore, administration of HNG led to improved
left ventricular (LV) function 1 week after MI/R injury,
suggesting that the acute administration of humanin
was cardioprotective and led to sustained improve-
ments in cardiac structure and function after MI/R
injury.

Although rodent models are ideal for the initial
screening of novel therapeutic agents, it is necessary
to use rigorous translational large animal models that
better recapitulate the anatomy and pathological re-
sponses to injury observed in patients who experi-
ence an MI (32). Given our previous work on the
potent cardioprotective effects of HNG in rodent
models of MI/R injury, we sought to determine the
effects of HNG in a more clinically relevant preclinical
model of MI/R injury. The current study tested the
cardioprotective and translational potential of acute
intravenous infusion of a potent humanin analogue
just before reperfusion in a porcine model of MI/R
injury.

METHODS

ANIMALS AND STUDY DESIGN. Thirty-nine female
Yucatan minipigs (S and S Farms, Ramona, California)
at 6 to 8 months of age and weighing 30 to 35 kg were
subjected to percutaneous MI/R injury. Figures 1A
and 1B describe the experimental protocols for the
60 min (n ¼ 16) and 75 min (n ¼ 23) of myocardial
ischemia followed by 48 h of reperfusion. Animals



FIGURE 1 Experimental Protocols

Female Yucatan minipigs were subjected to either 60 min (A) or 75 min (B) of myocardial ischemia by occluding the left anterior descending

(LAD) coronary artery via balloon catheter placement and 48 h of reperfusion. A humanin analogue, S14G-humanin (HNG) (2 mg/kg, IV), or

vehicle (saline) was infused 10 min before reperfusion. At baseline, 45 min, or 60 min of LAD occlusion, microspheres labeled with samarium or

europium were injected to measure regional myocardial blood flow (RMBF). At baseline, during ischemia, at 15 min, and at 2, 4, 6, 24, and 48

h, blood samples were collected for measurement of cardiac troponin I and heart fatty acid–binding protein. At 48 h of reperfusion, the

heart was collected for infarct size determination and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining.

TTC ¼ triphenyltetrazolium chloride.
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were acclimated and maintained on a standard com-
mercial diet (Teklad Miniswine Diet, 8753, Harlan
Laboratories, Indianapolis, Indiana). Animals that
were excluded or died prematurely are not repre-
sented in the study numbers in Figure 1. All animal
procedures were approved by the Institute for Animal
Care and Use Committee at Louisiana State University
Health Sciences Center and handled in compliance
with the Guide for the Care and Use of Laboratory
Animals by the National Institutes of Health.
MI/R PROTOCOL. MI/R injury was performed as pre-
viously described using the CAESAR (Consortium for
Preclinical Assessment of Cardioprotective Therapies)
model withminormodification (33,34). Swine received
aspirin (81 mg orally) 1 day before the MI/R procedure.
Theywere sedatedwith ketamine/xylazine (15:1mg/kg
intramuscularly), administered diazepam (0.5 mg/kg
intravenously [IV]) to aid with intubation, mechani-
cally ventilated, and anesthetized with methohexital
sodium (Brevital, Par Pharmaceutical, Inc., Chestnut
Ridge, New York; 7 to 8 mg/kg/h IV). Pigs were given
aspirin (300 mg IV) and an antibiotic (ceftiofur sodium
[Naxcel, Zoetis Inc., Parsippany, New Jersey]; 3 mg/kg
intramuscularly); electrocardiography, heart rate,
respiration, oxygen saturation, arterial blood pressure,
and body temperature were monitored continuously.
Using a standard sterile technique, an indwelling 7-F
polyurethane catheter (HICKMAN, BARD Medical,
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Covington, Georgia) was placed in the right jugular
vein for vehicle or drug infusion and serial blood draws
at multiple postoperative time points. Appropriately
sized sheath introducers were placed percutaneously
in the femoral arteries. An amiodarone (4 mg/kg) and
lidocaine (2 mg/kg) bolus were given IV in the periop-
erative time frame before left anterior descending
(LAD) coronary artery occlusion. Maintenance amio-
darone (0.04 mg/kg/min IV) and lidocaine (0.05 mg/
kg/min IV) were given throughout the occlusion pro-
cedure until the 15-min reperfusion time point to
reduce the likelihood of arrhythmogenic events
occurring during the MI/R procedure. Heparin
(300 U/kg IV) was administered and activate clotting
time maintained >250 s. Under fluoroscopic guidance
(Optima CL323i, GE Healthcare, Chicago, Illinois), a 5-F
pigtail catheter (Cordis, Santa Clara, California) was
introduced into the left ventricle and was used for
microsphere injections, and a 6-F hockey stick catheter
(Cordis) was placed in the left coronary ostia for coro-
nary angiography and angioplasty balloon placement.
Myocardial ischemia was induced by angioplasty
balloon occlusion (2.5 to 3.0 � 6 mm, EMPIRA RX
percutaneous transluminal coronary angioplasty;
Cordis) of the proximal LAD coronary artery for 60 min
(n¼ 14) or 75min (n¼ 19), followed by balloon deflation
and confirmed reperfusion via coronary angiography
demonstrating complete LAD patency. Buprenorphine
(0.025 mg/kg intramuscularly) was administered for
post-operative analgesia, and the pigs recovered.

