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Abstract
Background: The FDA approved drug granulocyte-colony stimulating factor (G-CSF) displays anti-apoptotic and
immunomodulatory properties with neurogenesis and angiogenic functions. It is known to demonstrate
neuroprotective mechanisms against ischemic global stroke. Autophagy is a method for the degradation of
intracellular components and in particular, unrestrained autophagy may lead to uncontrolled digestion of affected
neurons as well as neuronal death in cerebral ischemia. Mitochondrial dynamics is vital for the regulation of cell
survival and death after cerebral ischemia and an early upstream event in neuronal death is mitochondrial fission.
We examined the pro-survival mechanisms of G-CSF against apoptosis resulting from autophagy, mitochondrial
stress and endoplasmic reticulum (ER) stress.
Methods: Male Swiss Webster mice (20 weeks of age) were subjected to bilateral common carotid artery occlusion
(BCAO) for 30 min. After occlusion, mice were injected with G-CSF (50 μg/kg) subcutaneously for 4 days. Behavioral
analysis was carried out using the corner test and locomotor activity test before animals were sacrificed on day 4 or
day 7. Key proteins in ER stress, autophagy and mitochondrial stress induced apoptosis were analyzed by
immunoblotting.
Results: G-CSF improved neurological deficits and improved behavioral performance on corner and locomotor test.
G-CSF binds to G-CSF receptors and its activation leads to upregulation of Akt phosphorylation (P-Akt) which in
turn decreases levels of the ER stress sensor, GRP 78 and expression of proteins involved in ER stress apoptosis
pathway; ATF6, ATF4, eIF2α, XBP1, Caspase 12 and CHOP. G-CSF treatment significantly decreased Beclin-1, an
autophagy marker, and decreased mitochondrial stress biomarkers DRP1 and P53. G-CSF also up-regulated the
mitochondrial fusion protein, OPA1 and anti-apoptotic protein Bcl-2 while down-regulating the pro-apoptotic
proteins Bax, Bak and PUMA.
Conclusions: G-CSF is an endogenous ligand in the CNS that has a dual activity that is beneficial both in reducing
acute neuronal degeneration and adding to long-term plasticity after cerebral ischemia. G-CSF treatment exerts
neuroprotective effects on damaged neurons through the suppression of the ER stress and mitochondrial stress
and maintains cellular homeostasis by decreasing pro-apoptotic proteins and increasing of anti-apoptotic proteins.
Keywords: Granulocyte-colony stimulating factor (G-CSF), Bilateral common carotid artery occlusion (BCAO) model
of stroke, Endoplasmic reticulum (ER) stress, Autophagy, Mitochondrial markers, Apoptosis
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Introduction
One of the leading causes of disability and death is
stroke. More than 87% of strokes are ischemic and
caused by obstruction of one or more cerebral arteries
[1]. An inadequate supply of oxygen and glucose results
in an ischemic cascade involving mitochondrial [2] and
endoplasmic reticulum (ER) [3] dysfunction.
Mitochondrial dynamics is vital for the regulation of
cell survival and death; importantly, mitochondrial fission is an early upstream event in neuronal death after
cerebral ischemia [4]. While the fission process involves
the constriction and cleavage of mitochondria, the fusion
process generates elongated mitochondria. Mitochondrial fission is regulated by a mitochondrial-binding
GTPase, Dynamin-related protein 1 (DRP1) [5, 6]. Global cerebral ischemia causes a transient rise in the phosphorylation of DRP1 without affecting total DRP1
protein expression [6]. DRP1 is vital for mitochondrial
fission and cell fate. In mitochondrial fusion, both the
inner and outer membranes are controlled by numerous
GTPase proteins, including optic atrophy protein 1
(OPA1) [7].
Autophagy is a biological, ordered, and destructive
mechanism of the cell that helps to abolish unwarranted
or dysfunctional components [8]. In addition, the special
role of autophagy is to offer nutrients that maintain metabolism in reaction to the cellular nourishing conditions. Autophagy is vital for the preservation of
intracellular homeostasis, but importantly unrestrained
autophagy may lead to uncontrolled destruction of affected neurons in cerebral ischemia [6, 9, 10]. However,
according to other studies, the combination of cerebral
ischemia and hypoxia appears to be a much more
powerful provocation of the autophagic and lysososmal
cell death pathway than focal ischemia alone [11].
The mitochondrion plays crucial role in the cell death
machinery because of its relationship to large list of
apoptosis-related proteins [12]. Accumulating evidence
suggests that a group of proteins of the B-cell lymphoma
(BCL-2) family are strongly engaged in the regulation of
neuronal death in cerebral ischemic stroke [13–15]. The
BCL-2 protein family is a key regulator of outer mitochondrial membrane permeability and plays vital roles in
the intrinsic apoptotic pathway [16]. The BCL-2 family
has been categorized into 2 groups: anti-apoptotic proteins, including Bcl-2, Bcl-xL, and Bcl-w, and proapoptotic proteins, such as Bax, Bak, Bim, Bid, Bad,
Noxa, and p53-upregulated modulator of apoptosis
(PUMA) [16–19]. The pro-apoptotic BH3-only BCL-2
subfamily is known to be upregulated after cerebral ischemia [2, 20].
In the ER, ischemia elicits accumulation of unfolded
proteins, with the successive stimulation of the unfolded
protein response (UPR). The UPR involves the detection
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of unfolded protein by the intraluminal ER chaperone;
glucose regulated protein 78 (GRP 78), which then separates from the three distinct ER stress transmembrane
sensors; double-stranded RNA-activated protein kinaselike ER kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring kinase 1 (IRE1), promoting their release [21]. Downstream functions of the
PERK, ATF6 and IRE1 pathways will upregulate UPR
genes and ER-associated degradation (ERAD) genes that
will reduce the unfolded proteins in the ER [22]. However, in sustained ER stress the proapoptotic transcription factor, C/EBP homologous protein (CHOP) [23] is
activated resulting in apoptosis.
With only limited progress in development of stroke
treatments, it is therefore essential to acquire valuable
neuroprotective agents to effectively treat stroke. G-CSF
controls the generation, proliferation, survival, and maturation of neutrophilic granulocytes and provokes their release from bone marrow to the peripheral blood [23, 24].
G-CSF is an FDA approved hematopoietic growth factor
and is currently employed in clinical practice to cure neutropenia caused by chemotherapy [25]. G-CSF displays
several important functions including anti-apoptotic activity, immunomodulatory action, stimulates neurogenesis,
and angiogenic capabilities [23].
We have used a mechanism based therapeutic approach for stroke to first examine the connection of
mitochondrial, autophagy and endoplasmic reticulum
stress inhibition in the protective action of G-CSF and
second to analyze relevant ER stress pathways in the bilateral common carotid Artery occlusion (BCAO) model
of stroke.

