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A potent analog (HNG) of the endogenous peptide humanin protects against myocardial ischemia–reper-
fusion (MI–R) injury in vivo, decreasing infarct size and improving cardiac function. Since oxidative stress
contributes to the damage from MI–R we tested the hypotheses that: (1) HNG offers cardioprotection
through activation of antioxidant defense mechanisms leading to preservation of mitochondrial structure
and that, (2) the activity of either of a pair of non-receptor tyrosine kinases, c-Abl and Arg is required for
this protection. Rat cardiac myoblasts (H9C2 cells) were exposed to nanomolar concentrations of HNG and
to hydrogen peroxide (H2O2). Cells treated with HNG in the presence of H2O2 demonstrated reduced
intracellular reactive oxygen species (ROS), preserved mitochondrial membrane potential, ATP levels
and mitochondrial structure. HNG induced activation of catalase and glutathione peroxidase (GPx) within
5 min and decreased the ratio of oxidized to reduced glutathione within 30 min. siRNA knockdown of
both Abl and Arg, but neither alone, abolished the HNG-mediated reduction of ROS in myoblasts exposed
to H2O2. These findings demonstrate an HNG-mediated, Abl- and Arg-dependent, rapid and sustained
activation of critical cellular defense systems and attenuation of oxidative stress, providing mechanistic
insights into the observed HNG-mediated cardioprotection in vivo.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Coronary heart disease is the major cause of heart disease
resulting in about 1 out of every 5 deaths [1]. Besides immediate
risks, around 20% of those experiencing myocardial infarct will
also develop heart failure [2]. Though reperfusion is critical for
cardiac myocyte survival, minimizing the ventricular wall stress
that favors remodeling, enlargement and heart failure [3], most
cell death and long-term damage to cardiac function also occur
at this stage.

Influx of oxygen and recovery of mitochondrial respiration
during the reperfusion phase increase reactive oxygen species
(ROS), levels of which are known to increase following many path-
ologic situations including MI-R [4–6]. Calcium uptake into the
mitochondria via the calcium uniporter and loss of mitochondrial
membrane potential (MMP) were recently shown to occur during
reperfusion [7]. Increased ROS overwhelms normal antioxidant
defenses and favors the opening of the mitochondrial permeability
transition pore, leading to further membrane depolarization, ATP
hydrolysis and mitochondrial swelling leading to rupture of the
outer membrane and release of pro-death proteins into the cytosol
[8]. Since ROS are important eukaryote cell signals, the generation
of hydrogen peroxide is tightly regulated as are localization,
expression and activation of antioxidant enzymes [9,10]. Major
players in cell defense against excessive ROS include non-enzy-
matic small molecule antioxidants such as glutathione and en-
zymes that include superoxide dismutase (SOD), catalase and
glutathione peroxidase (GPx).

Our lab has been investigating a highly potent analog of the
endogenous, 24-aa peptide Humanin (HN), HNG (HN in which
the serine 14 is replaced by glycine). Originally isolated from a
protected lobe of a brain from an Alzheimer’s disease patient, HN
has been shown to be neuroprotective and also protects other cell
types from a variety of insults. A role for HN in cardiovascular
diseases has been shown by us and others [11–15]. Circulating
humanin levels in humans were recently found to be associated
with impaired microvascular coronary endothelial function [16].
HN is highly expressed in unstable carotid plaques in atheroscle-
rotic patients, with higher levels found in symptomatic patients
relative to the asymptomatic group [17]. We previously showed
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that HNG administration protected against MI-R injury in a mouse
model, decreasing infarct size and improving LV function [18].

The translational promise shown by HN in cardiovascular disor-
ders underscores the need for a more mechanistic understanding
of its action in the heart. The involvement of oxidative stress in
the injury produced by MI-R led us to hypothesize that the mech-
anism of the cardioprotection provided by HNG may involve miti-
gation of oxidative stress and activation of antioxidant defense
mechanisms.
2. Materials and methods

2.1. Cell culture

Low passage (<15) H9C2 cells (ATCC, CRL-1446) were grown at
37 �C in 10% CO2 in DMEM with D-glucose (1000 mg/L), L-gluta-
mine (584 mg/L), sodium pyruvate (1 mM) and 10% FBS (Biowest).
For ROS determination and JC-10 staining, the same growth med-
ium was used without phenol red.
2.2. ROS determination