INTRAVENOUS ADMINISTRATION OF POTENT HUMANIN

ANALOGUE. The humanin analogue (HNG, GenScript,
Piscataway, New Jersey) administered in this study
consists of a point mutation at amino acid 14 from a
serine to glycine and has been shown to be highly
potent toward inhibition of canonical apoptotic
signaling (10,31). Pigs were randomized to 60 min
of MI and received vehicle (saline; n ¼ 7) or HNG
(2 mg/kg; n ¼ 7) or 75 min of MI and received vehicle
(saline; n ¼ 9) or HNG (2 mg/kg; n ¼ 10). Ten minutes
before reperfusion, 10 ml of vehicle or the HNG was
infused via a Hickman catheter at a rate of 2 ml/min
over a period of 5 min. HNG or saline was adminis-
tered in a blinded manner, and all study investigators
remained blinded as to the treatment until all data
were fully analyzed.

TERMINAL PROCEDURE AND EUTHANASIA. After
48 h of reperfusion, the pigs were sedated, ventilated
as previously described, anesthetized (1% to 3%
isoflurane in oxygen), and administered heparin
(300 U/kg IV). A right carotid cutdown for LV catheter
microsphere injections was performed as described
earlier. Final systemic invasive hemodynamic
variables and blood draw were performed, and the
animals were subsequently euthanized with potas-
sium chloride (40 mEq IV). The heart was explanted
for assessment of infarct size and histological
TUNEL staining.

MYOCARDIAL AREA-AT-RISK AND INFARCT SIZE

DETERMINATION. The procedure was performed as
previously described, with minor modifications (34).
Briefly, hearts were explanted and rinsed in cold
Krebs-Henseleit buffer. The pig hearts were mounted
onto a dual perfusion system and maintained at
w80 mm Hg. The LAD was cannulated at the previous
in vivo occlusion site to perfuse the ischemic/reper-
fused myocardium (area-at-risk [AAR]) with 1%
triphenyltetrazolium chloride buffer in phosphate-
buffered saline at 37oC and the aortic root for
retrograde perfusion with 5% solution of Phthalo blue
in saline at 37oC to delineate the infarct and non-
ischemic zone (NIZ), respectively. The heart was then
sectioned from apex to base into 9 to 10 transverse
slices. All pig heart slices were photographed (basal
and apical sides), weighed (after the right ventricle
was removed), and then analyzed for determination
of AAR/left ventricle area, infarct/AAR, and infarct/
left ventricle area by using ImageJ software (National
Institutes of Health, Bethesda, Maryland).

MEASUREMENT OF REGIONAL MYOCARDIAL BLOOD

FLOW. Regional myocardial blood flow (RMBF) was
measured in pig myocardial tissue and blood samples
by using stable-isotope neutron-activated micro-
spheres (BioPhysics Assay Laboratory, Inc.,
Worcester, Massachusetts) as previously described
(34). Microspheres were injected at 2 procedural time
points: baseline (time 0 min ischemia) and during
ischemia (either 45 min or 60 min of ischemia). At
each time point, a total of 5 � 106 microspheres (2 ml)
labeled with samarium or europium were injected
into the LV cavity through the pigtail catheter. A
reference blood sample was drawn from the side arm
of the arterial sheath catheter using a withdrawal
pump at 7 ml/min for 90 s. Transmural LV blocks
(z1 g) were obtained from both the ischemic zone
and the NIZ and divided into endocardial and
epicardial halves. Tissue and blood samples were
processed according to manufacturer instructions
and sent for analysis. Absolute RMBF (in milliliters
per minute per gram) was calculated by using the
following formula:

RMBF ¼ (counts in tissue sample
� reference blood sample withdrawal rate)/
(counts in the reference blood sample
� tissue weight in grams)



FIGURE 2 Regional Myocardial Blood Flow

RMBF was assessed by microsphere quantification and blood flow analysis at baseline and 15 min before reperfusion. In the 60-min study (A)

and the 75-min study (B), blood flow was calculated in the endocardium and epicardium of the nonischemic and ischemic regions of the

myocardium. Results are shown as mean � SEM. No statistically significant difference was observed between groups within any region at any

time point. Number in circle ¼ number of animals analyzed. ENDO ¼ endocardium; EPI ¼ epicardium; IZ ¼ ischemic zone; NIZ ¼ nonischemic

zone; other abbreviations as in Figure 1.
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MEASUREMENT OF CIRCULATING BIOMARKERS OF

