
INTRODUCTION
Necrosis refers to the process of cell

death accompanied by the rapid efflux of
cell constituents into the extracellular
space, which may induce a marked in-
flammatory response (1,2). The membrane

damage is induced by morphological
events that cause an increase in cell mem-
brane permeability, with debilitating ef-
fects. During necrosis, the cells first swell
and then the plasma membranes collapse,
rapidly leading to cellular lysis. Necrosis

does not exhibit the activation of caspases
or oligonucleosomal DNA fragmentation,
which are the biochemical hallmarks of
apoptosis; however, erratic proteolysis
and random degradation of DNA do take
place. Necrosis was formerly considered
to be a passive and unregulated process
(3,4). However, recent findings have iden-
tified associated biochemical events, such
as signal transduction and the oxidation
of specific phospholipids (5,6), indicating
that necrosis is a controlled process. An
example of necrosis is ischemia, which
leads to the dramatic depletion of oxygen,
glucose, and other trophic factors, pro-
voking massive necrotic death.

Humanin is a 24–amino acid 
mitochondrial-derived peptide
(MAPRGFSCLLLLTSEIDLPVKRRA) 
that was discovered in 2001 by
Hashimoto et al. (7–9) by using a cDNA li-
brary constructed from brain tissue recov-
ered from a deceased patient with Alz-
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heimer’s disease (AD). Humanin expres-
sion in humans has been shown to de-
crease with age, which suggests a possible
causal relationship between decreased hu-
manin and the onset of “old age” diseases
such as AD and type 2 diabetes (10). Hu-
manin can suppress apoptotic cell death
stemming from various insults, such as
AD-related amyloid β (Aβ), serum depri-
vation and ischemia reperfusion (11–13).
Design of peptides with higher activity
was performed by systematic screening of
peptides based on the amino acid se-
quence of humanin, which resulted in
several derivatives with higher antiapop-
totic activity (9,14,15).

Several receptors, such as formyl pep-
tide receptors 1 and 2 and the interleukin-6
receptors family including ciliary neu-
rotrophic factor receptor subunit alpha
(CNTFRα), interleukin 27 receptor, alpha
subunit (WSX1) and glycoprotein 130
(GP130), are thought to bind humanin
(16–20). An intracellular antiapoptotic
mechanism has been demonstrated, re-
vealing the capacity of humanin to bind
the Bcl-2-associated X protein (BAX) pro-
tein family (21–24). It was also found
that humanin can increase cellular ATP
levels (25). Serum-deprived lymphocytes
with low levels of ATP regain their ATP
with the addition of humanin; this also
occurs in non–serum-deprived cells. We
thus hypothesize that the effect of in-
creasing ATP levels related to humanin
may lead to additional activity inhibiting
necrotic cell death, in which depletion of
ATP plays a major role.

Here, we report novel in vitro and in
vivo antinecrotic activities of humanin
derivatives; among them, the peptide
AGA(C8R)-HNG17 showed the highest
potency. AGA(C8R)-HNG17 showed a
protective effect in traumatic brain injury
(TBI) in mice, where necrosis is the main
mode of neuronal cell death. AGA(C8R)-
HNG17 was found to antagonize the de-
crease in ATP levels associated with
necrosis in PC-12 cells. The peptide di-
rectly enhanced the activity of the ATP
synthase complex isolated from rat liver
mitochondria, suggesting that this hu-
manin derivative targets the mitochon-

dria, regulating cellular ATP levels. To
the best of our knowledge, this is the
first report of the antinecrotic effects of
humanin derivatives.

MATERIALS AND METHODS

Materials for Peptide Synthesis
The following protected (L)-amino acids

were used for peptide synthesis: fluorenyl-
methoxycarbonyl (Fmoc)-Ala-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-
Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH,
Fmoc-Gln(Trt)-OH, Fmoc-Glu(OtBu)-OH,
Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Leu-
OH, Fmoc-Lys(Boc)-OH, Fmoc-Met-OH,
Boc-Met-OH, Fmoc-Phe-OH, Fmoc-Pro-
OH, Boc-Pro-OH, Fmoc-Ser(tBu)-OH,
Fmoc-Thr(tBu)-OH, Fmoc-Trp(Boc)-OH,
Fmoc-Tyr(tBu)-OH and Fmoc-Val-OH,
and pseudoproline dipeptides Fmoc-Leu-
Thr (ΨMe,Mepro)-OH and Fmoc-Ala-
Ser(ΨMe,MePro)-OH. These amino acids
were Advanced ChemTech, Iris Biotech
GmbH, Novabiochem and Chem-Impex
International products. The resins 2-Cl-Trt
resin (100–200 mesh) and Fmoc-Ala-Wang
resin (100–200 mesh, 0.8 mmol/g) were
used for peptide synthesis and were Nov-
abiochem products. N-Methyl-2-pyrroli-
done, methylene chloride, dimethylfor-
mamide (DMF) (peptide synthesis grade),
acetonitrile (high-performance liquid
chromatography [HPLC] ultragrade) and
H2O (HPLC ultragrade) were J.T. Baker
products. O-Benzotriazole-N,N,N′,N′-
tetramethyl-uronium-hexafluoro-
 phosphate (HBTU) was a Chem-Impex
International product. Piperidine, 
N,N-diisopropylethylamine (DIEA), 
trifluoroacetic acid (TFA) and tert-butyl-
methyl ether were Bio-Lab products. 
1,2-Ethanedithiol and triisopropylsilane
were Sigma products.

