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Abstract. Stroke, characterized by a disruption of blood supply
to the brain, is a major cause of morbidity and mortality world-
wide. Although humanin, a 24-amino acid polypeptide, has
been identified to have multiple neuroprotective functions, the
level of humanin in plasma has been demonstrated to decrease
with age, which likely limits the effects against stroke injury.
A potent humanin analogue, S14G-humanin (HNG), generated
by replacement of Serl4 with glycine, has been demonstrated
to have 1,000-fold stronger biological activity than humanin.
The present study established an in vitro oxygen glucose
deprivation/reoxygenation (OGD/R) model using SH-SY5Y
neuroblastoma cells to mimic the in vivo ischemia/reperfu-
sion injury in stroke. Adding HNG (0-10 pg/l) to SH-SYS5Y
cells to different extents blocked OGD/R-induced reduction of
cell viability and antioxidative capacity, as well as decreased
the elevated apoptosis rate induced by OGD/R, with the most
evident effects at 1 ug/l HNG. Janus kinase 2 (Jak?2)/signal
transducer and activator of transcription 3 (Stat3) signaling
was attenuated in OGD/R processes, yet reactivated with HNG
treatment. FLLL32 (5 M), a specific inhibitor of the signal,
abolished effects of HNG on anti-apoptosis and antioxidation
in OGD/R processes. Co-treatment with HNG and FLLL32
failed to interrupt upregulation of cytochrome ¢, B-cell
Ilymphoma 2-associated X protein and cleaved caspase-3
provoked by OGD/R. Similar to FLLL32, Jak2/Stat3
signaling activated by HNG was also repressed by inhibitor
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of phosphoinositide 3-kinase (PI3K; 10 xuM LY294002) or
protein kinase B (AKT; 5 uM MK-2206 2HCI). These data
collectively indicated that HNG has neuroprotective effects
against OGD/R by reactivating Jak2/Stat3 signaling through
the PI3K/AKT pathway, suggesting that HNG may be a prom-
ising agent in the management of stroke.

Introduction

Stroke is a devastating disease that results from abnormal
blood supply to the brain. It represents one of the leading cause
of mortality and disability worldwide (1). According to the
World Health Organization, 15 million individuals suffer from
stroke worldwide each year. Of these, 5 million succumb and
a further 5 million are permanently disabled (1). However, no
effective approach has been established to prevent or treat this
brain damage (2). Stroke may be classified into ischemic stroke
and hemorrhagic stroke. The former represents the majority of
cases in clinical data and occurs when blood flow is obstructed
in brain arteries by blood clots (3). The latter is caused by the
rupture of blood vessels, for instance in trauma (3). Cerebral
ischemia in strokes blocks delivery of oxygen and nutrients,
and the brain has a considerably low tolerance to lack of these
substances as it does not store oxygen and glycogen, but has
a high oxygen consumption rate and rapid metabolism 4,5).
Although rapid restoration of blood supply normalizes the
demands for physiological processes, this reperfusion gives rise
to other serious problems, such as oxidative stress, inflamma-
tory responses, mitochondrial dysfunction and ion imbalances,
which paradoxically antagonize the beneficial effect, resulting
in more severe pathological state directly related to the inten-
sity of stroke injury (2). Therefore, suppression of a series of
disastrous effects induced by ischemia/reperfusion is essential
for the treatment of strokes.