CARDIAC INJURY AND OXIDATIVE STRESS. Serial
blood samples (w4.0 ml each) were collected from the
indwelling jugular vein catheter in heparinized tubes
and centrifuged at 2,100 rpm for 15 min at 4�C to
separate plasma. Blood was obtained at pre–MI/R
(time point 0), 45 or 60 min of ischemia, 15 min post-
reperfusion, and at 2, 4, 6, 24, and 48 h after reper-
fusion (Figures 1A and 1B). Plasma samples were
assessed for levels of cardiac troponin I (cTnI) (Antech
Diagnostics or Life Diagnostics, Inc., West Chester,
Pennsylvania [60-min study] or by an enzyme-linked
immunoadsorbent assay [ELISA] kit [Life Diagnostics,
Inc.] [75-min study]) and for heart fatty acid–binding
protein (h-FABP) by ELISA (Life Diagnostics, Inc.) as
biomarkers of acute cardiac injury. Circulating thio-
barbituric acid–reactive substances (TBARS) were
measured in the serum by using a commercially
available kit (Cayman Chemical, Ann Arbor, Michi-
gan) as an indirect marker of lipid peroxidation
induced by oxidative stress.

HISTOLOGICAL ASSESSMENT OF APOPTOSIS. Histolog-
ical assessment of apoptosis was performed on
viable myocardium by TUNEL staining. The heart
tissue sections from the NIZ were stained by using
an in situ cell death detection kit, with fluorescein-
labeled dUTP (TMR red, MilliporeSigma, Darmstadt,
Germany) according to the manufacturer’s in-
structions. The nuclei were stained with 40,6-
diamidino-2-phenylindole (DAPI). Images were
taken by using Nikon Eclipse E600 fluorescent mi-
croscopy (Nikon, Tokyo, Japan). The apoptotic cells
were visualized in purple by co-localization of the



TABLE 1 Systemic Invasive Hemodynamics Data

60 Min of Ischemia 75 Min of Ischemia

Vehicle (n ¼ 7) HNG (2 mg/kg) (n ¼ 7) p Value Vehicle (n ¼ 9) HNG (2 mg/kg) (n ¼ 10) p Value

Baseline

Systolic blood pressure (mm Hg) 129 � 5.3 116.0 � 4.9 0.096 126 � 6.3 128 � 5.4 0.831

Diastolic blood pressure (mm Hg) 96 � 4.8 79.0 � 2.3 0.008 91 � 6.4 91.4 � 4.2 0.981

Mean arterial blood pressure (mm Hg) 112 � 4.9 96.7 � 3.3 0.022 109 � 6.3 108 � 4.7 0.984

45-min occlusion

Systolic blood pressure (mm Hg) 123 � 9.9 101.0 � 9.9 0.085 – – –

Diastolic blood pressure (mm Hg) 92 � 8.3 81.0 � 7.7 0.291 – – –

Mean arterial blood pressure (mm Hg) 107 � 6.2 84.0 � 11.3 0.088 – – –

60-min occlusion

Systolic blood pressure (mm Hg) – – – 109 � 8.6 111 � 6.4 0.869

Diastolic blood pressure (mm Hg) – – – 86 � 5.7 92 � 6.5 0.514

Mean arterial blood pressure (mm Hg) – – – 96 � 6.2 100 � 6.8 0.687

15-min reperfusion

Systolic blood pressure (mm Hg) 111 � 8.7 108.0 � 10.3 0.808 98 � 8.7 100 � 6.0 0.837

Diastolic blood pressure (mm Hg) 79 � 8.3 76.0 � 8.7 0.741 78 � 7.5 78 � 5.4 0.916

Mean arterial blood pressure (mm Hg) 95 � 5.9 91.0 � 9.5 0.740 87 � 8.2 88 � 6.4 0.907

48-h reperfusion

Systolic blood pressure (mm Hg) 106 � 5.9 108.0 � 7.0 0.809 84 � 6.6 93 � 4.3 0.328

Diastolic blood pressure (mm Hg) 70 � 7.6 69.0 � 5.0 0.903 56 � 5.3 66 � 3.7 0.131

Mean arterial blood pressure (mm Hg) 86 � 4.1 85.0 � 5.8 0.912 71 � 6.4 80 � 4.3 0.284

Values are mean � SD. The p value is between groups at time point for given measurement.

HNG ¼ S14G-humanin.
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TUNEL and DAPI. The quantification was conducted
by using ImageJ software by counting the purple
(TUNEL-positive) cells and blue cells (total nuclei).
The percentage of apoptosis was calculated as the
TUNEL-positive cells divided by the total number
of DAPI-positive cells.