Materials and methods
Animal preparation

All animal procedures were carried out in accordance
with the guidelines for care and use of Animals and were
approved by the institutional animal care and use committee (IACUC) of the Florida Atlantic University, Boca
Raton. Male Swiss Webster mice (20 weeks of age) were
obtained from Charles River laboratory. Mice were anesthetized with ketamine (40 mg/kg, i.p.) plus xylazine (2
mg/kg, i.p). For maintenance of anesthesia, isoflurane
concentration was used to 0.5%. Mice were breathing
spontaneously via breathing mask throughout the surgical procedure. A rectal temperature probe was inserted.
During surgery, mice were resting on a thermostatcontrolled heating pad, ensuring a constant core
temperature of 37.0 ± 0.5 °C.
Bilateral common carotid artery occlusion (BCAO)

Anesthesia was maintained as described above. The
mouse was placed on its back. The animal’s tail and
paws were fixed to the heating pad using adhesive tape.
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A sagittal ventral midline incision (~ 1 cm length) was
performed. Both salivary glands were carefully separated
and mobilized to visualize the underlying both Common
Carotid Artery (CCA). Both CCA’s were carefully
separated from the respective vagal nerves and accompanying veins without harming these structures. Manipulations of the vagal nerves might lead to transient or
permanent dysfunction of the parasympathetic nerve
system, which has the potential for the occurrence of
significant cardiac arrhythmia or even irreversible cardiac arrest. Therefore, it is crucial to avoid any manipulations of the vagal nerves. Both common carotid
arteries (CCAs) were isolated, freed of nerve fibers, and
occluded using non-traumatic aneurysm clips. Complete
interruption of blood flow was confirmed under an operating microscope. After 30 min of ischemia, the
aneurysm clips were removed from both CCAs and the
incision was sutured closed. Post-surgery analgesics were
administered, and animals could wake up within 10 to
20 min after surgery [26]. All mice subjected to BCAO
exhibited a significant reduction in regional cerebral
blood flow (RCBF) to 51% pre-BCAO values and the
RCBF retuned to 91% of the pre-BCAO level at the beginning of reperfusion as monitored with a Laser Doppler Flowmeter (LDF). Restoration of blood flow
(reoxygenation) was also observed directly under the
microscope. Sham-operated controls were subjected to
the same surgical procedures except that CCAs were not
occluded [26]. The body temperature was monitored
and maintained at 37 °C ± 0.5 °C during surgery and during the immediate postoperative period until the animals
recovered fully from anesthesia.
Corner tests

The corner test, which determines an animal’s asymmetric direction of turning when encountering a corner, is
used as an indicator of brain injury. We used an experimental corner setup composed of two boards (with dimensions of 30 × 20 × 1 cm3) arranged to form a 30°
corner; a small opening was left along the joint between
the two boards. The mouse was placed 12 cm from the
corner and allowed to walk into the corner, so that the
vibrissae on both sides of the animal’s face contacted the
two boards simultaneously [26]. Before BCAO procedure, we conducted behavior tests (stratification) on all
mice to screen for mice with no turning asymmetry (n ≥
18). Each mouse took part in ten trials, after which we
calculated the percentage of turns to each side, recording only those turns involving full rearing along one of
the boards [26]. This stratification procedure excludes
mice with 80–100% asymmetric turns (n = 4); we included mice that turned in either direction (n = 14) with
a pretest score of 0.50 ± 0.08. Each mouse took part in
ten trials for up to 4 days after BCAO.
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Locomotion (force-plate actometer) test

The force-plate actometer is an ensemble of mechanical,
electronic, and computing elements that embody mathematical and physical principles to produce measurement of whole-organism behavioral attributes of
relevance to basic neuroscience research. Methods of
calibration and details of data acquisition have been described elsewhere [27, 28]. Briefly, the force-plate actometer purchased from BASi Corp (model FPA-I; West
Lafayette, IN, USA) consists of a force-sensitive plate at
a resolution of 200 Hz, a sound attenuation chamber, a
computerized data acquisition board, and an analysis
system software (FPA 1.10.01). A newly-developed forceplate actometer was utilized to measure locomotor activity. Animals were placed on the force plate actometer
for one separate 60 min sessions. Locomotor activity of
BCAO mice with and without G-CSF treatment were
done after 4 day and 7 days. Between each test, the plate
was thoroughly cleaned with paper towels followed by a
deodorant treatment (70% ethanol, 1% acetic acid, and
then water) to remove animal waste (i.e., feces, urine,
saliva, and furs) and odor. Trace data of movements
were automatically stored on the hard drive for off-line
analysis. Changes in locomotion were revealed through
power spectral analysis and expressed as arbitrary distance. The unit for changes in the power force was
arbitrary.
Mice groups and treatment schedules