Material for Cell Viability Assays
Dulbecco modified Eagle medium

(DMEM) and RPMI-1640 medium were
Gibco products; glucose-free RPMI-1640
medium, fetal calf serum (FCS), 
penicillin/ streptomycin solution (penicil-
lin 10,000 U/mL; streptomycin 
10 mg/mL), 200 mmol/L L-glutamine 

solution and phosphate-buffered saline
(PBS) were Biological Industries prod-
ucts. The CytoTox 96® Non-Radioactive
Cytotoxicity Assay Kit was a Promega
product.  Trypan blue, acridine orange
(AO), ethidium bromide (EtBr), potas-
sium cyanide (KCN), staurosporine (STS)
and oligomycin-A were Sigma products.
The ATP assay system bioluminescence
detection kit was a Calbiochem product.
An ATP synthase Enzyme Activity 
Microplate Assay Kit was an Abcam
product.

Peptide Synthesis
Humanin and its derivatives were syn-

thesized by using standard protocols for
solid-phase peptide synthesis, which re-
lies on Fmoc chemistry. Amino acid cou-
pling was performed with five equiva-
lents (eq) of N-protected amino acid, 5 eq
HBTU and 10 eq DIEA relative to the
resin. Fmoc deprotection was performed
with 20% piperidine in DMF solution
(for 5 min and again for 25 min). The
first 10 amino acids of each synthesis
were coupled for 45 min, and the follow-
ing amino acids were doubly coupled 
(46 min each coupling). Synthesis was
performed by using a CS336S automated
peptide synthesizer (CS Bio). All HN de-
rivatives except AGA(C8R)-HNG17 were
synthesized by using Fmoc-Ala-Wang
resin; AGA(C8R)-HNG17 was synthe-
sized by using 2-Cl-Trt resin.

The peptides were purified with a
preparative reverse-phase (RP)-HPLC
apparatus equipped with Waters 600
Semi-Prep HPLC controller and quater-
nary pump and with a Waters 2487 dual
λ absorbance detector equipped with a
manual injector with a loop volume of 
5 mL (Rheodyne) by using a C18 column
(Phenomenex “Jupiter”: 250 × 21.20 mm
with 10-μm pore size). The preparative
method involved a flow rate of 
12 mL/min with a gradient of 15% B 
to 70% B in 50 min (eluents as in analyti-
cal HPLC). Peptides were purified to
>95% purity.

The peptide purities were evaluated
with an analytical RP-HPLC apparatus
equipped with a Surveyor UV/Vis De-
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tector, Surveyor Auto-sampler Plus, and
Surveyor LC Pump Plus (Thermo Fisher
Scientific). The C18 column used was a
Phenomenex “Gemini”: 250 × 4.60 mm
with 5-μm pore sizes. The analytical
method involved a flow rate of 1 mL/min
with a gradient of 15% B to 70% B in 
40 min (eluent A: 0.1% TFA in double-
distilled water; eluent B: 75% acetonitrile
[ACN], 25% double-distilled water and
0.085% TFA). Peptide identification was
performed with a Reflex-IV Matrix-
 Assisted Laser Desorption/  Ionization
Time of Flight Mass Spectroscopy appa-
ratus (Brucker). The samples were pre-
pared with α-cyano-4- hydroxycinnamic
acid or dihydroxybenzoic acid matrices
(see Supplementary Table S1).

All peptides were dissolved in PBS for
in vivo and in vitro activity assays and
kept at –80°C in aliquots.

Cell Lines
The rat pheochromocytoma PC-12 cell

line was maintained in DMEM and sup-
plemented with 7.5% heat-inactivated
FCS, 15% heat-inactivated horse serum,
100 U/mL penicillin, 100 μg/mL strepto-
mycin and 2 mmol/L L-glutamine. The
cells were cultured in 75-cm2 flasks and
grown at 37°C under an atmosphere of 
5% CO2 and 95% air. The cells were sub-
cultured every 3–4 d. The NSC-34 cell line
was grown in DMEM supplemented with
10% FCS, 100 U/mL penicillin, 100 μg/mL
streptomycin and 2 mmol/L L-glutamine.
The cells were cultured in 75-cm2 flasks
and grown under an atmosphere of 
5% CO2 and 95% air. Cells were subculti-
vated every 3–4 d by trypsinization.

To measure cell viability and determine
the mode of cell death, cells in the loga-
rithmic phase were seeded at a concentra-
tion of 2 × 105 cells/mL in 24- or 96-well
plates coated with collagen and preincu-
bated under an atmosphere of 5% CO2

and 95% air for 24 h before treatment.

KCN-Induced Necrosis
Cyanide is an inhibitor of cytochrome-

c oxidase (complex IV) and thus blocks
ATP synthesis in the mitochondria;
under glucose-free conditions, apoptotic

cell death is negligible and cell death oc-
curs via necrosis because of lack of ATP.
Chemohypoxia was induced in NSC-34,
and PC-12 cells in the logarithmic phase
were seeded in complete DMEM
overnight at a concentration of 2 × 105

cells/well. The cells were washed once
and maintained in glucose-free RPMI-
1640 medium supplemented with 2
mmol/L pyruvate and 10% dialyzed FCS
for 1 h. Different concentrations of hu-
manin derivatives dissolved in PBS (or
PBS as a vehicle) were added 30 min be-
fore treatment with or without different
concentrations of KCN. Cell death as-
sessment was performed 5 h after addi-
tion of KCN.