H9C2 cells were grown to 70% confluence in black, 96-well
plates. Four of the eight wells in each column were loaded with a
10 lM solution of a thiol reactive, non-fluorescent chloromethyl
derivative of DCF (Molecular Probes, C6827), the other four with
only PBS as controls for auto-fluorescence. After loading, the plate
was reacted for 40 min at 37 �C in growth medium containing con-
trol (saline) or HNG with or without H2O2 (100 lM). Fluorescence
measurements were obtained at 485 excitation/535 emission using
a Molecular Devices SpectraMax M5e scanning spectrophotometer.
2.3. Measurement of mitochondrial transmembrane potential (Dwm)

HNG effects on MMP changes were assessed using the fluoro-
chrome dye JC-10 (Enzo Life Sciences). H9C2 cells seeded in black,
96-well, at 70% confluence were treated with growth media con-
taining either the saline or HNG (10 nM) and H2O2 (40 lM) for
30 min at 37 �C. This media was aspirated and replaced with 1�
Hanks buffered salt solution containing 20 mM Hepes and 20 lM
JC-10 and the plate was incubated for an additional 30 min at
37 �C. After 3 rinses with wash buffer (1� HBSS, 10 mM Hepes
and 0.02 mg/100 ml D-glucose), the fluorescent signal was read
on a Molecular Devices SpectraMax M5e scanning spectrophotom-
eter using 490 and 525 nm as green excitation and emission wave-
lengths, respectively (cutoff 515 nm) and 490 and 590 nm as red
excitation and emission wavelengths, respectively (cutoff
570 nm). The ratio of the reading at 590 nm to that at 525 nm
was considered as the relative Dwm value.
2.4. Assessment of mitochondrial function via determination
of intracellular ATP

H9C2 cells were treated for the indicated time with saline or
HNG (10 nM). ATP was extracted as previously described [19].
Briefly, cells were dispersed into 85 mM sodium citrate, extracted
with a final concentration of 2.3% TCA, neutralized with Tris–ace-
tate EDTA buffer (0.1 M Tris, pH 7.75 with acetic acid, 2 mM EDTA)
and boiled for 3 min. ATP levels were measured with a Biolumines-
cent Assay Kit (Sigma–Aldrich, St. Louis, MO, USA, FL-AA) and read-
ings taken by a BMG LABTECH FLUOstar OPTIMA multimode
microplate reader (Ortenberg, Germany).
2.5. Immunofluorescence

H9C2 cells growing on polylysine-coated coverslips were pre-
treated for 10 min with saline or HNG and then exposed to
100 lM H2O2 for 3 h in the presence or absence of HNG. Cells were
loaded with Mitotracker Red CMXROS (Molecular Probes, M-7512),
fixed with 3% formaldehyde and 0.02% glutaraldehyde for 30 min at
room temperature, permeabilized with 0.1% Triton X-100 for 5 min
and labeled with anti-cytochrome-c followed by an Alexa Fluor-488,
green fluorescent secondary antibody (Jackson ImmunoResearch
Laboratories Inc., USA) and dapi prior to fluorescence photography.
Photographs were prepared with a Zeiss Axioskop II microscope
with Zeiss Axiovision software and fitted with fluorescence filters
for dapi, FITC and Rhodamine, at 63�magnification.
2.6. Assays for non-enzymatic and enzymatic antioxidant activity

The level of the oxidized disulfide dimer (GSSG) and the re-
duced form of glutathione (GSH) was determined in lysates from
H9C2 cells treated for various time points with HNG (10 nM). These
values were obtained by carrying out a series of reactions as de-
scribed by the Glutathione assay kit (Cayman Chemical Company,
catalog # 703002). Assays for determination of enzyme activi-
ties—total superoxide dismutase (SOD), catalase and glutathione
peroxidase (GPx) (BioVision Research Products, catalog #s K335,
K773 and K762, respectively) were performed, as instructed, on
H9C2 cell lysates following treatment with either saline or HNG
(10 nM) at the time points indicated. These values were normal-
ized to total protein in the lysates.
2.7. Abl and Arg knockdowns

Synthetic siRNAs for Abl and for control transfections were ob-
tained from Qiagen. The sequence used to knockdown Abl
(RN_Abl1_4) was catalog number SI01484308. The siRNA sequence
used to knockdown Arg was synthesized and purified by Integrated
DNA Technologies, Inc. and the sequence was as follows: sense:
50GGAAAUCAAGCAUCCUAAUUUAG30, antisense: 50UACUAAAU
UAGGAUGCUUGAUUUCCUU30. BLASTn searches were carried out
to detect possible off targets for both siRNAs. AllStars_3 (catalog
number SI04939025) siRNA was used as the positive control and
AllStars Negative Control siRNA (catalog number 1027280) as the
negative control in this optimization procedure. Transfections with
siRNAs were performed in 6-well plates with 1.25 � 105 cells per
well in 2.3 ml of growth medium for 72 h before analyzing the de-
gree of target knockdown. For immunoblots and Abl/Arg knock-
downs prior to seeding in 96-well black plates for ROS
determinations, these conditions were scaled up to 100 mm dishes
as described in the HiPerFect directions.
2.8. qRT-PCR