Animals were randomly assigned for sham, control, and
experimental groups, divide equally for day 4 (N = 15)
and day 7 (N = 15) experiment. Thereafter, in experimental group (G-CSF treated group, N = 10), rhG-CSF
(Filgrastim: Akron, FL, USA) (50 μg/kg in 0.3 mL Dextrose 5%) was injected subcutaneously 30 min after
occlusion and continue daily until the animal sacrificed
on Day 4 and Day 7. In control groups (vehicle-treated
group, N = 10), vehicle (0.3 ml Dextrose 5%) was injected
subcutaneously 30 min after occlusion, followed by daily
administration of the same dose for an additional 3 days.
Mice were received vehicle for 4 days before sacrifice.
Sham-operated group (N = 10) received the same surgical procedure without occlusion of common carotid artery. After surgery, animals could recover from the
anesthesia and given food and water ad libitum. The animals were daily examined for body temperature and
weight, and those who had body temperature more than
39 °C after 24 h were excluded from the experiment [29].
TTC staining

Animals were deeply anesthetized by isoflurane (Phoenix) and decapitated, and then brains were rapidly
removed. Using an adult mouse brain matrix (Matrix,
Zivic Instruments), brains were sectioned coronally into
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2-mm coronal slices (2, 4, 6, 8, and 10 mm from the
frontal pole) and incubated for 5 min in a 2% (w/v) solution of 2,3,5-triphenyltetrazolium chloride (TTC; JT
Baker, India) at 37 °C for staining followed by collecting
samples for western blot [30, 31].

one-way ANOVA combined with Dunnett post-hoc or
Tukey test for comparison between groups. Differences
of P < 0.05 were considered statistically significant. At
least three independent replicates were performed for
each experiment.

Sample collection for western blot analysis

Results

Animals were deeply anesthetized by isoflurane (Phoenix) and decapitated, and then brains were rapidly removed. After sacrifice, while the brain was on ice [30],
Brains were sectioned coronally into 2-mm coronal
slices (2, 4, 6, 8, and 10 mm from the frontal pole) by
using brain matrix [30, 32] and collected samples divided
in to Frontal (0–4 mm section) Middle (4–8 mm section)
and Hind brain (8–10 mm section) sample for western
blot. The sample of Frontal brain includes Striatum +
Cortex parts and sample of Middle brain includes
Hippocampus + surrounding structures whereas Hind
brain sample involves Cerebellum. WB was primarily
carried out on frontal and Middle section of brain. Samples homogenized in Lysis buffer consisting of 50 mM
Tris–HCl, 150 mM NaCl, 2 mM EDTA, pH 8.0, 1%
Triton-X-100, 1:100 dilution of mammalian protease inhibitors (Sigma-Aldrich, MO, USA) and protease inhibitor [33, 34] for immunoblotting. Protein concentrations
of each sample solution were determined with a Bradford protein assay, and samples were stored at − 800 C
until use. Protein samples were separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes. Western
blot was carried out as described previously [33] with
the following primary antibodies overnight: Abcam: GRP
78, OPA 1,DRP-1, G-CSF, XBP1, ATF4, Caspase-12
PUMA and P-53 (1:500); Cell Signaling: GAPDH (1:
3000), Akt, phosphorylated Akt (P- Akt), Beclin 1, Bax,
Bak, eIF2α (1:500), Invitrogen: P-DRP1(1:500); Santa
Cruz: CHOP/GADD153, G-CSFR, Bcl-2 (1: 1000); Imgenex: ATF6 (1:500) [Additional file 1: Table S1]. The
membranes were washed three times with Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and incubated with
secondary antibodies for 1 h at room temperature. Secondary antibodies used were goat IRDye 800-conjugated antirabbit (1:15,000) and IRDye 680 conjugated anti-mouse (1:
15,000) antibodies (LI-COR Biosciences, Lincoln, NE,
USA). Fluorescent signals were detected with a LI-COR
Odyssey Fc system and the images were quantified with the
provided either Image Studio 2.0 software or image J
software [35].

Effect of G-CSF treatment on G-CSFR, G-CSF protein and
phosphorylated Akt (P-Akt) in BCAO mouse stroke model
on day 7

Data and statistical analysis

All data were expressed as the mean ± SEM. A computer
program (SPSS 15.0, Chicago, IL, USA and Prism Graph
Pad 7) was used for statistical analysis. The statistical
significance of the data was determined with t-test or