Staurosporine/Oligomycin-A–Induced
Necrosis

Treatment with a low concentration of
oligomycin-A together with STS results
in a shift in the cell death mechanism
from apoptosis to necrosis. This happens
because oligomycin-A is an inhibitor of
F0F1-ATPase and thus blocks ATP synthe-
sis; on addition of STS, the cell death
mechanism shifts from apoptosis to
necrosis. PC-12 cells in the logarithmic
phase were seeded in complete DMEM
overnight at a concentration of 2 × 105

cells/well in 24-well plates (Bio-Fil). The
cells were washed once with PBS and
maintained in glucose-free RPMI-1640
medium, supplemented with 2 mmol/L
pyruvate and 10% dialyzed FCS, for 1 h
before treatment with humanin deriva-
tives. Different concentrations of hu-
manin derivatives dissolved in PBS, or
vehicle, were added 30 min before treat-
ment. The PC-12 cells were incubated
with and without 1 μmol/L oligomycin
for 30 min and then treated with or with-
out 1.25 μmol/L STS. Cell death assess-
ment was done 5 h after treatment with
staurousporine (26,27).

Trypan Blue Exclusion Assay
To directly assess the number of live

and dead cells after treatment, PC-12
cells (2 × 105 cells/mL) were seeded in
24-well plates and treated 24 h after
seeding. At the end of each experiment,

the cells were trypsinized and pelleted
together with those cells in the culture
supernatant. Trypan blue (Sigma), which
is excluded from live cells and stains
only dead cells, was dissolved in saline
(0.9% sodium chloride) to a concentra-
tion of 2 mg/mL. A volume of 25 μL of
cell in suspension was added to 225 μL
Trypan blue solution with 0.2% saline.
After staining with Trypan blue solution,
the viable (unstained) cells were counted
in a hemocytometer chamber (28,29).

Lactate Dehydrogenase Release
Assay

Necrotic cell death was measured in
96-well plates by using the CytoTox 96
nonradioactive cytotoxicity assay kit
(Promega) to measure cell death by
quantitating the release of lactate dehy-
drogenase, a stable cytosolic enzyme,
from lysed cells. Cells were seeded in 96-
well plates and treated 24 h after seed-
ing. At the end of each experiment, con-
ducted for the indicated time period, the
cells were centrifuged at 240g for 10 min
at room temperature. The supernatant
was collected and 50-μL aliquots were
taken for the lactate dehydrogenase re-
lease assay. The lactate dehydrogenase
content of cells lysed in 0.1% Triton X-
100 for 10–15 min served as a measure of
the total lactate dehydrogenase content.
The lactate dehydrogenase released dur-
ing treatment was used, after blank sub-
traction, as a measure of necrotic cell
death, expressed as a percentage of the
total lactate dehydrogenase activity. Sam-
ple absorbance at 490 nm was measured
with an enzyme-linked immunosorbent
assay (ELISA) reader 30 min after the ad-
dition of the lactate dehydrogenase reac-
tion solution.

Morphological Quantification of
Necrosis and Apoptosis with Ethidium
Bromide and Acridine Orange

To differentiate between apoptotic and
necrotic cell death, cells were stained
with AO and EtBr and examined under a
fluorescence microscope (30). AO stains
DNA bright green, allowing visualiza-
tion of the nuclear chromatin pattern.
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Apoptotic cells have condensed chro-
matin, which is uniformly stained. EtBr
stains DNA orange but is excluded by vi-
able cells. AO and EtBr were each dis-
solved in PBS to a concentration of 100
μg/mL. Stock solutions (200 mmol/L in
DMSO) were further diluted in PBS. The
final concentration of DMSO was 0.05%,
a level that had no effect on cell viability.
The cells were seeded in 24-well plates
and treated 24 h later. At the end of each
experiment, the cells were trypsinized
and pelleted together with the cells from
the culture supernatant. After centrifuga-
tion at 400g at 37°C, the supernatant was
removed and the cells were stained with
4 μL AO/EtBr solution (100 μg/mL AO
in PBS:100 μg/mL EtBr in PBS = 1:1,
v/v), mixed gently and examined under
a fluorescence microscope using 40×
magnification. At least 100 cells were
counted and the percentage of affected
cells was calculated. The cells were
scored as alive if their nuclei displayed a
normal morphology and were green.
Cells with a normal morphology and an
orange color were deemed to be necrotic.
The cells were scored as apoptotic if their
nuclei contained condensed chromatin
and/or displayed nuclear fragmentation
(29).

Measurement of Intracellular ATP
The cellular ATP content was deter-

mined with the ATP assay system biolu-
minescence detection kit (Calbiochem),
according to the manufacturer’s instruc-
tions. For reagent reconstitution, the
ATP-monitoring enzyme was combined
with 220 μL enzyme reconstitution buffer
(1 μL per assay). Necrosis was induced in
PC-12 cells by either KCN or
STS/oligomycin-A, as described above.
ATP measurements were done 1 h after
induction of necrosis. At the end of the
incubation period, the culture medium
was removed and the cells were treated
with 100 μL nucleotide-releasing buffer
for 5 min at room temperature with gen-
tle shaking. ATP-monitoring enzyme 
(1 μL) was added to the cell lysate. The
ATP content of the sample was measured
with the luciferin–luciferase method by

using a luminometer. An ATP standard
calibration curve was generated by using
a series of ATP dilutions ranging from
0.001 to 1 mg/mL, from standard solu-
tion prepared by dissolving 1 mg ATP in
1 mL water.