Humanin, a 24-amino acid polypeptide, was discovered by
Hashimoto et al (6) in 2001 through a cDNA library survey
in surviving occipital lobe neurons of a human patient with
Alzheimer's disease. Humanin is encoded from the 16S ribo-
somal RNA (rRNA) region of the mitochondrial genome,
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thus it is one of the few mitochondrial derived peptides (7).
Human mitochondrial DNA contains 37 genes encoding 13
proteins, 22 transfer RNAs, and 2 rRNAs (7). Previous results
have revealed that humanin exerts various protective actions
in multiple cell types and animal models. A study by Sree-
kumar et al (8) demonstrated that humanin functions to protect
human retinal pigment epithelial cells from oxidative stress,
senescence and mitochondrial dysfunction partly by Janus
kinase 2 (Jak2)/signal transducer and activator of transcription
3 (Stat3) signal activation and caspase-3 inhibition. Similarly,
humanin rescues Stat3 from amyloid 3 (Ap)-induced disruption
and causes the downregulation of caspase-3, thereby exerting
neuroprotective actions against Af toxicity in rats (9). Cardiac
injury induced by ischemia/reperfusion is also attenuated by
humanin analogue pretreatment, as evidenced by decreased
arrhythmia incidence, cardiac dysfunction and infarct size, as
well as improved cardiac mitochondrial function (10). These
data raised the hypothesis that humanin may have neuropro-
tective functions counteracting adverse effects induced by
ischemia/reperfusion. However, humanin, which is secreted
from cells, decreases with age in human plasma levels, while
stroke incidence notably increases with age and culminates in
elderly individuals (11). This may lead to limited protection
by humanin at physiological levels from stroke in the elderly,
even though humanin may have the ability to counteract stroke
impairment.

A potent humanin analogue, S14G-humanin (HNG),
is generated by replacement of Serl4 with glycine, and this
substitution potently increases humanin activity (12). The
present study used HNG to evaluate its potential neuropro-
tective effects against ischemia/reperfusion in vitro and to
identify the molecular mechanism underlying this protection.
The present study demonstrated that HNG may be a promising
agent for neuroprotection from ischemia/reperfusion injury
via humanin-analogous function.

Materials and methods

Cell culture and treatments. SH-SY5Y is a human-derived
neuroblastoma cell line widely used for in vitro models that
mimic neurons in physiological and pathological states.
Recently, a study claimed that human SH-SY5Y cells may
have been mixed with SH-SY5Y cells from mice, resulting
in the potential contamination of human SH-SYSY cells (13).
However, the present study did not involve differences between
human and murine species; thus, the present study is not likely
influenced by the use of human SH-SYSY cells in case they
were contaminated with murine SH-SYSY cells.

SH-SYS5Y cells used in the present study were purchased
from American Type Culture Collection (Manassas, VA,
USA). The cells were initially maintained in Dulbecco's modi-
fied Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Invitrogen; Thermo Fisher Scientific, Inc.), 100 U/ml
penicillin and streptomycin in a 5% CO, incubator at 37°C,
as a routine cell culture method. After 70-80% confluence
was reached, the cells were subjected to oxygen glucose
deprivation/reoxygenation (OGD/R) processes in the pres-
ence or absence of HNG (0.01-10 pg/1, H6161; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) at 37°C. For OGD/R,
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cells were cultured for 16 h in culture medium with depriva-
tion of glucose and serum in a sealed chamber that created a
hypoxic condition (0.5% O,) at 37°C. Subsequently, the cells
were maintained under normoxic conditions (reoxygenation,
at 37°C) in normal medium for an additional 9 h. FLLL32
(57259), LY294002 (S1105) and MK-2206 2HCI (S1078; all
Selleck Chemicals, Houston, TX, USA) are specific inhibitors
of Stat3, PI3K and AKT, respectively. These inhibitors (5 yuM
FLLL32, 10 M LY294002 or 5 uM MK-2206 2HCI) were
added to the cells during OGD/R processes at 37°C.

Cellviability assay. SH-SYSY cell viability was evaluated with
a cell counting kit-8 (CCK-8; Dojindo Molecular Technolo-
gies, Inc., Kumamoto, Japan). Briefly, the cells were seeded
at 1x10* cells/well in 96-well plates and cultured for 48 h at
37°C before the cells were subjected to the aforementioned
treatments. Subsequently, 10 ul CCK-8 solution was added to
each well and the plates were incubated for an additional 5-8 h
at 37°C. The optical density of each well was measured using
a Synergy HT microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA) at 450 nm.

Analysis of apoptosis rate. Cells were collected by centrifu-
gation (800 x g) at room temperature for 10 min. The
apoptosis rate of SH-SY5Y cells was evaluated by staining
with Annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI) using an Annexin V-FITC Apoptosis
Detection kit I (BD Biosciences, San Jose, CA, USA). In brief,
5 ul Annexin V-FITC and 5 ul propidium iodide were added to
the cells, followed by incubation for 15 min at room tempera-
ture in the dark. The extent of apoptosis was analyzed with
a dual laser flow cytometer (BD Biosciences) and estimated
using ModFit LT software version 2.0 (Verity Software House,
Inc., Topsham, ME, USA).