STATISTICAL ANALYSES. All data are expressed as
the mean � SEM. Data were statistically analyzed by
using Prism 6 (GraphPad Software, San Diego, Cali-
fornia) with a Student’s unpaired, 2-tailed, t-test
when comparing 2 groups at a single time point and a
repeated 2-way analysis of variance with a Bonferroni
post hoc test when performing multiple pairwise
comparisons between 2 groups or within a group at
multiple time points. A p value of <0.05 were
considered statistically significant.

RESULTS

A total of 39 animals were enrolled in the studies
(60 min, n ¼ 16; 75 min, n ¼ 23). In the 60-min study,
14 animals completed the protocol (Figure 1A). The
survival rate was 87.5% (14 of 16). One animal died
during the 60-min myocardial ischemia procedure;
this animal did not receive vehicle or HNG. Another
died within 24 h after the operation, with no
confirmed cause of death. The animal had been
randomized to the HNG-treated group; however, this
premature death was most likely due to a lethal
arrhythmia and not HNG infusion. In the 75-min
study, of the 23 animals enrolled, 1 animal was
excluded due to repositioning of the angioplasty
balloon and another due to lack of complete LAD oc-
clusion (total n ¼ 21). Two animals died before the
48-h time point: 1 died during myocardial ischemia,
and another died in recovery. In total, 19 animals
completed the 75-min experimental protocol
(Figure 1B). The survival rate in the 75-min study was
90.4% (19 of 21). Representative coronary angiog-
raphy imaging at baseline, during occlusion, and after
reperfusion in the 60- and 75-min studies is shown in
Supplemental Figure 1.

REGIONAL MYOCARDIAL BLOOD FLOW. The nonra-
dioactive microspheres were used to assess RMBF at
baseline and during balloon occlusion of the LAD cor-
onary artery to confirm ischemia in all animals in these
studies. Microspheres were injected at baseline and at
15 min before reperfusion. At baseline, normal blood
flow in the epicardium and endocardiumof theNIZ and
ischemic zone was observed (Figures 2A and 2C). At
15 min before reperfusion, there were no measurable
microspheres in the epicardium and endocardium of
the ischemic zone in any of the animals included in the
study (Figures 2B and 2D). These data indicate the

https://doi.org/10.1016/j.jacbts.2020.04.015


FIGURE 3 HNG Administration Reduces Infarct Size in 60-Min Study

(A) Representative cross-sectional photomicrographs of infarct size analysis in a vehicle- and S14G-humanin (HNG)-treated heart. (B)

Quantification of percentage of area-at-risk (AAR) to the area of the left ventricle (LV), infarct area (INF) to AAR, and INF to LV. Results are

shown as mean � SEM. Scale bar ¼ 1 cm. Number in circle ¼ number of animals analyzed.
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absence of blood flow to the LAD, confirming complete
coronary balloon inflation with severe ischemia and
lack of collateral coronary circulation within the LAD-
perfused region of the heart.

HNG REDUCED INFARCT SIZE AFTER 60 MIN BUT

NOT 75 MIN OF MYOCARDIAL ISCHEMIA. Ten mi-
nutes before reperfusion, vehicle or HNG was
administered IV at a dose of 2 mg/kg. Table 1 contains
systemic invasive hemodynamics data at baseline,
15 min before and after reperfusion, and at 48 h
reperfusion. There was no significant difference in
arterial blood pressure during or after the MI/R pro-
cedure. Figures 3A and 4A illustrate representative
photomicrographs at 48 h post–MI/R of myocardial
cross-sections of vehicle- and HNG-treated hearts.
Full sets of photomicrographs, from base to apex, that
were used for analysis are presented in Supplemental
Figures 2 to 5. All animals, in both studies and treat-
ment groups, had a total AAR/left ventricle area of
w45% (60 min study; p ¼ 0.699; 75 min study;
p ¼ 0.179) (Figures 3B and 4B). In the 60-min occlusion
study, the infarct area in animals administered
vehicle was 56.8% of the AAR and 25.3% of the left
ventricle. Myocardial infarct size was significantly
(p ¼ 0.017) reduced in the HNG-treated animals
compared with vehicle treatment: 56.8% compared
with 33.7% infarct/AAR. In contrast, we observed no
significant reductions in infarct/AAR (p ¼ 0.541) or
infarct/left ventricle area (p ¼ 0.293) in animals sub-
jected to 75 min of myocardial ischemia. These data
indicate that acute treatment with the HNG peptide

https://doi.org/10.1016/j.jacbts.2020.04.015
https://doi.org/10.1016/j.jacbts.2020.04.015