Isolation of Rat Liver Mitochondria
Mitochondria were isolated from the

livers of Sprague-Dawley female rats
(200–300 g) by differential centrifugation
as described previously (31,32). The liv-
ers were homogenized in ice-cold mito-
chondria isolation buffer (250 mmol/L
sucrose, 0.1 mmol/L EDTA, 1 μg/mL le-
upeptine, 0.15 μmol/L phenylmethane-
sulfonyl fluoride and 10 mmol/L
HEPES/KOH, pH = 7.2), 3 mL/mg liver,
by using an electric homogenizer at 
1,000 rpm for 10 min. The buffer volume
was doubled and the homogenate was
centrifuged at 1,000g for 5 min at 4°C.
The pellet was homogenized again as de-
scribed above and the supernatants were
combined. The combined supernatant
was centrifuged at 1,000g for 5 min at
4°C and the pellet was discarded. The
supernatant was then centrifuged at
12,000g for 10 min at 4°C, and the pellet
was resuspended in a fresh buffer at
8 mg/mL and centrifuged again at
12,000g for 10 min at 4°C. The pellet was
then resuspended in a minimal volume
in mitochondria isolation buffer without
EDTA. Protein concentration was deter-
mined using the Biuret assay.

ATP Synthase Enzyme Activity Assay
ATP synthase activity was measured

by using an ATP Synthase Enzyme Activ-
ity Microplate Assay Kit (Abcam), ac-
cording to the manufacturer’s protocol
and published methods (33). Briefly, 10
μg ATP synthase (per well) were deter-
gent-extracted from mitochondria lysates
and immunocaptured for 3 h in 96-well
plates. AGA(C8R)-HNG17 and controls
were added to the immobilized enzyme
and incubated for 45 min before the ad-
dition of the reagent mix and measure-
ment. The decrease in absorbance as
NADH is oxidized to NAD+ was mea-
sured at 340 nm in a kinetic program.

The experiments were performed three
times, in duplicate.

Traumatic Brian Injury
The TBI model uses a weight-drop de-

vice that is designed to deliver a standard
blow to the cranium, resulting in a con-
trolled cerebral injury. The impact is deliv-
ered by a silicone-coated 5-mm metal tip
extruding from a platform that falls down
from a frame; this device was custom-
made for this purpose. The impact im-
parted to the cranium of the mouse is pro-
portional to the momentum of the 95-g
platform at the end of its free fall (34). The
neurobehavioral statuses of the mice were
evaluated by using a set of 10 tasks that
test reflexes, alertness, coordination and
motor abilities. One point is awarded for
failure to perform a particular task. The
following parameters were measured:
presence of monoparesis or hemiparesis,
inability to walk on a 3-cm-wide beam, 
inability to walk on a 2-cm-wide beam, 
inability to walk on a 1-cm-wide beam, 
inability to balance on a round stick (0.5 cm
wide), inability to balance on a 1-cm-wide
beam, failure to exit a 30-cm-diameter cir-
cle (within 2 min), inability to walk
straight, loss of startle behavior and loss of
seeking behavior. Each mouse was
awarded one point for every task it failed.
Nine- to eleven-week-old C57BL/6J male
mice were anesthetized by isoflurane and
received moderate trauma to the brain
(score of 4–6). The neuronal severity score
(NSS) was determined 1 h after head in-
jury (35), and, subsequently, histological
tests were performed by MRI. The mice
were then randomly sorted into groups
and treated with AGA(C8R)-HNG17 in
different doses or vehicle, which were in-
jected into the intracerebral spine by direct
puncture of the cisterna magna, 5 h after
TBI delivery. Additional NSS tests and
MRI scans were performed 1, 2 and 7 d
after trauma to evaluate the long-term ef-
fect of the treatment. All animal experi-
ments and handling protocols were ap-
proved by the Ben-Gurion University of
the Negev Committee for the Ethical Care
and Use of Animals in Research (permit
number IL-10-03-2013).
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Magnetic Resonance Imaging
MRI measurements were performed in

a 1 tesla microMRI device (Aspect Imag-
ing). Mice were under anesthesia (1–5%
isofluorane in O2) during the scan.
T2-weighted images of each mice’s head
were acquired every 0.9 microns, 18 slices
total per mouse per scan. The edema was
measured, since it differentiated from the
healthy tissue by an increase in water ef-
flux, which is depicted as brighter voxels.
The edema volume was calculated as a
percentage of the high brightness voxels
from the total brain voxels by using a
MATLAB algorithm for MRI measure-
ments taken from the MATLAB central
file exchange community.

Statistical Analysis
Each experiment was performed at

least three times in duplicate. The data
are presented as means ± standard error.
Statistical analyses were performed with
a Student t test. Significance was set at 
P < 0.05.

All supplementary materials are available
online at www.molmed.org.

RESULTS
This study aimed to explore the anti-

necrotic functions of humanin and its de-
rivatives. For this purpose, humanin and
three of its derivatives (Table 1), previ-
ously shown to possess protective anti-
apoptotic effects against Alzheimer’s dis-
ease (7–9,36), were first tested for their in
vitro antinecrotic effects. The peptides
were synthesized and purified in our
laboratory, and their identity and purity
were confirmed by MALDI-TOF MS and
analytical HPLC (Supplementary Table
S1). The peptides were first examined in
vitro by using previously published mod-
els of necrosis (6,37). The first model for
necrosis was chemohypoxia induced by
cyanide (in the form of the potassium
salt, KCN) in glucose-free medium (that
is, conditions where apoptotic cell death
is negligible) (37–39). In this model, ATP
synthesis in the mitochondria is inhibited,
since cyanide inactivates cytochrome-c
oxidase; thus, cell death occurs by necro-

sis due to lack of sufficient ATP. Necrotic
cell death in PC-12 cells was evaluated
by measuring cell viability using trypan
blue exclusion assay. AGA(C8R)-HNG17
(Table 1), which showed the highest ac-
tivity against amyloid-β toxicity (15), was
tested for its antinecrotic activity.
AGA(C8R)-HNG17 exhibited a dose-
 dependent protective effect against 
KCN-induced cell death (Figure 1A),
where 10 μmol/L AGA(C8R)-HNG17 in-
creased cell viability from (2.8 ± 0.2) ×
105 cells/mL to (4.6 ± 0.3) × 105 cells/mL.
A significant effect was also observed
with 1 μmol/L peptide concentration,
where the half maximal inhibitory con-
centration (IC50) was calculated to be 
2.8 μmol/L.