Measurement of superoxide dismutase (SOD) activity
and methane dicarboxylic aldehyde (MDA) concentra-
tion in SH-SY5Y cells. SOD activity in the SH-SY5Y
cells was measured using SOD activity detection Kkits (cat.
no. KGT00150-2, Nanjing KeyGen Biotech Co., Ltd., Nanjing,
China), according to the manufacturer's protocol. The detec-
tion method was based on the reaction principle that SOD
existed in our samples and inhibited the process of superoxide
transforming WST-8, a 2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt, to a
stable water-soluble WST-8 formazan. The presence of WST-8
formazan may be evaluated through testing the optical density
at 450 nm. SOD activity was determined by calculating the
inhibition rate of generation of WST-8 formazan.

For the MDA assay, 1 ml 0.6% thiobarbituric acid was
added to 1 ml supernatant (centrifugation at 3,200 x g, at 4°C
for 20 min) of the SH-SYSY cell lysate in a 2.5-ml tube. The
tube was subsequently placed in boiling water for 15 min and
then placed on ice to cool down (~20 min), before the optical
density was measured at 532 nm. The results were expressed
in nmol MDA/g protein.

Western blot analysis. Total protein (20 pg/lane), which was
extracted from the SH-SY5Y cells with radioimmunopre-
cipitation assay lysis reagent (Sigma-Aldrich; Merck KGaA),
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Figure 1. HNG recovers SH-SYSY cell viability and inhibits apoptosis in OGD/R. SH-SYSY cells were subjected to OGD/R processes following the procedures
of culture in medium with deprivation of glucose and serum in a hypoxic condition (0.5% O,) for 16 h, and then incubation in normoxic conditions in normal
medium for an additional 9 h. In OGD/R processes, the cells were incubated with doses of HNG (0.01-10 ug/1). (A) Cell viability and (B and C) apoptosis assays
were performed following OGD/R treatments. "P<0.05 vs. Con; “P<0.05 vs. 0 pg/l HNG OGD/R group. OGD/R, oxygen glucose deprivation/reoxygenation;

HNG, S14G-humanin; FITC, fluorescein isothiocyanate; Con, control group.

was separated on 10-12% SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Merck KGaA). The
membrane was blocked with 5% non-fat milk overnight
at 4°C. Following this, the proteins were probed with the
following primary antibodies: Jak2 (1:1,000; ab108596;
Abcam, Cambridge, UK), phosphorylated (p)-Stat3 Y705
site (1:1,000; 9131; CST Biological Reagents Co., Ltd.,
Shanghai, China), p-Stat3 S727 site (1:500; ab30647,
Abcam), cytochrome ¢ (1:200; ab53056; Abcam), B-cell
lymphoma 2-associated X protein (Bax; 1:300; sc-493;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), caspase-3
(1:1,000; 19677-1-AP; ProteinTech Group, Inc., Chicago, IL,
USA) and B-actin (1:800; sc-47778; Santa Cruz Biotech-
nology, Inc.) at 37°C for 2 h. The membranes were washed
with TBS-Tween-20 three times (10 min each) at room
temperature. Then, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies
that target mouse immunoglobulin (Ig)G (ab97040; Abcam)
or rabbit IgG (A0545; Sigma) at a dilution of 1:2,000 for 2 h
at room temperature. Reactive proteins were detected using
Pierce Enhanced Chemiluminescent and SuperSignal™
Chemiluminescent substrates (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The blots on the membranes
were scanned to quantify the proteins (Odyssey; LI-COR
Biosciences, Lincoln, NE, USA and AlphaView 3.0 system;
ProteinSimple; Bio-Techne, Minneapolis, MN, USA).