FIGURE 4 Infarct Size Analysis in 75-Min Study

(A) Representative cross-sectional photomicrographs of infarct size analysis in a vehicle- and HNG-treated heart. (B) Quantification of

percentage of AAR to LV, INF to AAR, and INF to LV. Results are shown as mean � SEM. Scale bar ¼ 1 cm. No statistically significant

difference was observed between groups within any region. Number in circle ¼ number of animals analyzed. Abbreviations as in Figure 3.
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significantly attenuates myocardial cell death after
MI/R injury with shorter durations of ischemia but
fails to protect the heart with more prolonged
ischemic times.
HNG ADMINISTRATION DID NOT ALTER CIRCULATING

BIOMARKERS OF MYOCARDIAL CELL INJURY. Plasma
was collected at baseline, 15 min before reperfusion,
15 min after reperfusion, and 2, 4, 6, 24, and 48 h
post–MI/R. Circulating cTnI was measured in all an-
imals to confirm myocardial cell death. In the 60-min
ischemia study, cTnI measurements were performed
in a blinded manner by an independent laboratory
(Antech Diagnostics, Irvine, California). There was a
significant increase in circulating cTnI at 2, 4, and
6 h post–MI/R in the vehicle-treated group compared
with baseline (p ¼ 0.002; p ¼ 0.001; and p < 0.001,
respectively) (Figure 5A). In the HNG-treated ani-
mals, there was elevated cTnI post–MI/R but no
significant change compared with baseline
(p ¼ 0.839; p ¼ 0.066; and p ¼ 0.168, respectively).
However, there was no significant difference in
cTnI between vehicle and HNG groups at any time
point during the experimental protocol, and no dif-
ference in the area under the curve (p ¼ 0.32)
(Figures 5A and 5B). h-FABP is a highly sensitive and
early biomarker of myocardial cell injury (35) and is
diagnostic for acute MI (36,37). In the 60-min study,
both treatment groups at 15 min of reperfusion had a
significantly (p # 0.001) elevated h-FABP (Figure 5C),
indicating myocardial injury after MI/R. There was
no significant difference in h-FABP between the
vehicle and HNG groups at any time point during
the 48-h experimental protocol. Furthermore, the
area under the curve for h-FABP was also not sta-
tistically significantly different between groups
(p ¼ 0.714) (Figure 5D).



FIGURE 5 Circulating Levels of Biomarkers of Myocardial Infarction in 60-Min Study

(A) Plasma levels of cardiac troponin I (cTnI) at baseline through 48 h post-reperfusion in vehicle- and S14G-humanin (HNG)-treated animals

were measured. (B) area under the curve (AUC) of circulating cTnI. (C) Plasma levels of heart fatty acid–binding protein (h-FABP) at baseline

through 48 h post-reperfusion in vehicle and HNG-treated animals. (D) AUC of circulating h-FABP. **p < 0.01, baseline versus time point in

vehicle-treated group. ##p < 0.01, baseline versus time point in HNG-treated group. Number in circle ¼ number of animals analyzed.
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There was no significant difference in circulating
cTnI at any time point throughout the 75-min
experimental protocol between groups as
measured by using an in-house ELISA kit
(Figure 6A). Moreover, there was no significant dif-
ference (p ¼ 0.837) in the area under the curve as
shown in Figure 6B. As shown in Figures 6C and 6D,
h-FABP in circulation was not statistically different
between groups throughout the study protocol.
Despite a significant reduction in myocardial infarct
size (measured by using triphenyltetrazolium chlo-
ride) with 60 min of ischemia followed by 48 h of
reperfusion, we failed to observe any significant re-
ductions in 2 circulating biomarkers of myocardial
injury in either the 60- and 75-min MI/R experimental
protocols. HNG failed to protect the porcine heart
following 75 min of coronary artery occlusion.
EFFECTS OF HNG THERAPY ON GLOBAL OXIDATIVE

STRESS. Increased oxidative stress in the myocar-
dium has been implicated in the pathogenesis of MI/R
(31). We and others have shown that HNG mitigates
oxidative stress (17,18,31). To study differences in
oxidative markers, we assessed TBARS levels in serum
(Figure 7), a method for monitoring lipid peroxidation
and oxidative stress. There was no difference between
groups at baseline. No significant difference was
observed in circulating TBARS at 15 min of reperfusion
or at 2 and 48 h post–MI/R (Figure 7A). In the 75-min



FIGURE 6 Circulating Levels of Biomarkers of Myocardial Infarction in 75-Min Study

(A) Plasma levels of cTnI at baseline through 48 h post-reperfusion in vehicle- and HNG-treated animals. (B) AUC of circulating cTnI. (C)

Plasma levels of h-FABP at baseline through 48- h post-reperfusion in vehicle-treated and HNG-treated animals. (D) AUC of circulating h-

FABP. *p < 0.05, baseline versus time point in the vehicle-treated group. **p < 0.01, baseline versus time point in the vehicle-treated group.

#p < 0.05, baseline versus time point in the HNG-treated group. ##p < 0.01, baseline versus time point in the HNG-treated group. Number

in circle ¼ number of animals analyzed. Abbreviations as in Figure 5.
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MI/R experimental protocol, no significant difference
in circulating TBARS was noted at any time point
throughout the study (Figure 7B).