Another model of necrosis examined
for these peptides is induction of cell
death under conditions that shift apopto-
sis to necrotic cell death, through the ad-
dition of STS to cells in glucose-free me-
dium, in the presence of oligomycin-A
(an inhibitor of F0F1-ATPase) (26,27).
Under these conditions, where ATP syn-
thesis in the mitochondria is blocked,
apoptosis, which requires ATP, cannot
proceed—thus, cell death is shifted to
necrosis (40). While taking into account
the occurrence of apoptosis to a certain
extent, scoring of necrotic cells was per-
formed by staining with two different
dyes—AO and EtBr—together with visu-
alization of the nuclear morphology 
(see “Morphological Quantification of
Necrosis and Apoptosis with Ethidium
Bromide and Acridine Orange” in the ex-
perimental section). Figure 1B shows the
percentage of necrotic-scored PC-12 cells
upon exposure to STS and oligomycin-A
toxicity, and their treatment by humanin

and its derivatives is listed in Table 1. As
can be seen in Figure 1B, addition of
oligomycin-A or STS alone did not in-
duce significant necrosis, whereas
oligomycin-A and STS together induced
59% necrosis, as measured by AO/EtBr
double staining. Pretreatment of cells
with 10 μmol/L humanin or its deriva-
tives reduced the necrotic cell death from
59% to 38% to 42% (depending on the
peptide used; Figure 1B). The protective
effects of 10 μmol/L humanin or its de-
rivatives in the STS and oligomycin-A
model for necrosis were also evaluated
by measuring cell death by lactate dehy-
drogenase release. Pretreatment of PC-12
cells by humanin derivatives reduced lac-
tate dehydrogenase released under STS
and oligomycin-A toxicity from 49% of
vehicle treatment to 26–28% (Figure 1C).
The lactate dehydrogenase assay showed
higher levels of protection afforded by
the peptides than for the AO/EtBr assay,
which may be attributable to the disrup-
tive impacts of the AO/EtBr assay, which
in turn could have affected the counting
of stained cells.

The protective effects of humanin and
its derivatives in the KCN model for
necrosis were further examined in the
NSC-34 cell line of neuromuscular origin,
as measured by the lactate dehydroge-
nase release assay (Figure 1D). All tested
peptides conferred protection from
necrotic cell death, with AGA-HNG pre-
senting the best protection by reducing
lactate dehydrogenase release from 46 ±
7% to 19 ± 3%.

In summary, the protective effects of
humanin and its derivatives against
necrotic cell death were observed in both
PC-12 and NSC-34 cells. Among the pep-

R E S E A R C H  A R T I C L E

M O L  M E D  2 1 : 5 0 5 - 5 1 4 ,  2 0 1 5  |  C O H E N  E T  A L .  |  5 0 9

Table 1. Amino acid sequences of humanin and its derivatives examined in the present
study.

Peptide name Amino acid sequencea

Humanin (HN) MAPRGFSCLLLLTSEIDLPVKRRA
HNG MAPRGFSCLLLLTGEIDLPVKRRA
AGA-HNG MAPAGASCLLLLTGEIDLPVKRRA
AGA(C8R)-HNG17 PAGASRLLLLTGEIDLP
aBold letters indicate humanin amino acid residues replaced in the derivatives. MS and
analytical HPLC data of the peptides are given in Supplementary Table S1.



tides tested, AGA(C8R)-HNG17 showed
the highest inhibition potency in the STS
and oligomycin-A model and in the
chemohypoxia by KCN in PC-12 cells
(Figures 1A–C), whereas AGA-HNG was
the most potent peptide in the KCN
model for NSC-34 cells (Figure 1D).

Based on the in vitro results, we next
extended our study to include the in vivo
model of necrosis-related diseases. 
Peptide-protective activities were evalu-
ated by using mice to model TBI (34,41),
where necrosis is a major cell death path-
way under moderate trauma conditions
(42). The TBI model uses a weight-drop
device that is designed to deliver a stan-
dard blow to the cranium, resulting in a

controlled cerebral injury. The resultant
brain injury and recovery from it were
monitored 1 h and 1, 2 and 7 d after TBI
by both neurobehavioral assessment and
histological measurement (35) (see Fig-
ure 2A for experimental design and 
Figure 2B for representative MRI scans).
The mice were randomly sorted into
groups 5 h after TBI delivery, and then
AGA(C8R)-HNG17 (Table 1) was admin-
istered by intracerebral spinal injection.
AGA(C8R)-HNG17 was selected for in
vivo studies because of its pronounced
activity in vitro (Figure 1).