G-CSF and its receptor are expressed by neurons in the
CNS, and their expression is regulated by ischemia,
which points to an autocrine protective signaling mechanism [24]. G-CSF is reported to improve long-term
behavioral outcomes after cortical ischemia, while also
stimulating a neural progenitor recovery response
in vivo. In carrying out a molecular analysis of the effect
of G-CSF in global cerebral ischemia, we performed
western blot to determine the presence of G-CSFR in
the brain (Fig. 1a). We found the G-CSF treatment can
upregulate level of G-CSFR (Fig. 1a) and G-CSF protein
(Fig. 1b) in the frontal and middle region of stroke
treated group with G-CSF treatment compared to vehicle treated group in BCAO.
Levels of G-CSFR expression were decreased by stroke
to less than 50% relative to untreated Sham animals. GCSF treatment can increase expression of G-CSFR by
greater than 1.9 fold and 2.1 fold in the frontal brain and
middle brain regions respectively relative to vehicle
treated BCAO animals. Similarly, we see the effect of GCSF treatment increases expression of G-CSF protein by
2.4 fold and 1.9 fold in frontal and middle brain regions
respectively compared to vehicle treated BCAO.
Phosphorylated Akt (P-Akt) is a well-established biomarker for cell protection [33], levels of P-Akt is increased as G-CSF binds to G-CSF receptor at cell
membrane [23]. We found that P-Akt, a pro-survival
biomarker, is increased towards normal levels by G-CSF
treatment as shown in Fig. 1c. Our data indicates that
the activated form of Akt (phosphorylated Akt or P-Akt)
showed a dramatic up- regulation in the frontal & middle brain region of the G-CSF-treated groups in comparison to the vehicle-treated BCAO group (Fig. 1c).
Levels of P-Akt expression were decreased to less than
70% of sham and GCSF treatment increased p-Akt expression 2 fold and 1.3 fold in frontal and middle brain
regions respectively relative to vehicle treated BCAO. GCSF treatment increased ratio of P-Akt to Akt up to
200% in frontal brain and 130% in middle brain compared to sham (Fig. 1d). Besides, we wished to assess any
effect the expressed G-CSF protein may have on gross
brain morphology. By performing TTC on the frontal
and middle brain sections, we detected a clear representation of less infarction in the brains of G-CSF mice over
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Fig. 1 Effect of G-CSF on expression of G-CSFR, G-CSF and P-Akt proteins. a G-CSFR proteins levels in the frontal (F (2, 8) = 7.519, p = 0.014) and
middle (F (2, 9) = 26.45, p = 0.0002) region of the brain. b G-CSF proteins levels in the frontal (F (2, 20) = 18.58, p < 0.0001) and middle (F (2, 14) =
6.319, p = 0.0111) region of the brain. c Akt proteins levels in the frontal (F (2, 5) = 12.19, p = 0.0120) and middle (F (2, 11) = 1.460, p = 0.2740) region
of the brain. P-Akt levels in frontal (F (2, 14) = 7.215, p = 0.0070 and middle (F (2, 11) = 9.246, p = 0.0044) region of the brain. d P-Akt/Akt ratio
expression in the frontal (F (2, 7) = 12.5, p = 0.0048) and middle (F (2, 11) = 19.83, p = 0.0002) region of the brain. e TTC representation of infarcted
regions. White areas indicative of . Protein levels were normalized by the corresponding GAPDH and related total protein expressions. The
values are the percentage of the corresponding relative intensity of the control (Sham). Representative western blots are presented with
cropped blot panels showing target protein signals and control (GAPDH) protein signals in separate panels derived from the same gel.
Graphs show mean ± SEM. * and # significant compared to sham & vehicle treated group, respectively by ANOVA and Tukey post hoc
tests (n = 5, p < 0.05)

the BCAO only mice (Fig. 1e). Although we did not
quantify infarct volume in this study, the infarct representation is supported by several evidence that G-CSF
significantly reduces infarct volume in cerebral ischemia
on day 4 [23, 36].
Protective effect of G-CSF against BCAO induced
endoplasmic reticulum (ER) stress

G-CSF can modulate the unfolded protein response and
ER stress-induced apoptosis [22].
In analyzing ER stress pathways, we found that GCSF decreased expression of GRP78 to less than 70%

and less than 60% in frontal and middle regions respectively relative to vehicle treated BCAO. (Fig. 2a and b).
Our data indicated that analysis on Day 4 (Fig. 2a),
showed larger decrease in GRP78 expression compared
to Day 7(Fig. 2b).
We examined all three ER stress signaling pathways
(ATF6, PERK and IRE-1) on Day 7.
Treatment with G-CSF can decrease cleaved ATF6
level by up to 60% in frontal brain and 40% in middle
brain compared to vehicle treated BCAO group (Fig. 2e).
Our data showed that G-CSF treatment decreased ATF4
levels by up to 45% in frontal brain and by up to 60% in
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(See figure on previous page.)
Fig. 2 Effect of G-CSF on expression of GRP78, CHOP and ER stress proteins. a GRP78 levels in the frontal (F (2, 18) = 9.549, p = 0.0015) and middle
F (2, 12) = 283.3, p < 0.0001) region of brain on day 4. b GRP78 levels in the frontal (F (2, 15) = 4.378, p = 0.0318) and middle (F (2, 14) = 4.787, p =
0.0261) region of brain on day 7. c CHOP levels in the ischemic frontal (F (2, 21) = 10.77, p = 0.0006) and middle (F (2, 11) = 74.31, p < 0.0001) region
of brain on day 4. d Levels of CHOP in the ischemic frontal (F (2, 14) = 6.101, p = 0.0473) and middle (F (2, 20) = 26.63, p < 0.0001) region of brain
on day 7. e Cleaved ATF6 levels in the frontal (F (2, 27) = 5.464, p = 0.0102) and middle (F (2, 26) = 6.514, p = 0.0051) region of brain. f ATF4 levels in
the frontal (F (2, 15) = 4.084, p = 0.0384) and middle (F (2, 13) = 3.965, p = 0.0452) region of brain. g eIF2α levels in the ischemic frontal (F (2, 8) =
5.671, p = 0.0293) and middle (F (2, 11) = 21.24, p = 0.0002) regions of brain. h XBP1 levels in the frontal (F (2, 12) = 10.29, p = 0.0025) and middle (F
(2, 7) = 19.53, p = 0.0014) region of brain. i Cleaved caspase-12 levels in the ischemic frontal (F (2, 9) = 8.165, p = 0.0095) and middle (F (2, 11) =
5.357, p = 0.0238) regions of brain. Representative western blots are presented with cropped blot panels showing target protein signals and
control (GAPDH) protein signals in separate panels derived from the same gel. Graphs shows mean ± SEM. * and # significant compared to sham
& vehicle treated groups, respectively by ANOVA and Tukey post hoc tests (n = 5, p < 0.05)

middle brain compared to vehicle treated BCAO group
(Fig. 2f). Upon treatment with G-CSF, levels of eIF2α decrease by up to 25% in frontal brain and 35% in middle
brain compared to vehicle treated BCAO group
(Fig. 2g).
With respect to the IRE1 pathway, the results showed
that XBP1 is highly expressed in the frontal & middle region of the brain in the BCAO mouse in comparison to
the sham-operated group. Our data showed that G-CSF
treatment decreased XBP-1 levels to less than 50 and
40% respectively relative to vehicle treated BCAO.
(Fig. 2h).
Cleaved caspase − 12 protein expression was decreased
in the GCSF treated group to less than 75% relative to
vehicle treated BCAO (Fig. 2i). No significant change
was seen in the level of caspase-12 on Day 7.
PERK, IRE-1 and ATF6 all converge on the promoter
of the gene encoding the protein CHOP, which controls
the BCL-2 family [22, 37]. At day 4 a significant drop
was observed in CHOP to less than 30 and 50% in front
and middle regions respectively relative to vehicle
treated BCAO. Similarly, at day 7 there was a drop in
CHOP to less than 60 and 35% in front and middle regions respectively relative to vehicle treated BCAO
(Fig. 2c and d).
Effect of G-CSF on the expression of mitochondrial stress
biomarkers, OPA1 fusion protein, DRP1 fission protein
and P53 by western blot analysis and
immunohistochemistry