Statistical analysis. All values were expressed as mean =+ stan-
dard error of the mean. Differences between groups were
analyzed by one-way analysis of variance with SPSS 13.0
(SPSS, Inc., Chicago, IL, USA), followed by Bonferroni
post hoc analyses, as appropriate. P<0.05 was considered to
indicate a statistically significant difference.

Results

HNG has neuroprotective functions against OGD/R. To
determine the neuroprotective functions of HNG against
OGD/R, SH-SYS5Y cells were subjected to OGD/R in the
presence or absence of HNG. Cell viability tests demon-
strated that OGD/R induced significant reduction of
SH-SYS5Y cell viability compared with the control (P<0.05;
Fig. 1A), while adding doses of HNG (0.01-10 ug/l) to the
cells to some extent inhibited OGD/R-induced reduction
in the cell viability. SH-SYSY cells incubated with 1, 5 or
10 pg/1 HNG had significantly higher cell viability than the
cells without HNG treatment in the OGD/R process (P<0.05).
OGD/R also resulted in a significant increase in apoptosis of
SH-SYSY cells compared with the control (P<0.05; Fig. 1B
and C), and incubation with doses of HNG decreased cell
apoptosis. Notably, 1 zg/1 HNG significantly decreased apop-
tosis by ~60% in OGD/R, compared with the group without
HNG addition (P<0.05). These data indicated that HNG has
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Figure 2. HNG improves the anti-oxidative capacity of SH-SYSY cells in OGD/R. SH-SYSY cells were subjected to OGD/R processes following the proce-
dures of culture in medium with deprivation of glucose and serum in a hypoxic condition (0.5% O,) for 16 h, and then incubation in normoxic conditions
in normal medium for an additional 9 h. In OGD/R processes, the cells were incubated with doses of HNG (0.01-10 pg/1). (A) SOD activity and (B) MDA
concentration in the SH-SY5Y cells were detected after the OGD/R treatments. “P<0.01 vs. Con; “P<0.05 vs. 0 g/l HNG OGD/R group. OGD/R, oxygen
glucose deprivation/reoxygenation; HNG, S14G-humanin; SOD, superoxide dismutase; MDA, methane dicarboxylic aldehyde; Con, control group.
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Figure 3. HNG reactivates Jak2/Stat3 signaling that is inhibited by OGD/R. SH-SY5Y cells were subjected to OGD/R processes following the procedures of
culture in medium with deprivation of glucose and serum in a hypoxic condition (0.5% O,) for 16 h, and then incubation in normoxic conditions in normal
medium for an additional 9 h. In OGD/R processes, the cells were incubated with doses of HNG (0.01-10 ug/l). Protein expression levels of Jak2, p-Stat3
(Y705) and p-Stat3 (S727) were detected using western blotting following the OGD/R treatments. "P<0.05 vs. Con; “P<0.05 and *"P<0.01 vs. 0 ug/l HNG
OGD/R group. Jak2, Janus kinase 2; Stat3, signal transducer and activator of transcription 3; OGD/R, oxygen glucose deprivation/reoxygenation; HNG,

S14G-humanin; p, phosphorylated; Con, control group.

cytoprotective and anti-apoptotic functions in neural cells
under OGD/R status.

HNG inhibits oxidative stress induced by OGD/R. SOD is
an important enzyme that eliminates oxygen free radicals in
neurons (14), thus SOD activity is widely used as a marker
to evaluate anti-oxidative ability of cells. SOD activity in
SH-SYSY cells was significantly reduced following OGD/R
compared with control cells (P<0.01; Fig. 2A). Adding 1, 5 or
10 ug/l HNG to the cells significantly increased SOD activity
in cells compared with cells not treated with HNG (P<0.05),
with SOD activity peaking at 1 pg/l.

MDA is the final oxidation product of unsaturated fatty
acids in cells (14). As unsaturated fatty acids are more

vulnerable to oxidative species than proteins and nucleic
acids, the generated MDA becomes a sensitive indicator
of oxidative status in cells (14). MDA concentration in
SH-SYS5Y cells significantly increased in the OGD/R
process compared with that in cells of the control treatment
(P<0.01; Fig. 2B), while supplement with 1, 5 or 10 ug/l
HNG significantly inhibited the increase in MDA concentra-
tion compared with cells not treated with HNG (P<0.05).
These results indicated that HNG inhibited the reduction in
anti-oxidative ability triggered by OGD/R and the genera-
tion of oxidative species.