As previously noted, neurobehavioral
status of the mice was assessed by as-
signing an NSS, after testing mouse re-

flexes, alertness, coordination and motor
abilities (see “Traumatic Brain Injury” in
the experimental section). The NSS of
mice 1 h after a TBI was 4.5 ± 0.6 points
(Figure 2C), and the average score of ve-
hicle-treated mice 24 h after TBI delivery
was 1.6 ± 0.5 points. Mice treated with
0.04 and 1.2 mg/kg of AGA(C8R)-HNG17
had an average score of 1.0 ± 0.5 points.
However, mice treated with 0.4 mg/kg
AGA(C8R)-HNG17 had an average NSS
score of 0.6 ± 0.5 points, which signifi-
cantly differs from the vehicle-treated
group (Figure 2C). At 48 h after TBI and
onwards, the NSS values of all the
groups were similar, and no significant
differences between the score of each
group were measured: 0.5 ± 0.5 and 0.3 ±
0.5 points after 48 h and 7 d, respectively.

Histological measurements of the
brain edema volume of the mice were
performed by measuring T2 relaxation by
small-animal MRI (microMRI) 1 h, 1 d, 
2 d and 7 d after TBI, following the NSS
grading (see Figure 2A for experimental
design). The edema were measured by
using an MRI, and their volume was cal-
culated as a percentage of the total brain
volume. The first measurement was
done 1 h after TBI induction, and the av-
erage edema volume was 12 ± 4 % of the
brain volume (Figure 2D); the mice were
then randomly sorted into groups. Re-
covery follow-up started 24 h after TBI
(Figure 2D). While the average edema
volume of vehicle-treated mice and the
mice treated with 0.04 mg/kg peptide
was not significantly different (13 ± 4
and 11 ± 4% of the brain, respectively),
the average edema volume of mice
treated with 0.4 mg/kg peptide was con-
siderably lower (8 ± 2 % of the brain vol-
ume). After 48 h from TBI delivery, the
edema volume of the vehicle-treated
mice was 11 ± 2%; for mice treated with
0.04 mg/kg peptide, it was 9 ± 4%; and
the edema volume of mice treated with
0.4 mg/kg was 7 ± 2%. A week after
trauma induction, the MRI analyses
showed a continued reduction in edema
volume in all mice groups. Whereas ve-
hicle-treated mice had an edema volume
of 7 ± 1%, all AGA(C8R)-HNG17 treated
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Figure 1. Humanin and its derivatives inhibit necrosis in neuronal cells in vitro. (A) Dose-
 dependent protective effect of AGA(C8R)-HNG17 on the viability of PC-12 cells treated
with KCN, as assessed by trypan blue exclusion. *P ≤ 0.04 (t test), as compared with vehi-
cle with KCN; n = 3. (B) The antinecrotic effect of 10 μmol/L humanin and its derivatives in
PC-12 cells under necrotic conditions induced by STS/oligomycin-A (Oligo + STS), as 
assessed by AO/EtBr double staining. The protective effect against oligomycin-A (Oligo)
and STS alone is also shown. *P ≤ 0.05 (t test), as compared with vehicle; n = 3. (C) The an-
tinecrotic effect of 10 μmol/L humanin and its derivatives in the same experimental setup
as in (B), with lactate dehydrogenase (LDH) release reflecting cell death. *P ≤ 0.04 (t test),
as compared with vehicle; n = 3. (D) LDH release in NSC-34 cells under necrotic condi-
tions induced by 15 mmol/L KCN with or without treatment with 10 μmol/L humanin pep-
tides. *P ≤ 0.02 and **P ≤ 0.05 (t test) compared with vehicle treatment with KCN; n = 3.



mice had a slightly smaller edema vol-
ume of 5 ± 2%. Of note, a higher dose
(1.2 mg/kg) of AGA(C8R)-HNG17 was
tested, resulting in a similarly protective
effect (data not shown).

The histological measurements
showed that 0.4 mg/kg peptide was the
optimal dose for neuronal protection,
which is in agreement with the neuronal
severity score tests (Figure 2C). Hence,
AGA(C8R)-HNG17 can protect mice
against cell death when it is adminis-
tered 5 h after moderate TBI, where
necrosis is the predominant mechanism
of cellular destruction (42).

It was previously demonstrated that
depletion of cellular ATP levels predis-
poses cells to necrotic death (26,43,44).
Previous studies have shown that hu-
manin can increase ATP levels in differ-
ent cell types, such as human lympho-
cytes, TE671 muscle cells and neural
SKN-MC cells (25). It was therefore im-
portant to determine whether or not the
antinecrotic activity of AGA(C8R)-
HNG17, which was observed in the
necrosis experimental system in this
study, was mediated via elevation of in-
tracellular ATP levels. ATP levels were
measured in PC-12 cells undergoing
necrosis induced by chemohypoxia with
KCN or by STS/oligomycin-A and pre-
treated by AGA(C8R)-HNG17 at differ-
ent concentrations (Figure 3A). Under
necrotic conditions induced by chemohy-
poxia, ATP levels decreased from 4.9 ±
0.2 fmole/cell to 2.5 ± 0.2 fmole/ cell;
AGA(C8R)-HNG17 at 10 μmol/L ele-
vated intracellular ATP levels to 4.2 ± 
0.2 fmole/ cell (Figure 3A). Under
necrotic conditions induced by
STS/oligomycin-A, AGA(C8R)-HNG17
showed even more pronounced effects,
where 1 μmol/L peptide elevated ATP
levels from 2.0 ± 0.2 fmole/cell to 4.9 ±
0.3 fmole/cell (Figure 3A).