HNG ADMINISTRATION REDUCED APOPTOSIS IN THE

VIABLE MYOCARDIUM AT 60 MIN OF MYOCARDIAL

ISCHEMIA. This study regarded the potent anti-
apoptotic effects of HNG as a key mechanism of its
potential cardioprotective characteristics observed in
the 60-min study. To study differences in cytopro-
tection, we performed histological assessment of
apoptosis in the NIZ by TUNEL staining in vehicle-
treated and HNG-treated animals after 60-min MI
followed by 48 h of reperfusion (Figure 8). Repre-
sentative photomicrographs show a reduced co-
localization of the red (TUNEL stain) and blue
(DAPI nuclear stain) channels in the HNG-treated
animal (Figure 8A). This finding was quantified by
counting the total number of TUNEL-positive cells as
a percentage of the total number of DAPI-positive
cells. We observed a significant (p ¼ 0.019) 50%
reduction in TUNEL-positive cells in the HNG group
compared with the vehicle-treated groupe
(Figure 8B). These data suggest that inhibition of



FIGURE 7 Measurement of Circulating Thiobarbituric Acid–

Reactive Substances

Quantification of thiobarbituric acid–reactive substances in cir-

culation of vehicle- and S14G-humanin (HNG)-treated animals

as a fold change from baseline, at 15 min of reperfusion, and 2 h

and 48 h post-reperfusion in the 60-min study (A) and the 75-

min study (B). In the 75-min study, thiobarbituric acid–

reactive substance analysis at 48 h in the vehicle-treated

group, N ¼ 7, and in the HNG-Treated group, N ¼ 8. No sta-

tistically significant difference was observed between groups

at either time point. Number In circle ¼ number of animals

analyzed. MR/R ¼ myocardial ischemia/reperfusion.
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apoptosis is 1 potential mechanism by which HNG
conferred a cardioprotective effect in the 60-
min study.

DISCUSSION

For the >800,000 patients who experience a new or
recurrent MI each year (1), novel therapeutic strate-
gies to reduce myocardial cell death would have
profound effects on their long-term prognosis. In
recent years, treatment strategies for patients expe-
riencing acute MI have largely focused on reducing
the duration of myocardial ischemia to improve out-
comes (38–40). This approach, commonly referred to
as “door-to-balloon-time,” involves improving the
diagnosis of acute MI and reducing the time required
to perform coronary interventions that restore
myocardial blood flow to ischemic regions (39,41).
Despite significant reductions in hospital door-to-
balloon times, myocardial reperfusion injury after
an acute MI remains a significant clinical issue
(24,42). It has been reported (23) that despite a
shortened time frame from hospital admission to
percutaneous coronary intervention (on average,
90 min), there has not been a reduction in mortality.
This suggests that myocardial injury after reperfusion
may have a more profound impact on overall survival
than previously appreciated. The development of
adjunctive therapeutic strategies that can be admin-
istered in the peri-reperfusion time frame to mitigate
infarct size and protect the reperfused myocardium is
warranted.

For >40 years, basic and clinical research has failed
to deliver an efficacious strategy to limit reperfusion
injury as blood flow is restored to the ischemic
myocardium. Numerous therapeutic strategies
including mechanical, pharmaceutical, and biological
approaches have been shown to reduce myocardial
infarct size in preclinical animal models but have
proved to be ineffective in clinical trials. In rodent
and large animal models, strategies of ischemic pre-
conditioning (26), remote ischemic preconditioning
(43,44), cardiac hypothermia (45,46), and beta-
blockers (47) have been efficacious as adjunctive
therapies in limiting infarct size. However, clinical
translation and application of these and many other
interventions have uniformly failed to reduce infarct
size and circulating myocardial injury biomarkers,
improve myocardial function, or outcomes in patients
with acute MI.

The current study was based on our earlier studies
of humanin in rodent models of MI/R injury. Previ-
ously, we investigated the infarct-sparing effects of
the humanin analogue HNG in a well-characterized
murine model of MI/R (31) with 45 min of myocar-
dial ischemia and 24 h or 1 week of reperfusion. In
this study, we showed that HNG (2 mg/kg) reduced
infarct size per AAR by a maximum of 48% and in a
dose-dependent manner. Furthermore, this led to
preservation of LV function 1-week post–MI/R with a
42% increase in LV ejection fraction compared with
vehicle-treated animals. We also showed that HNG
administration activated endothelial nitric oxide
synthase and antiapoptotic signaling cascades as the
mechanism of cardioprotection. This work provided
the impetus for the current study, which investi-
gated the infarct-sparing effect of acute intravenous



FIGURE 8 HNG Reduces Apoptosis in 60-Min Study

(A) Representative photomicrographs of TUNEL staining in vehicle and HNG-treated hearts in the 60-min MI/R study. (B) The percentage of TUNEL-positive nuclei in

the nonischemic zone was assessed by quantification of the total number of TUNEL-positive nuclei (purple nuclei) over the total nuclei (blue). Abbreviations as in

Figures 1 and 7.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 7 , 2 0 2 0 Sharp, III, et al.
J U L Y 2 0 2 0 : 6 9 9 – 7 1 4 Novel Mitochondrial-derived Peptide Therapy for MI

711
administration of HNG in the peri-reperfusion
period.