HNG reactivates the Jak2/Stat3 signaling pathway that
is inhibited in OGD/R processes. It was reported that the
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Figure 4. Protection by HNG from neuron apoptosis in OGD/R is related to Jak2/Stat3 signaling. SH-SYSY cells were subjected to OGD/R processes following
the procedures of culture in medium with deprivation of glucose and serum in a hypoxic condition (0.5% O,) for 16 h, and then incubation in normoxic
conditions in normal medium for an additional 9 h. In OGD/R processes, the cells were treated with 1 xg/l HNG alone or 1 yg/l HNG and 5 yM FLLL32 in
combination. FLLL32 is a specific inhibitor of Jak2/Stat3 signaling. (A) Cell viability, (B) apoptosis rate and (C) western blot assays were undertaken following
OGD/R treatments. ‘P<0.05 vs. control; “P<0.05 vs. 0 ug/l HNG OGD/R group; “P<0.05 vs. OGD/R + 1 ug/l HNG group. HNG, S14G-humanin; OGD/R,
oxygen glucose deprivation/reoxygenation; Jak2, Janus kinase 2; Stat3, signal transducer and activator of transcription 3; FITC, fluorescein isothiocyanate;

Bax, B-cell lymphoma 2-associated X protein.

Jak?2/Stat3 signaling pathway underlies the multiple protec-
tive mechanisms of humanin (8,9). Thus, the present study
detected the expression levels of Jak2 and p-Stat3 following
treatment with HNG in OGD/R conditions. As demonstrated
in Fig. 3, OGD/R significantly lowered protein levels of Jak2
(P<0.05) and p-Stat3 at the Y705 site (P<0.05) compared with
the control. Adding 0.1 pg/l HNG to the cells significantly
increased protein levels of Jak2 (P<0.05) and p-Stat3 at the
Y705 site (P<0.05) in OGD/R conditions compared with
cells not treated with HNG. Furthermore, protein levels of
Jak2 (P<0.01), p-Stat 3 at the Y705 site (P<0.05) and p-Stat3
at the S727 site (P<0.05) demonstrated significant increases
with treatment with 1 and 5 ug/l HNG in OGD/R condi-
tions compared with cells not treated with HNG. Although
10 g/l HNG still significantly increased Jak2 protein
levels (P<0.05) compared with cells not treated with HNG, it
failed to significantly elevate p-Stat3 levels at the Y705 and
S727 sites.

Jak2/Stat3 signaling mediates neuroprotective functions
of HNG against OGD/R. To determine whether Jak2/Stat3
signaling mediated neuroprotective functions of HNG against
OGDI/R, a specific inhibitor (FLLL32) of this signal was
added to the cells together with HNG. Cell viability assay
demonstrated that 1 yg/l HNG significantly reversed the
decrease in cell viability (P<0.05) induced by OGD/R;
however, co-treatment with 1 xg/l HNG and 5 yuM FLLL32
was unable to significantly restore the cell viability (Fig. 4A).
The increased apoptosis rate by OGD/R was significantly
suppressed by treatment with 1 g/l HNG (P<0.05), while
adding 5 uM FLLL32 to the cells significantly abrogated the
apoptosis-inhibitory effect of HNG (P<0.05; Fig. 4B).
OGD/R-triggered apoptosis is related to the induction
of mitochondrial dysfunction and caspase-3 activation.
Data from western blot analyses demonstrated that OGD/R
significantly upregulated protein levels of cytochrome c,
Bax and cleaved caspase-3 (P<0.05) compared with control
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Figure 5. Jak2/Stat3 signaling mediates HNG-promoting anti-oxidative
capacity of neurons in OGD/R. SH-SYSY cells were subjected to OGD/R
processes following the procedures of culture in medium with deprivation
of glucose and serum in a hypoxic condition (0.5% O,) for 16 h, and then
incubation in normoxic conditions in normal medium for an additional 9 h.
In OGD/R processes, the cells were treated with 1 pg/l HNG alone or 1 pg/1
HNG and 5 pM FLLL32 in combination. FLLL32 is a specific inhibitor
of Jak2/Stat3 signaling. (A) SOD activity and (B) MDA concentration in
the SH-SY5Y cells were detected following OGD/R treatments. “P<0.01
vs. control group; “P<0.05 vs. OGD/R group; ¥P<0.05 vs. OGD/R + 1 pug/l
HNG group. Jak2, Janus kinase 2; Stat3, signal transducer and activator of
transcription 3; HNG, S14G-humanin; OGD/R, oxygen glucose depriva-
tion/reoxygenation; SOD, superoxide dismutase; MDA, methane dicarboxylic
aldehyde.