In the necrosis models used in this
study, mitochondrial ATP synthesis was
blocked by either KCN or oligomycin-A.
As ATP synthase is the main source of
mitochondrial ATP production, we next
examined whether AGA(C8R)-HNG17
has a direct effect on the enzyme. We

thus tested the effect of the peptide on
the activity of ATP synthase isolated
from rat liver mitochondria. ATP syn-
thase activity was measured by follow-

ing the decrease in NADH levels spec-
trophotometrically during its oxidation
to NAD+. The results show dose-
 dependent activity for AGA(C8R)-
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Figure 2. The protective effect of AGA(C8R)-HNG17 in mice against TBI. (A) Experimental
design for the data obtained in vivo. (B) MRI scans of representative mice brains: median
mouse from each group with the group average values given below each image ± stan-
dard deviation. (C) Neuronal severity score for groups of mice treated with vehicle (n = 8),
0.04 mg/kg (n = 8) or 0.4 mg/kg (n = 10) of AGA(C8R)-HNG17, tested 1 and 24 h after TBI.
*P ≤ 0.002 (t test) compared with vehicle measurement on the same time point. (D) Graph
showing the average values of brain edema for the groups of mice treated with different
concentrations of AGA(C8R)-HNG17 (n = 8 for 0.04 and n = 10 for 0.4 mg/kg) or vehicle 
(n = 8) as a percent of the brain volume. MRI scans were performed 1 h and 1, 2 and 7 d
after TBI. *P ≤ 0.05 (t test) compared with the respected time-point vehicle group value.



HNG17, where 10 μmol/L peptide in-
duced a 49.0 ± 0.3% increase in ATP syn-
thase activity over the vehicle (Figure 3B).
A control of 17 mg/L BSA, which is anal-
ogous to the weight concentration of
AGA(C8R)-HNG17, did not show any ef-
fect on the enzymatic activity. The direct
effect of AGA(C8R)-HNG17 on ATP syn-
thase activity implies that the anti-
necrotic activities of AGA(C8R)-HNG17

were mediated through elevation of in-
tracellular ATP levels by mitochondrial
ATP synthase.

DISCUSSION
It was previously shown that humanin

has antiapoptotic activity against amyloid
β toxicity, and it has been forwarded as a
potential neuroprotective agent in treat-
ing Alzheimer’s disease and amyotrophic
lateral sclerosis (ALS) (16,45,46). In this
study, we show for the first time that hu-
manin derivatives exhibit neuroprotective
effects in experimental models for
necrotic cell death in vitro and in vivo.
Our study reveals that AGA(C8R)-
HNG17 confers protection to cells at risk
of necrotic cell death. The inhibition of
necrosis by the humanin derivative was
assessed in PC-12 and NSC-34 cells, by
using two different inducers for necrosis
(KCN and STS/oligomycin-A) under glu-
cose-depleting conditions previously
shown to instantiate necrotic cell death,
as opposed to apoptosis (26,27,40). These
models for necrosis were optimized in
our lab before studying the inhibitory ef-
fects of the humanin peptides (6,37). The
experimental system was designed in a
way that allows necrosis inhibitors to af-
fect the necrotic process before the irre-
versible phase of cellular membrane dis-
integration. Necrotic cell death was
confirmed by both morphological analy-
sis (AO/EtBr double staining) and lactate
dehydrogenase release. The AGA(C8R)-
HNG17 and AGA-HNG peptides were
the most effective derivatives in protect-
ing PC-12 and NSC-34 cells from necro-
sis, which is consistent with their re-
ported high antiapoptotic activity (15).
The peptides’ in vitro antinecrotic activi-
ties discovered in this study were at the
low micromolar range, with AGA(C8R)-
HNG17 IC50 of 2.8 μmol/L in PC-12 cells.
This activity was independent of the
necrosis inducers and was not cell line
specific. The IC50 value for protection
against necrosis was found to be higher
than the reported IC50 value for protec-
tion against apoptosis. This difference can
be attributed to different cellular mecha-
nisms and targets that are involved in

protection against necrosis compared
with apoptosis; the two pathways in-
volve different signaling mechanisms.

On the basis of the results obtained in
vitro, the next step was to assess the pro-
tective activity of AGA(C8R)-HNG17
against necrotic cell death in vivo, by
using moderate TBI as a model (34,41).
In moderate TBI, necrosis was shown to
be the predominant mechanism of cellu-
lar destruction (42). The initial blow
causes an irreversible damage to brain
cells near the impact site, which results
in secondary necrotic damage to the sur-
rounding tissue. Thus, it was necessary
to follow the recovery during short-time
periods (1–2 d) and validate the success
of the treatment after a longer duration
(7 d). Indeed, histological measurements
of mice brain tissue showed a decrease in
damaged area for animals treated with
AGA(C8R)-HNG17 (Figures 2B, D).
Dose-response analyses of the peptide ef-
fect on brain edema were in agreement
with the neuronal severity score tests,
where 0.4 mg/kg peptide was the opti-
mal dose for neuronal protection of the
brain (Figures 2C, D).

These neuro-protective activities
against necrosis were already in play
from the beginning; no additional injec-
tions were needed. Hence, the results in-
dicate that AGA(C8R)-HNG17 can pro-
tect brain tissue from secondary necrosis
resulting from TBI.