The primary purpose of the current study was to
assess the potential clinical applicability of humanin
to treat acute MI in patients. We hypothesized that
humanin, an MDP, would significantly attenuate MI/
R infarct size. This study was performed in a highly
rigorous manner that involved blinding of all in-
vestigators, and the MI/R protocol was directly
modeled from the National Institutes of Health
CAESAR Consortium porcine MI model (34) without
the offsite core laboratories to provide drug and to
perform assays and data analysis. We performed this
study to mimic the clinical scenario by targeting the
“acute phase” with a single administration of HNG
given at time of reperfusion under different ischemic
times. Our study evaluated varying times of coro-
nary artery occlusion, given the significance of
ischemic duration as a major determinant of infarct
size (48).

With a 41% reduction in myocardial infarct size to
the AAR in the 60-min study, we validated the
ability of HNG to reduce infarct size using a large
animal swine model of MI/R injury. Furthermore,
using the 2 mg/kg dose, the reduction in infarct size
observed in the pigs is comparable to the 48%
reduction in infarct size we reported in our previous
murine MI/R study (31). However, with no significant
reductions in the clinically relevant circulating bio-
markers (cTnI and h-FABP) used to assess infarct
size, these data suggest that HNG provided no
benefit in reducing the acute-phase reperfusion
injury. Nonetheless, HNG may have attenuated later
myocardial cell death over the course of 48 h post–
MI/R via inhibition of apoptosis. In this study and as
previously described (31), HNG exerted a cytopro-
tective effect in the presence of oxidative stress and
a pro-apoptotic milieu to MI/R injury as measured by
reduced TUNEL staining in the NIZ. Although
apoptosis occurs throughout the ischemic time
frame, reperfusion can accelerate the rate of
apoptosis (49). The moderate ischemic time of
60 min coupled with the cytoprotective characteris-
tics of HNG may have affected the rate of apoptosis,
thereby leading to less total apoptosis observed at
the 48 h time point. Although we did not study the
temporal changes in apoptosis, these data suggest a
preservation of the myocardium compared with
vehicle-treated animals after 48 h of reperfusion.
However, when we increased the ischemic time to
75 min, the reduction in myocardial infarct size was
lost, and the potential cardioprotective effects of
HNG (2 mg/kg) were abolished. Further studies
investigating the use of varying doses of HNG, as
opposed to a single dose, at various ischemic times
are warranted. One could hypothesize that an
increased dose was necessary to show the beneficial
effects in the 75-min MI/R study. In the current
study, we did not perform pharmacokinetic studies
to determine the circulating HNG concentration over
time, nor did we corroborate the molecular changes
in canonical apoptotic signaling or endothelial nitric
oxide synthase expression as previously described in
our murine model of MI/R (31).
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STUDY LIMITATIONS. There are several factors that
have led to preclinical success being lost in clinical
translation. First, animal models have well-
established limitations; after all, they are models.
Research models do not fully recapitulate the patho-
logical state occurring in human disease, and most, if
not all, do not incorporate frequently coinciding
comorbidities (i.e., long-standing obesity, type 2
diabetes, hypertension, coronary atherosclerosis). In
addition, patients who present with acute MI may be
medicated with multiple pharmacotherapies that
overlap the target of a novel therapeutic being tested
(50,51). Second, the pathophysiological complexity of
MI/R must not be overlooked. MI/R involves an
intricate set of processes that are interdependent on
numerous circumstances (i.e., duration of ischemia,
comorbidities, regional access to standard of care).
Although experimental approaches typically target a
single downstream signaling cascade or gene, it
would be advantageous to have strategies that confer
pleiotropic effects that are antioxidative, anti-
apoptotic, mitoprotective, and/or immunomodula-
tory. Third, in the laboratory models of MI/R, the
occlusion of coronary blood flow is acute and total.
This is significantly different from the more gradual
progression and varying degrees of coronary occlu-
sion in humans that allow establishment of coronary
collateral vessels.