cells; however, HNG significantly inhibited the upregulation
triggered by OGD/R (P<0.05; Fig. 4C). The inhibitory effect
was not observed with co-treatment with 1 pg/l HNG and
5 uM FLLL32. These data collectively indicated that HNG
effectively inhibits OGD/R-induced apoptosis via activation of
Jak2/Stat3 signaling.

Results also demonstrated that FLLL32 interfered with
HNG functions in anti-oxidation. FLLL32 significantly abol-
ished HNG-triggered increase in SOD activity and reduction
in MDA concentration, when compared with the OGD/R
group (P<0.05; Fig. 5).

HNG activates Jak2/Stat3 signaling through the PISK/AKT
pathway. Jak2/Stat3 signaling is well documented to be regu-
lated by the PI3K/AKT pathway (15-17). To understand the
influence of the PI3 K/AKT pathway on Jak2/Stat3 signaling
when HNG is used to counteract OGD/R of neurons, HNG was
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used in co-treatment with specific inhibitors of PI3K and AKT in
OGD/R processes. Similar to the inhibitor of Jak2/Stat3 signaling,
FLLL32, inhibitors of PI3K (10 uM LY294002) and AKT (5 uM
MK-2206 2HCI) significantly downregulated (P<0.05) Jak2
protein expression levels that were promoted by HNG in OGD/R
processes (Fig. 6). Upregulated p-Stat3 at the Y705 site by HNG
demonstrated significant reduction when treated with 5 yM
FLLL32 (P<0.01). Inhibitors of PI3K and AKT also significantly
lowered p-Stat3 levels at the Y705 site (P<0.05) compared with
controls, although they were not as effective as FLLL32. p-Stat3
level at the S727 site was significantly decreased by FLLL32
(P<0.05), LY294002 (P<0.05) and MK-2206 2HCI (P<0.01)
treatments compared with control treatments. These data indi-
cated that the activation of Jak2/Stat3 signaling by HNG is, at
least partly, through the PI3K/AKT pathway.

Discussion

Stroke, which is caused by a disruption of blood supply to the
brain, poses a serious threat to the life and health of humans
and considerably impairs the quality of life of the patients (18).
Brain nerve cells are characterized by high sensitivity to
deficiency of oxygen and glucose in cerebral ischemia (5).
Recovering the blood supply, termed reperfusion, is a key step
to rescue nerve cells from ischemia-induced death, however,
it also raises serious problems linked to oxidative stress,
inflammation disorder and ion overloading, thus the onset of
reperfusion usually produces more severe damage to nerve
cells (2). Apoptosis of nerve cells is a common event in stroke,
according to a previous report (2). Apoptotic alterations of
neurons, including the condensation of nuclei and the activa-
tion of caspases, are observed in the ischemic core in the early
stage of focal cerebral ischemia (19,20). In rim of the ischemic
core, neurons undergo a delayed neuronal death dependent or
independent of caspases (19,20). The present study established
an in vitro model of OGD/R that mimics the in vivo isch-
emia/reperfusion injury, and demonstrated that the apoptosis
rate of SH-SYSY cells was notably increased following OGD/R
treatment with reduction of cell viability. As neurons are the
core components of the central nervous system, forming the
basis for neurological functions, neuronal death, particularly in
the hippocampus and brain cortex, is a major cause of morbidity
and mortality in stroke (2,3). Therefore, one important strategy
in treating acute cerebral ischemia and reperfusion injury is to
dampen the death of neurons in clinical settings.