In addition to ER stress, we have also examined the effect of G-CSF on mitochondrial function in BCAO mice
as determined by the level of mitochondrial stress
marker, DRP1 and the level of mitochondrial prosurvival marker, OPA1. Both OPA1 and DRP1 are
markers of mitochondrial dynamics [38, 39]. During
mitochondrial dysfunction, the mitochondria will
undergo fission (fragmentation), resulting in an increase
in DRP1 (Fig. 3g) [40]. We found that BCAO caused a
significant increase of the mitochondrial marker DRP1
at day 4 by greater than 3.1 fold and 3.3 fold respectively
in front and middle regions relative to sham (Fig. 3c). G-

CSF treatment reduced the DRP1 level at Day 4 to less
than 60 and 50% respectively in frontal and middle regions relative to vehicle treated BCAO (Fig. 3c). On day
7, there is no significant change in DRP1 levels. P-DRP1
was increased by greater than 1.6 fold and 1.2 fold in
front and middle regions respectively on day 7 relative
to sham and with BCAO, P-DRP1 was decreased to less
than 45 and 70% by G-CSF treatment relative to vehicle
treated BCAO (Fig. 3d). On the other hand, the marker
of enhanced mitochondrial integrity, OPA1 is strongly
elevated by G-CSF treatment at day 4 by greater than
1.8 fold and 2.2 fold in front and middle regions respectively relative to vehicle treated BCAO (Fig. 3a). At day 7
OPA1 was similarly increased with G-CSF treatment by
greater than 2 fold and 1.9 fold in front and middle regions respectively relative to vehicle treated BCAO
(Fig. 3b). P53 is well known for its role in neuronal cell
death. Multiple studies have been conducted involving
the P53 signaling pathway in apoptosis after cerebral ischemia [41].
Upon mitochondrial stress, P53 translocates from the
cytoplasm to the mitochondria where it acts in conjunction with BH3 only proteins (such as BAX and PUMA)
causing apoptosis [42]. We found that P53 level was significantly reduced to less than 50%, in the frontal brain region of the BCAO group treated with G-CSF compared to
the vehicle treated BCAO group (Fig. 3f). A significant increase of the presence of DRP1 was observed in the middle brain region of the cerebrum of BCAO/Vehicle mice
compared to the midbrain region of the cerebrum of
BCAO/G-CSF mice (Additional file 1: Figure S1a, 1b &
1c). This finding suggests mitochondrial fission is taking
place secondary to the BCAO leading to apoptosis. OPA1
is involved in mitochondrial fusion and aids in neuroprotection. OPA1 signaling was detected at a higher level in
BCAO/G-CSF treated than in the middle brain region of
the cerebrum of BCAO/Vehicle and absent in sham animals (Additional file 1: Figure S1d,1e & 1f).
In this study, pro-apoptotic P53 (Additional file 1: Figure
S1 g, 1 h & 1i) was identified to be present in the middle
brain of the BCAO/Vehicle but absent in the middle brain
of BCAO/G-CSF and Sham mice suggesting G-CSF
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(See figure on previous page.)
Fig. 3 Effect of G-CSF on expression of Mitochondrial stress proteins. a Levels of OPA1 in the ischemic frontal (F (2, 19) = 147.1, p < 0.0001) and
middle (F (2, 19) = 33.75, p < 0.0001) region of mouse’s brain on day 4. b Western blot analyses measuring levels of OPA1 in the ischemic frontal (F
(2, 28) = 5.366, p = 0.0106) and middle (F (2, 27) = 4.747, p = 0.0171) region of mouse’s brain on day 7. c Levels of DRP 1 in the ischemic frontal (F (2,
22) = 37.78, p < 0.0001) and middle (F (2, 18) = 16.49, p < 0.0001) region of mouse’s brain on day 4. d Levels of DRP 1 in the ischemic frontal (F (2,
21) = 0.002564, p = 0.9974) & middle (F (2, 22) = 0.001202, p = 0.9988) and P-DRP1 levels in the ischemic frontal (F (2, 14) = 5.692, p = 0.0155) &
middle (F (2, 11) = 4.043, p = 0.0483) regions of mouse’s brain on day 7. e Western blot analyses indicating ratio of levels of P-DRP1/DRP1 in the
ischemic frontal (F (2, 15) = 16.50, p = 0.0002) and middle (F (2, 12) = 0.4053, p = 0.6755) regions of mouse’s brain on day 7. f P53 expression levels
in the frontal (F (2, 13) = 4.803, p = 0.0274) and middle (F (2, 9) = 6.150, p = 0.0207 Vs Sham); (F (2, 10) = 3.801, p = 0.0592 vs BCAO) region of brain.
Representative western blots are presented with cropped blot panels showing target protein signals and control (GAPDH) protein signals in
separate panels derived from the same gel. Graphs show mean ± SEM. * and # significant compared to sham & vehicle treated groups,
respectively by ANOVA and Tukey post hoc tests (n = 5, p < 0.05)

decreases apoptotic protein signaling (DRP1 and P53) and
increases pro-survival signaling (OPA1).
Effect of G-CSF on the expression Beclin 1, marker of
autophagy