The current study data further confirm that the
duration of myocardial ischemia is a critical determi-
nant of the cardioprotective efficacy of any novel
therapeutic strategy. Although this paradigm is well
established (40,52–53), it is important to take ischemic
time into consideration when developing models for
testing novel therapeutic agents as adjunctive therapy
to reperfusion. Also, the temporal nature of cellular-
specific (e.g., cardiomyocytes, endothelial and in-
flammatory cells) pathophysiological responses (i.e.,
calcium overload, oxidative stress, mitochondrial
dysfunction, apoptosis) to MI/R injury is complex,
such that cell death and cell survival signaling path-
ways occur simultaneously, and the timing of these
events is still not fully understood (54). Other vari-
ables to consider are adjunctive therapies that are
used in standard of care (i.e., antiplatelet therapies,
beta-blockade) and the addition of comorbidities (i.e.,
type 2 diabetes, obesity, hypertension), which are
usually lacking in large animal models of MI/R. Sex
differences (the current study used female pigs) also
play a key role in determining the responses to path-
ophysiological stimuli (55). Although the current
study used an intravenous route of administration,
alternative routes should be explored (i.e., intra-
coronary, intramuscular) to optimize target tissue
exposure to HNG. Although these limitations exist,
studies in preclinical animal models are more com-
plex, leading to an inability to tease out mechanistic
insight but inevitably give us better strength in
garnering a more predictable outcome when brought
to the clinic.

CONCLUSIONS

This study is the first report of the use of humanin
in a clinically relevant porcine model of coronary
artery occlusion and reperfusion; however, given
the plethora of previous studies demonstrating
potent cytoprotective effects of humanin in both
cell and animal models of injury, we failed to
observe cardioprotective actions with a more pro-
longed period of myocardial ischemia. This study
does not detract from the previously described
therapeutic potential of humanin and other MDPs
in age-related diseases such as diabetes and
neurological disorders. Humanin has consistently
shown beneficial effects toward type 2 diabetes,
obesity, and other cardiovascular diseases.
Humanin as a targeted therapeutic which attenu-
ates comorbidities that are risk factors for coronary
heart disease may aid in limiting the incidence of
acute MI. Alternatively, in progressive heart failure,
increased oxidative stress, energy dysregulation, and
cell death are therapeutic areas with unmet needs.
Humanin might represent a powerful therapeutic to
treat heart failure given its capacity to regulate mito-
chondrial respiration, insulin sensitivity, attenuate
oxidative stress, and inhibit apoptosis. Notwith-
standing the lack of cardioprotection observed in this
study with prolonged ischemia, humanin and other
MDPs should be further tested in varying conditions
of MI/R and other translational large animal models of
the aforementioned metabolic- and cardiovascular-
related diseases.

ADDRESS FOR CORRESPONDENCE: Dr. Traci T.
Goodchild, Cardiovascular Center of Excellence,
Louisiana State University Health Science Center, 533
Bolivar Street, Suite 401, New Orleans, Louisi-
ana 70112. E-mail: tgoodc@lsuhsc.edu. OR Dr. Rad-
hika H. Muzumdar, Department of Pediatrics,
University of Pittsburgh Medical Center, Children’s
Hospital of Pittsburgh, 4401 Penn Avenue, 3rd Floor,
Pittsburgh, Pennsylvania 15224. E-mail: radhika.
muzumdar@chp.edu.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Despite

better diagnostic tools and a significant reduction in

door-to-balloon time, a recent study shows a lack of

corresponding reduction in mortality in patients who

experience an acute MI. These data would suggest that

myocardial injury after reperfusion remains a clinically

relevant unmet therapeutic target. Adjunctive therapies

to reperfusion that have the capacity to salvage

myocardium through inhibition of apoptotic signaling

provide antioxidative capabilities while protecting mito-

chondrial function would be advantageous. Previously,

humanin, an MDP, has been shown to incorporate these

pleiotropic effects in several disease models. Here, under

varying ischemic times, we administered a single dose of

HNG, a potent humanin analogue, as adjunctive therapy

to reperfusion. Under a shorter time period of ischemia

(60 min), HNG reduced infarct size. When the ischemic

time was prolonged, the infarct-sparing effects were lost.

Although there was a lack of cardioprotection in this large

animal model of MI/R, HNG and other MDPs warrant

further investigation into their therapeutic potential for

MI/R injury and other co-morbidities that drive the

pathogenesis of cardiovascular diseases leading to heart

failure.

TRANSLATIONAL OUTLOOK: HNG has never been

tested clinically. There are several small animal models

that have reported the antiapoptotic, antioxidative, and

metabolic homoeostatic regulatory properties of this

MDP. Here, for the first time, we performed a study

investigating the efficacy of HNG to reduce infarct size in

a clinically relevant large animal model of MI/R. Despite

positive outcomes in small animal models, this initial

large animal study showed that the efficacy of HNG is

largely determined by ischemic time. Further studies that

vary HNG dose, ischemic times, and comorbidities (i.e.,

obesity, hypertension, diabetes) and incorporate standard

of care for these comorbidities are warranted.
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