Total RNA was extracted from H9C2 cell cultures using RNAs-
easy Mini Kits (QIAGEN). Approximately 2 lg of total RNA was re-
verse transcribed into cDNA using the Superscript III First-Strand
Sysnthesis System (Invitrogen). The cDNA was then subjected to
real-time PCR amplification using Light Cycler 480 SYBR Green I
Master kit in a LightCycler� 480 Real-Time PCR System (Roche).
The forward and reverse primers for each gene were as follows:
Abl–cttgcaggaaaaccacctct and tctgggacagtttgtgagca; Arg–aagg-
caaggagaggaatggt and ctggcactttgtggttgtg. The data were then nor-
malized to the housekeeping gene RPL19-gaagaggaagggtactgccaac
and tttttgaacacattccctttga.
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2.9. Immunoblots

Cell lysates were prepared in RIPA buffer, resolved on SDS–
PAGE gradient gels, transferred to PVDF membranes and probed
with relevant antibodies (Abl: Abcam Inc., #10528, Arg: Epitomics,
#5431-1, b-actin: Cell Signaling, #4967). Signals for Abl and Arg
were normalized to the signal for the loading control, b-actin.
2.10. Statistics

All values result from a minimum of 3 experiments and are pre-
sented as means ± se. When appropriate, data were evaluated by
the 2-sample Student’s t test. A value of p < 0.05 was considered
significant. To take into consideration false-positive associations
resulting from multiple comparisons, the stringent Bonferroni
correction was used; the value of p for inclusion was set to
0.05/5 = 0.01.
3. Results

3.1. HNG maintains low intracellular ROS levels

Chloromethyl-DCF-loaded cells challenged with H2O2 showed
an 86% increase in intracellular ROS compared with controls
(1.7228 ± 0.1469 vs. 0.9287 ± 0.1113). There was a 48% decrease
in ROS, in HNG-treated cells relative to controls when both
were challenged with 100 lM H2O2 (0.8998 ± 0.1650 vs.
1.7228 ± 0.1469) (Fig. 1A). Levels of cellular ROS with HNG are
comparable to the baseline (0.9287 ± 0.1113) and following
treatment with ROS scavenger N-acetyl cysteine (NAC)
(0.6687 ± 0.2090).
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Fig. 1. HNG prevents oxidative stress, maintains inner mitochondrial membrane pote
controls, controls exposed to 100 lM H2O2, and cells incubated in HNG (10 nM) with 1
experiment, 7 experiments). (B) The ratio of red/green fluorescence (wm) from JC-10 loa
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3.2. HNG preserves mitochondrial membrane potential (Dwm)

HNG produced a significant 11% increase in baseline Dwm
(0.5226 ± 0.009 vs. 0.5817 ± 0.007) (Fig. 1B). H2O2 (40 lM) de-
creased the membrane potential by 6% relative to the vehicle con-
trol alone (0.4901 ± 0.006 vs. 0.5226 ± 0.009). In the presence of
HNG (10 nM), the H2O2-induced decrease in the MMP was signifi-
cantly attenuated, remaining at levels seen in the control group in
the absence of H2O2 (0.5226 ± 0.009 vs. 0.5128 ± 0.014).

3.3. HNG increases ATP production

There was a 92% increase in ATP levels at 30 min (95.41 ± 7.52
vs. 182.81 ± 18.60 pM/cell) and a 134% increase in 120 min
(70.85 ± 5.58 vs. 165.89 ± 25.75 pM/cell) (Fig. 1C) in cells treated
with HNG.