Beclin 1, an autophagy maker [8, 10], shows a reducing trend for the G-CSF treatment in both the

frontal and middle sections of the brain compared to
vehicle treated BCAO group on day 4 as shown in
Fig. 4a. Our data indicates that G-CSF reduces the
need for the cell to digest/destroy itself (cellular selfdigestion occurs when a cell is stressed). Similar results were obtained at 7 days after BCAO as shown in
Fig. 4b. Microtubule-associated proteins (MAP)-light

Fig. 4 Effect of G-CSF therapy on Beclin1, LC3-I & II expression in BCAO mice. a Levels of Beclin1 in the ischemic frontal (F (2, 9) = 20.08, p =
0.0005) and middle (F (2, 12) = 47.52, p < 0.0001) region of mouse’s brain on day 4. b Levels of Beclin1 in the ischemic frontal (F (2, 7) = 7.406, p =
0.0187) and middle (F (2, 12) = 4.020, p = 0.0461) region of mouse’s brain on day 7. c Levels of LC3-I in the ischemic frontal (F (2, 21) = 17.81, p <
0.0001) and middle (F (2, 15) = 35.92, p < 0.0001) and LC3-II levels in ischemic frontal (F (2, 18) = 6.711, p = 0.0066) and middle (F (2, 24) = 26.01, p <
0.0001) region of mouse’s brain on day 7. Representative western blots are presented with cropped blot panels showing target protein signals
and control (GAPDH) protein signals in separate panels derived from the same gel. Graphs show mean ± SEM. * and # significant compared to
sham & vehicle treated groups, respectively by ANOVA and Tukey post hoc tests (n = 5, p < 0.05)
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chain 3 β (LC3-II) is essential for autophagy and is
associated with autophagosome membranes after processing, MAP LC3α (LC3-I) is involved in the formation of autophagosomal vacuoles and is localized to
the intracytoplasmic membrane. Both MAPs are
expressed primarily in heart, testis, brain and skeletal
muscle [11, 43, 44]. G-CSF treatment significantly decreased expression of LC3 lipidation, notably LC3-I,
to less than 20 and 25% in frontal and middle brain
regions respectively relative to vehicle treated BCAO
(Fig. 4c, upper panel). Similarly, G-CSF decreased
levels of LC3-II protein to less than 40 and 20% in
frontal and middle brain regions respectively relative
to vehicle treated BCAO. (Fig. 4c, lower panel).
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Effect of G-CSF on apoptosis by down-regulation of
apoptotic markers

Expression of Bcl-2, an anti-apoptotic regulator, is
induced in the brain by ischemia consistent with the potential role of this protein as part of endogenous neuroprotective mechanism [30, 33].
Our results demonstrate that G-CSF can upregulate
anti apoptotic protein Bcl2 (Fig. 5a and b) and downregulate proapoptotic proteins Bax and Bak in both in
the frontal & middle region of BCAO brain (Fig. 5a
and b & Fig. 6a). On the other hand, measurement of
anti-apoptotic protein BCL-2 showed an increase in
the ratios of BCL-2/Bax (Fig. 5c and d), and Bcl2/Bak
in the frontal and middle region of the G-CSF treated

Fig. 5 Effect of G-CSF therapy on Bcl- 2 and Bax expression in BCAO mice. a Bcl-2 levels in the frontal (F (2, 9) = 17.52, p = 0.0008) and middle (F
(2, 9) = 22.5, p = 0.0003) region of brain on day 4 and, Bax levels in the frontal (F (2, 9) = 19.01, p = 0.0006) and middle (F (2, 9) = 29.96, p = 0.0001)
region of brain on day 4. b Bcl-2 levels in the frontal (F (2, 27) = 4.571, p = 0.0195) and middle (F (2, 28) = 5.352, p = 0.0108) region of brain on day
7. And, Bax levels in the frontal (F (2, 16) = 7.959, p = 0.0040) and middle (F (2, 26) = 5.817, p = 0.0082) region of brain on day 7. c Bcl-2/Bax ratio
expression in the frontal (F (2, 9) = 54.70, p < 0.0001) and middle (F (2, 9) = 42.32, p < 0.0001) region of brain on day 4. d Bcl-2/Bax ratio expression
in the frontal (F (2, 16) = 114.6, p < 0.0001) and middle (F (2, 27) = 43.12, p < 0.0001) region of brain on day 7. Representative western blots are
presented with cropped blot panels showing target protein signals and control (GAPDH) protein signals in separate panels derived from the
same gel. Graphs show mean ± SEM. * and # significant compared to sham & vehicle treated groups, respectively by ANOVA and Tukey post hoc
tests (n = 5, p < 0.05)
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(See figure on previous page.)
Fig. 6 Effect of G-CSF on expression of Bak and PUMA in BCAO stroke model. a Bak expression in the frontal (F (2, 9) = 34.77, p < 0.0001) and
middle (F (2, 12) = 20.85, p = 0.0001) region of BCAO brain were analyzed by Western blot. b Bcl-2/Bak ratio expression in the frontal (F (2, 9) =
67.67, p < 0.0001) and middle (F (2, 12) = 71.9, p < 0.0001) region of BCAO in G-CSF treated group markedly increased versus vehicle treated BCAO
group. Treatment of G-CSF significantly decreased Bak level (a) in comparison to the vehicle treated BCAO group. c Western blot analyses
showed that G-CSF treatment group has no significant effect on PUMA expression in the ischemic frontal (F (2, 11) = 0.6084, p = 0.5616) and
middle (F (2, 10) = 0.04798, p = 0.9534) regions of mouse’s brain on day 7. d Bcl-2/PUMA ratio expression in the frontal (F (2, 11) = 22.07, p = 0.0001)
and middle (F (2, 12) = 12.26, p = 0.0013) region of BCAO in G-CSF treated group markedly increased versus vehicle treated BCAO group.
Representative western blots are presented with cropped blot panels showing target protein signals and control (GAPDH) protein signals in
separate panels derived from the same gel. Values in the graphs represent mean ± SEM. * and # significant compared to sham & vehicle treated
groups, respectively by ANOVA and Tukey post hoc tests (n = 5, p < 0.05)

versus vehicle-treated group of BCAO animals
(Fig. 6b).
Notably in our analysis while PUMA a pro-apoptotic
activator was not differentially regulated between conditions (Fig. 6c), measurement of the ratio of pro-survival
Bcl-2 to pro-death PUMA (Bcl-2/PUMA) on day 7 demonstrated up-regulation of 45 and 35% respectively, following G-CSF treatment in the ischemic frontal &
middle region of BCAO brain (Fig. 6d).
Behavioral tests