Humanin has been extensively documented to have
anti-apoptotic effects in pathological and physiological
processes, such as ischemia-induced death of various cell types,
oxidized low-density lipoprotein-related death of vascular
endothelial cells, neuronal death in Alzheimer's disease, as
well as Leydig cell death in spermatogenesis (20-24). However,
physiological plasma level of humanin markedly decreases
with age, which likely results in the limited role in anti-apop-
tosis in diseases that frequently occur in elderly people, such
as stroke (11). HNG, that may be synthesized artificially, has
1,000-fold stronger biological activity than humanin, thus it
is referred to as a potent humanin analogue (24). However, it
is unclear whether HNG is able to protect neuron cells from
death in OGD/R. This study presented new evidence that
HNG is an effective inhibitor of apoptosis in OGD/R, which
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Figure 6. Jak2/Stat3 signal activation by HNG in OGD/R is through the PI3K/AKT pathway. SH-SY5Y cells were subjected to OGD/R processes following
the procedures of culture in medium with deprivation of glucose and serum in a hypoxic condition (0.5% O,) for 16 h, and then incubation in normoxic condi-
tions in normal medium for an additional 9 h. FLLL32 (5 uM), LY294002 (10 uM) and MK-2206 2HCI (5 uM), which are specific inhibitors of Stat3, PI3K
and AKT, respectively, were applied in co-treatment with HNG (1 pg/1) in the OGD/R processes. Protein levels of Jak2, p-Stat3 (Y705) and p-Stat3 (S727)
were detected by western blotting following the OGD/R treatments. "P<0.05 and “P<0.01 vs. control (only HNG treatment in OGD/R). Jak2, Janus kinase 2;
Stat3, signal transducer and activator of transcription 3; OGD/R, oxygen glucose deprivation/reoxygenation; PI3K, phosphoinositide 3-kinase; AKT, protein

kinase B; HNG, S14G-humanin; p, phosphorylated.

suggests that HNG may be a promising agent to treat stroke by
prevention of neuronal apoptosis.

Multiple studies have evidenced that oxidative stress is
closely associated with stroke damage (2,18). Reasons behind the
occurrence of oxidative stress in stroke are basically elucidated.
Ischemia-induced deficiency of oxygen and glucose disrupt
mitochondrial homeostasis and metabolism in brain neurons,
resulting in the conversion of O, to O," (superoxide radical) and
other reactive oxygen species (ROS) rather than utilization of
O, for oxidative phosphorylation and adenosine triphosphate
generation (25-27). Furthermore, blood reperfusion following
ischemia leads to the activation of nicotinamide adenine
dinucleotide phosphate oxidases, lipoxygenase and xanthine
oxidase, all of which may produce ROS (25-27). Overproduc-
tion of ROS challenges the antioxidative system in neurons and
poses oxidative damage to substances, such as lipids, that are
rich in neurons but vulnerable to free radicals (25-27). SOD
represents an important antioxidant enzyme responsible for the
elimination of O,~ with catalytic action (28). As SOD is a protein
that is also the target (reactant) of ROS, SOD would lose the
catalytic activity due to protein structure damage when exposed
to excessive free radicals (28). The present study demonstrated
that SOD activity was significantly reduced following OGD/R,
which denoted an attenuated anti-oxidative ability in cells.
MDA, one typical oxidative product of lipids, increased with
OGDJ/R treatment in the present study, implying that lipids are
devastated by free radicals. Adding HNG to SH-SY5Y cells

reversed SOD activity and prevented MDA production, thereby
attenuating oxidative stress induced by OGD/R.