3.4. HNG preserves mitochondrial structural integrity

Immunofluorescence was used to visualize the mitochondria
and a major mitochondrial component, cytochrome-c. An overlay
photograph of saline control cells (Fig. 2A) displays a gold-colored,
tubular network of intact, fused mitochondria, produced by the
overlay of red (mitotracker) and green (cytochrome-c localized to
mitochondria) fluorescence signal. In contrast, the cells pretreated
with saline for 10 min and then exposed to H2O2 (100 lM) for 3 h
contain fragmented, punctate, red mitochondria with the green
cytochrome-c dispersed throughout the cytosol (Fig. 2B). When
the cells were preincubated with 10 nM HNG for 10 min prior to
addition of the H2O2, despite some punctate mitochondria and free
cytochrome-c, much of the intact mitochondrial network was
observed (Fig. 2C).
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Fig. 2. Immunofluorescent overlays support HNG-mediated preservation of mitochondrial structure. (A) saline controls, (B) saline for 10 min followed by addition of H2O2

(100 lM, 3 h), (C) HNG (10 nM) for 10 min, then as in (B). Blue: Dapi stained nuclei, green: cytochrome-c, red: MitotrackerCMXROS, 63� magnification.
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3.5. HNG increases cellular antioxidant activities

Levels of reduced glutathione (GSH) and the oxidized form
(GSSG) were determined at various time points in the presence
of either the control or HNG. The ratio of oxidized to reduced
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glutathione, a measure of oxidative stress, was decreased by
47% within 30 min of HNG treatment (0.2130 ± 0.0114 vs.
0.1131 ± 0.0179) (Fig. 3A).

The reduced form of glutathione is required to activate the
critical antioxidant enzyme, glutathione peroxidase (GPx). This
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enzyme activity showed a 635% increase relative to control within
the first 5 min of HNG treatment (98.26 ± 12.69 vs. 722.04 ±
253.09 mU/mg protein) (Fig. 3B). The activation decreased but re-
mained significant throughout the 120 min investigated. Catalase,
the other major antioxidant enzyme responsible for the removal
of H2O2 was also activated within 5 min of HNG addition,
producing a 213% increase in activity relative to controls
(5.04 ± 0.46 vs. 15.78 ± 3.22 mU/mg protein) and was maintained
at 30 min (Fig. 3C). Assay of total superoxide dismutase (SOD)
activity demonstrated a 71% HNG-mediated enzyme activation
by 120 min of treatment (1.63 ± 0.1483 vs. 2.78 ± 0.458 U/mg
protein) (Fig. 3D).
3.6. A double knockdown of both Abl and Arg, but neither knocked
down alone, eliminated the HNG-mediated reduction in oxidative
stress

A pair of non-receptor tyrosine kinases, c-Abl and Arg have been
demonstrated to participate in the post-translational activation of
both catalase and GPx [20,21]. We carried out transient, siRNA, Abl
and Arg knockdowns in H9C2 cells and then assessed the ability of
HNG to maintain the low intracellular ROS levels observed in HNG-
treated WT cells. Results from siRNA knockdowns of c-Abl and Arg
were verified at 72 h post-transfection with qRT-PCR (Fig. 4A). siR-
NA knockdown of Abl alone produced an 78% decrease in Abl
mRNA (0.998 ± 0.001 vs. 0.218 ± 0.046). A double transfection with
siRNAs for both Abl and Arg resulted in an 81% reduction in the Abl
mRNA level (0.998 ± 0.001 vs. 0.191 ± 0.046). Arg knockdown pro-
duced a 79% loss of Arg mRNA relative to negative control knock-
downs (0.998 ± 0.001 vs. 0.210 ± 0.024). The double knockdown
decreased the Arg message level by 76% (0.998 ± 0.001 vs.
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Fig. 4. Abl and Arg mRNA knockdowns demonstrate that one must be functional for HNG
each alone and in combination with the other (⁄⁄⁄p = 0.0009, n = 3). (B) Immunoblots pr
relative intercellular ROS levels were determined as described for Fig. 1. (⁄p = 0.0139, ⁄⁄
0.242 ± 0.025). Immunoblots (Fig. 4B) provide evidence that the
Abl and Arg knockdowns were also successful at the level of
protein expression. We observed that negative control knockdown
cells reiterate the data seen in Fig. 1A with WT cells, with H2O2

producing an increase in relative ROS in cells treated with the
vehicle control (1.223 ± 0.335 vs. 2.347 ± 0.246). This increase
was prevented by co-treatment with 10 nM HNG, with the DCF
fluorescence value unchanged relative to the control and 94%
lower than the control + H2O2 value (1.209 ± 0.254). This pattern
was also observed following knockdown of either Abl or Arg, as
loss of either of the kinases alone had no effect on the ability of
HNG to maintain a low, control intracellular ROS level after
addition of 100 lM H2O2 to the media. When Abl knockdowns
were treated with H2O2, HNG produced a 35% decrease in ROS rel-
ative to saline (2.442 ± 0.240 vs. 1.582 ± 0.241, for saline vs. HNG).
For Arg knockdowns exposed to H2O2, HNG lowered the cellular
ROS by 60% when compared to the effect of saline (2.252 ± 0.300
vs. 0.901 ± 0.339, for saline vs. HNG). In contrast, the cells with
both Abl and Arg mRNA levels knocked down were no longer
protected from oxidative stress by treatment with HNG and the
relative ROS resulting from the H2O2 challenge matched that seen
in the vehicle control (1.662 ± 0.366 vs. 1.635 ± 0.325, for saline vs.
HNG).
4. Discussion