Unlike mice with CNS damage, it has been shown that
on encountering a corner normal animals run into a corner and naturally rear forward and upward, then turn
back, in either direction, to face away from the corner
and toward the open end of the setup (the corner test)
[26]. This determines an animal’s asymmetric direction
of turning when encountering a 300 corner which is
used as an indicator of brain injury. We used an experimental corner set up composed of two boards (30 ×
20 × 1 cm3) arranged to form a 300 corner. Normal mice
were found to show a rate of 50 ± 8% (symmetric and
without bias) before BCAO-30 min surgery. At 4 days
after BCAO we observed a significant increase in asymmetric turning (~ 90% to one side) in BCAO mice.
When facing a 30° corner. BCAO mice without treatment showed significant asymmetric turning (~ 90%) beginning one day after the procedure and persisting for at
least four days (Fig. 7a and b). Mice with treatment
(BCAO + G-CSF) exhibited behavior not significant differently from that seen in the sham-operated mice
(Fig. 7c and d).
To test whether motor dysfunction might arise with
BCAO, the locomotor activity of mice was measured on
a force-plate actometer [27, 28, 45]. We observed no significant difference in behavior between sham group and
BCAO with G-CSF treated group (Fig. 7e and f). The
travel distances and the number of Sham group, BCAO
with G-CSF group were statistically significantly different compared to BCAO with vehicle group on day 4
(Fig. 7g distance: Sham: 151 ± 11.75 m; BCAO with vehicle: 100 ± 3.25 m; BCAO with G-CSF: 140 ± 10.05, n =
5, p < 0.05) and day 7 (Fig. 7h distance: Sham: 149 ± 9.35

m; BCAO with vehicle: 97 ± 5.15 m; BCAO with G-CSF:
149 ± 8.45, n = 5, p < 0.05).

Discussion
In recent years, several studies including ours have revealed that G-CSF as an endogenous growth factor and
immune system modulator factor [46] is beneficial in
models of neurological disorders such as stroke and
traumatic brain injury [23, 47] Although the antiapoptotic activity of G-CSF is reported in global cerebral
ischemia, this mechanism is still not fully explored. We
induced transient global ischemia/reperfusion injury in
male Swiss Webster mice by using the carotid artery
clamping method to occlude the CCA for 30 mins. The
ischemia produced provided a suitable reduction in
regional blood flow < 51% drop of baseline and > 93% return to baseline during reperfusion (data not shown).
To investigate the efficacy of G-CSF beyond the usual
4 h (TPA) treatment window for global ischemia, the initial dose of G- CSF was administered 24 h post-BCAO.
This initial dose was then followed by a single application, of the same dose, for another 3 days resulting in a
total of 4 days of G-CSF administration. Our previous
paper reported that the initial administration of G-CSF
(50 μg/kg body weight. s.c.) after 24 h post-MCAO in rat
has beneficial effects on stroke with reduction of infarct
volume [23].
We have demonstrated that G-CSF was protective against
ER stress elicited apoptosis by downregulating ER stressinduced apoptotic CHOP and downregulating the expression levels of ATF4, XBP1, eIF2α and cleaved ATF6, the
down- stream targets in the ER stress sensor pathways:
PERK, IRE1 and ATF6, respectively (Fig. 2j). G-CSF has also
a significant effect on the ER stress associated protein;
cleaved caspase-12. G-CSF also attenuated the GRP78 and
Akt in both the frontal and middle area of the ischemic
brain as well as increasing Bcl-2 expression while reducing
Bax and Bak expression. G-CSF has effect on Autophagy
marker Beclin-1 and mitochondrial stress proteins which is
consistent with a decrease in apoptotic protein signaling
(DRP1 and P53) & and an increase in apoptotic inhibitor
(OPA1). On day 4 and day 7 after occlusion, G-CSGF treatment improves the neurological deficit. To our knowledge
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Fig. 7 Effect of G-CSF protein on Behavioral test demonstrated in the a) Corner Test behavioral assay; b) locomotor activity test. a, b Percentage
asymmetry is observed as a mouse enters a 300 corner and either turns left or right. In the above graph a, b percent asymmetry is compared
before and after BCAO for sham, BCAO/Vehicle, and BCAO/G-CSF (n = 6). It is observed that mice treated with G-CSF after BCAO had a significant
better percent asymmetry than those of BCAO/Vehicle and like the percent asymmetry of Sham mice on day 4 (F (5, 82) = 17.69, p < 0.0001) and
day 7 (F (5, 32) = 5.902, p = 0.0006). c, d Average results (n = 6) of Corner test densitometric scanning are presented. (All data are presented as
mean +/− SEM, #/* p < 0.05. # statistical significance between groups Sham and BCAO + Vehicle; *statistical significance between groups BCAO +
Vehicle and BCAO + G-CSF). e, f Neuroprotection effect of G-CSF protein therapy in BCAO stroke mouse model using locomotor activity test.
Locomotor activity of BCAO mice with and without G-CSF treatment were done after 4 days. Results show increased amount of activity with
administration of G-CSF on day 4 (F (1.179, 12.97) = 26.12, p = 0.0001) and day 7 (F (1.259, 13.85) = 105.1, p < 0.0001). g, h Average results (n = 5) of
locomotor test densitometric scanning are presented. The summary of locomotor data is provided in expressed in mean +/− SEM where n = 5
for Sham, BCAO and BCAO + G-CSF. a, c, e and g represent day 4; b, d, f and h represent day 7. Data shows animals treated with G-CSF have
activity consistent with sham animals