Significantly, the effect of the trauma
on necrosis reaches a maximum within a
few hours post-trauma, and thereafter a
gradual recovery begins. Indeed, there is
a decrease in the edema volume and in
the NSS, already apparent in the vehicle
group along time. This is known to be at-
tributable to natural recovery supported
by neighboring cells that compensate for
damaged cells, and this has also been ob-
served in previous studies that use this
model (35,41). This transient nature of
necrosis induced by trauma in vivo, as
observed in Figure 2D, explains why the
protective effect of AGA(C8R)-HNG17 is
seen mainly after 1 d. This timeframe is
known to be critical for treatment of
trauma—whereas other intrinsic factors
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Figure 3. The effect of AGA(C8R)-HNG17
on intracellular ATP production. (A) Intra-
cellular ATP levels of PC-12 cells treated
with different concentrations of AGA(C8R)-
HNG17 under necrotic conditions induced
by chemohypoxia with KCN or by
STS/oligomycin-A. ATP levels were de-
tected by measuring bioluminescence in
cells extracts via the luciferin–luciferase
method. *P ≤ 0.05 (t test) compared with
treatment with KCN with vehicle; n = 3; 
**P ≤ 0.05 (t test) compared with treatment
with oligomycin-A and STS with vehicle; 
n = 3. (B) The effect of different concentra-
tions of AGA(C8R)-HNG17 on the activity
of ATP synthase (relative to vehicle) iso-
lated from rat liver mitochondria, mea-
sured by following the decrease in NADH
absorbance at 340 nm. The average rate
of decrease in NADH absorbance of the
control was 0.97 ± 0.06 mAU/min. *P ≤ 0.005
(t test) compared with vehicle, n = 3.



are active in vivo in brain recovery after
longer periods. Humanin derivatives’
protective effects exhibited in vivo are in
agreement with the protective effects ob-
served in vitro. However, because of the
complexity of the brain tissue/in vivo
model, differences in kinetics of necrosis
inhibition may be observed.

Previous publications have highlighted
the protective effects of humanin peptides
in a brain ischemia reperfusion model for
stroke, by using middle cerebral artery oc-
clusion (13). In this model, the main path-
way of cellular demise occurs via a cas-
pase-mediated pathway and not via
classical necrosis (47). Here, for the first
time, to the best of our knowledge, we
show that humanin, as much as possible,
moves to minimize secondary necrosis as-
sociated with TBI. This study thus ex-
pands our knowledge of the activities of
humanin, adding antinecrotic properties
to its known antiapoptotic effects.

An important insight into the mecha-
nism was attained by measuring ATP
levels in PC-12 cells, which underwent
necrosis by either KCN or
STS/oligomycin-A, where AGA(C8R)-
HNG17 was found to elevate intracellu-
lar ATP levels in a dose-dependent man-
ner (Figure 3A). These results are
consistent with previous studies per-
formed with human lymphocytes, mus-
cle cells and neurons showing that hu-
manin peptides, used at concentrations
similar to those seen here, elevated cellu-
lar ATP levels (25,48). Moreover, this is
the first time that humanin peptides
have been shown to increase ATP levels
under necrotic conditions. Hence, it is
suggested that the inhibition of necrosis
by AGA(C8R)-HNG17 was achieved via
elevation of intracellular ATP levels.

ATP synthase is located along the mi-
tochondrial inner membrane and is the
main producer of mitochondrial ATP.
AGA(C8R)-HNG17 was found to en-
hance the activity of ATP synthase by
~50%, isolated from rat liver mitochon-
dria (Figure 3B). To the best of our
knowledge, this is the first report identi-
fying a direct effect of a humanin peptide
on ATP synthase activity. The enhance-

ment of ATP synthase activity by
AGA(C8R)-HNG17 implies that the anti-
necrotic actions of this peptide were me-
diated through elevation of intracellular
ATP levels and thus could be beneficial
under stress conditions such as necrosis.

Multiple mechanisms were suggested
to explain the antiapoptotic modes of ac-
tion of humanin, including activation of
the transcription factor STAT3 by phos-
phatidylinositol (PI) 3-kinase/Akt, as
well as inactivation of BAX (18,21–23).
However, mitochondrial ATP production
and the fast kinetics of signal transduc-
tion in necrotic cell death rule out the in-
volvement of transcription factors (6,49).
Moreover, BAX was shown to be a pro-
apoptotic protein rather than mediating
necrosis (50).

The results presented in this study
imply that the peptide’s modes of action
were related to mitochondrial processes
because of the following: (a) elevation of
cellular ATP levels by AGA(C8R)-HNG17
takes place under the conditions of a glu-
cose-free medium, which was fortified by
the mitochondrial energy substrate pyru-
vate, ruling out glycolytic contribution to
ATP synthesis; (b) the fact that the necro-
sis-inducers KCN and oligomycin-A di-
rectly target the mitochondrial electron
transport chain, which is responsible for
mitochondrial ATP production; and (c)
the ability of AGA(C8R)-HNG17 to in-
crease the rate of isolated mitochondrial
ATP synthase activity. The effect of hu-
manin on ATP levels by itself does not
exclude the possibility of involvement of
other mechanisms in which humanin
protects against necrotic cell death.

That mitochondria is the target for the
protective effects of the humanin deriva-
tive is further supported by a previous
work that demonstrates that HNG pro-
tects PC-12 cells from mitochondria dys-
function by preserving mitochondrial
membrane potential, thus conferring
protection against amyloid β toxicity
(51). Although the mechanistic basis of
peptide-mediated protection against
necrosis merits further investigation, the
results of the present study imply that
AGA(C8R)-HNG17 targets the mito-

chondria. It is thus possible that increas-
ing ATP levels is an important contribu-
tion for protection against the impend-
ing necrotic process.

CONCLUSION
The present study shows that the hu-

manin-derivative AGA(C8R)-HNG17 has
antinecrotic effects, which suggests it has
a potential use as a lead compound for
developing new treatments for 
necrosis-associated diseases. This novel
function of humanin adds to its already-
known antiapoptotic activity, making hu-
manin a potential agent to combat condi-
tions in which both necrosis and
apoptosis are involved. More specifically,
the humanin derivative may lead to the
development of novel therapeutic inter-
ventions to combat ischemic states such
as stroke, TBI and myocardial infraction,
conditions for which no efficient drug-
based treatment is currently available.
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