These findings demonstrate that HNG mitigates oxidative stress
in a rat myoblast cell-line through rapid and sustained activation
of several antioxidant enzymes that require the activity of one
of a pair of non-receptor tyrosine kinases. The attenuation of
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oxidative stress results in preservation of mitochondrial
membrane integrity and function.

Our findings are of significant clinical relevance as cardiac risk
factors and resulting diseases that contribute to significant mortal-
ity and morbidity such as MI, cardiac failure, diabetes, atheroscle-
rosis are all associated with ROS-induced cardiac damage. Free
radical oxidants are also believed to contribute to the production
of mitochondrial dysfunction and damage produced by the normal
aging process [22]. Tissues such as cardiac muscle, with a high en-
ergy expenditure and abundant mitochondria, are particularly sub-
ject to mitochondrial oxidative damage, additional generation of
ROS and further damage to critical molecular structures. ROS also
stimulate the production of inflammatory cytokines from cardiac
fibroblasts favoring a rise in collagen deposition and impaired car-
diac function [23]. The ability of HNG to decrease cellular ROS and
maintain mitochondrial integrity/function despite oxidative stress
could explain the enhanced myocyte survival and the maintenance
of cardiac function observed in vivo in MI-R models [18].

Both non-enzymatic and enzymatic antioxidant mechanisms
appear to contribute to the observed oxidative stress reduction
by HNG. The ratio of oxidized to reduced glutathione, a measure
of oxidative stress, decreases within 30 min and the additional
stores of reduced glutathione allows GPx to continue removing
H2O2 from cells for the 2 h observed in this study. Since catalase ac-
counts for almost 80% of cardiomyocyte peroxidase activity [24],
activation of both catalase and GPx within 5 min of HNG treatment
and their sustained increases in activity can account for the rapid
and persistent protection of the heart when HNG is provided just
prior to reperfusion in the in vivo model of ischemia–reperfusion.
The observed activation by HNG of total SOD in cardiac myoblasts
supports recent similar observations in cortical neurons [25].

Since the rapid activation of catalase and GPx by HNG precludes
de novo synthesis of these large enzymes, we focused on mecha-
nisms that would produce their rapid, allosteric activation. The
mammalian non-receptor, tyrosine kinase isoforms, Abl and Arg
are constitutively repressed in the cytosol, requiring displacement
of N-terminal and Src-homology regions from their kinase regions
[26]. This displacement may be produced with physical interfer-
ence from many different stimuli, allowing the enzyme to activate
itself via autophosphorylation. Our results are consistent with the
observations by Cao et al. [20,21] and show that either one of these
isoforms is sufficient to retain the biologic effects of HNG in miti-
gating oxidative stress. Cells with an Abl knockdown but WT Arg
levels could still use HNG to prevent an increase in ROS upon addi-
tion of H2O2. Despite a higher target protein expression in the Arg
knockdowns, the phenotypic pattern seen in the Abl knockdowns
was repeated. Both single knockdowns demonstrated a generalized
increase in intracellular ROS levels at baseline relative to the neg-
ative knockdowns, while retaining the same pattern of protection
from an additional oxidative challenge in the presence of HNG. In
the presence of simultaneous knockdown of Abl and only a partial
loss of Arg protein expression, HNG could no longer prevent the
rise in intracellular ROS upon challenge with H2O2. These studies
provide evidence that HNG prevents oxidative stress via a mecha-
nism requiring a critical level of activity from either Abl or Arg. The
question of whether HNG itself physically interferes with the inac-
tive conformations of Abl and Arg or whether it activates another
required kinase suggests future areas of investigation.

Therapies that mitigate oxidative stress prevent the onset or
progression of cardiac dysfunction through decreased apoptosis
and increased cardiomyocyte survival. However, antioxidants
alone have not proven to be clinically effective. Through its unique
roles in substrate metabolism, decreased apoptosis and decreased
ROS, HNG may offer translational promise as a cardioprotective
factor in the clinical setting.
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