Previous reports have demonstrated that the
Jak?2/Stat3 signaling axis mediated neuroprotective functions of
humanin (8,9). Using a Jak2/Stat3 inhibitor, the present study
demonstrated the important role of the Jak2/Stat3 pathway in the
effects of HNG against OGD/R injury. Expression levels of Jak2
and p-Stat3 decreased when neurons were exposed to OGD/R,
indicating an attenuated Jak2/Stat3 signal. A site-directed muta-
genesis experiment revealed that cysteine residues, Cys866 and
Cys917, act as a redox-sensitive switch controlling the catalytic
activity of Jak2 (29). However, there are inconsistencies regarding
changes in Jak?2 activity under oxidized conditions in previous
reports (30,31). Research has suggested that Jak2 activity in
response to oxidative stress may also be dependent on the cell
line used, due to difference in structural elements of Jak2 (29). In
neurons, Jak2 activity is attenuated by oxidative stress induced by
cadmium, with a deficiency of Jak2/Stat3 signaling (32). OGD/R
inducing the generation of oxidative stress has been well-estab-
lished in neurons in vivo and in vitro studies. Thus, inhibition of
Jak2/Stat3 signaling in the present study may have been related
to oxidative stress induced in OGD/R processes. However, HNG
reactivated Jak2/Stat3 signaling in OGD/R processes by elevating
their protein or phosphorylation levels. Notably, although regu-
lated by oxidative stress, the Jak2/Stat3 cascade may reversely
exert inhibitory effects on oxidative stress, thus providing scope
for neuroprotection in OGD/R processes. Research has indicated
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that blockade of the Jak2/Stat3 cascade via a pharmacological
inhibitor (AG490) markedly decreases SOD expression, increases
ROS production and aggravates myocardial injury (33).

The present study also revealed that activation of the
Jak2/Stat3 cascade by HNG prevented mitochondrial
dysfunction-mediated apoptosis, because HNG decreased
levels of cytochrome ¢, Bax and cleaved caspase-3; however,
these changes were not observed following blockade of
the Jak2/Stat3 cascade. Mitochondrial dysfunction is the
most fundamental mechanism of cell damage in cerebral
ischemia-reperfusion injury as it has critical roles in the apop-
totic pathway in ischemic injury (34). Ischemia-reperfusion
impairs mitochondrial function and leads to an increase of
mitochondrial membrane permeability, resulting in release
of cytochrome ¢, caspase-3 activation and apoptotic cell
death (34). Mitochondria thus become important targets for
stroke therapy. It has been documented that humanin may alter
mitochondrial oxidative phosphorylation and ATP production;
however, the exact molecular mechanisms are not well under-
stood (8). A study by Kumfu er al (35) reported that humanin
may prevent brain mitochondrial dysfunction in a model
of cardiac ischemia-reperfusion injury. The results of the
present study demonstrated that HNG inhibited mitochondrial
dysfunction-mediated apoptosis via Jak2/Stat3. HNG may
replace humanin to attenuate mitochondrial injury in stroke.

The PI3K/AKT pathway is critically important in multiple
physiological and pathological processes by regulating various
downstream signaling molecules (36). Activation of the
PI3K/AKT pathway has been demonstrated to have neuropro-
tective effects against ischemia-induced neuron apoptosis (36).
The Jak2/Stat3 cascade has been documented to be regulated
by the PI3K/AKT pathway, mediating the functions in regula-
tion of cell proliferation, anti-apoptosis and anti-senescence,
cancer generation and migration, tissue development and
memory formation (15-17). A study indicated that phosphory-
lation levels of AKT and Stat3 are increased after humanin acts
on the GP130/IL6ST receptor complex (11). Activated AKT
and Stat3 participate in cytoprotective and neuroprotective
mechanisms of humanin in multiple age-related diseases (11).
Based on these data, it is reasonable to hypothesize that the
PI3K/AKT pathway participates in the regulation of HNG on
Jak?2/Stat3 signaling. It was observed in the present study that
Jak2 protein and Stat3 phosphorylation levels were decreased
by the inhibition of either PI3K or AKT. The results indicated
that the activation of Jak2/Stat3 signaling by HNG is related to
the activation of the PI3K/AKT pathway.

In conclusion, to the best of our knowledge, the present
study demonstrated for the first time that HNG has neuro-
protective effects against OGD/R by reactivating Jak2/Stat3
signaling through the PI3K/AKT pathway. HNG activation
of Jak2/Stat3 signaling inhibited oxidative stress and mito-
chondrial dysfunction-mediated apoptosis. The present study
provided a theoretical basis that HNG may be a promising
agent to antagonize stroke injury.
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