this report on the protective effect of G-CSF against autophagy and mitochondrial stress is a unique and novel finding.
Caspase-12 participates in inflammatory pathways and
is a key molecule related to ER stress-induced apoptosis

signaling pathways in neuronal death following ischemia/reperfusion [48]. Notably, our results reveal that
BCAO can increase the caspase-12 cleavage after 7 days
in the frontal & middle brain. However, we showed that
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G-CSF treatment decreased this cleavage to less than
20% in frontal brain and 25% in middle brain compare
to non-treatment groups. Reorganization of calcium
homeostasis by G-CSF may be one of the reasons for
downregulation of caspase-12 and preventing its
cleavage.
GRP78 in the ER is used as a marker for the unfolding
protein response (UPR). GRP78 has several functions in
the cell including protein folding in the ER, the UPR and
inhibition of apoptosis [22, 37]. GRP78 displayed a significant increase in MCAO 4 days after reperfusion [23, 30].
However, in these current experiments on BCAO, G-CSF
decreased the expression of GRP78 in comparison to the
vehicle-treated group.
The UPR disconnects GRP78 from its sensors (ATF6,
PERK and IRE-1) inside the ER lumen in response to
buildup of unfolded proteins. Our previous study confirmed that G-CSF has beneficial effects on the protection against ER stress in the penumbra and core of the
MCAO infarct [23]. Following detachment of GRP78,
PERK is turned on and then phosphorylates a subunit of
eIF2a [37] which in turn inhibits general cap-dependent
translation thus decreasing further the buildup of proteins within the ER lumen [22, 37]. However, PERK activates two down-stream proteins in the PERK pathway of
ER stress (namely eIF2-alpha and ATF4). We found that
in the BCAO model of stroke, there was a clear increase
in eIF2α, and ATF4 expression, indicating that the PERK
pathway is activated in BCAO models. Our data showed
that the PERK pathway is strongly inhibited in the
Frontal and Middle brain samples following use of GCSF in BCAO.
ATF6 signaling is mostly pro-survival with little evidence linking it to cell death [37, 49]. We showed in our
experiment that the ratio of cleaved ATF6 to full-length
ATF6 indicates that G-CSF decreased ATF6 cleavage in
the Frontal and Middle brain samples using the BCAO
stroke model.
In ER stress IRE1a signals to synthesize the mRNA for
the transcription factor X box binding protein (XBP1).
XBP1 is responsible for regulating a specific subset of
UPR target genes, involved in folding and ER-associated
degradation (ERAD) [30]. IRE1a also interacts with
adaptor proteins in the cytosol and initiates signaling
pathways known as alarm pathways (including JNK,
Ask1, and NF-kappaB) resulting in triggering of autophagy and apoptosis [23, 37].
Under severe stress, the UPR pathways signal for
apoptosis via the key transcription factor C/EBP homologous protein (CHOP), which differentially regulates
transcription of genes encoding both pro- and antiapoptotic Bcl-2 family members respectively (Fig. 2j).
Our data showed that CHOP that was upregulated in
the frontal and middle brain samples of the BCAO
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model and demonstrated a significant decrease in levels
in the frontal and middle brain samples of G-CSF
treated groups.
Several findings have indicated that activated Akt (PAkt) promotes neuroprotection during cerebral ischemia
[30]. We demonstrated that G-CSF activates Akt
(Fig. 1e), thereby eliciting neuroprotection in BCAO
after 4 days of treatment. Use of G-CSF caused a markedly increased level of P-Akt expression in the frontal
and middle brain samples of the G-CSF-treated group.
The phosphorylation of Akt (P-Akt) was increased in
neuronal cells, and phospho-Akt colocalized with
Beclin-1 in the neonatal ischemic model [2, 50] Knock
down of Beclin-1 with small interfering RNA (siRNA)
was shown to inhibit neuronal autophagy and protect
against hypoxia induced excitotoxicity in rat [50]. We
found that BCAO activates Beclin 1, an autophagy
marker on day 4 and day 7 and LC3 lipidation on day 7
in the vehicle treated group of BCAO. G-CSF treatment
markedly decreased Beclin 1 and LC3 lipidation (LC3-I
and LC3-II) in frontal and middle brain treated with GCSF. An Akt inhibitor significantly inhibited the autophagy process by reducing Beclin-1, LC3-I and LC3-II
expression and resulted in switching the mechanism of
cell death from apoptosis to necrosis [11, 50–52]. Activation of the Akt pathway, as well as Akt-mediated Bcl-2
phosphorylation and Bcl-2/Beclin-1 complex disruption,
has been shown to occur [53]. The Akt serine/threonine
kinases are crucial moderators of cell survival in response to hypoxic injury [37]. A number of proapoptotic proteins have been characterized as direct Akt
substrates, and those include p53, Bax and Bak which
are suppressed upon phosphorylation by Akt [42, 54]. PAkt also has been shown to induce some anti-apoptotic
markers, such as BCL-2 and mTOR [37]. Our data on
the proapoptotic markers Bax and Bak and the antiapoptotic marker BCL-2 support the role of P-Akt upregulation in protecting cells in the G-CSF treated
group.
The mitochondrion appears to be condensed at the
point of contact with the ER, pointing to an essential
role for the ER–mitochondria association in the initiation of mitochondrial fission [55]. Mitochondrial
fission and fusion are integrally involved in cell division and differentiation [56, 57]. More recently,
mitochondrial fission has been shown to be involved
in synaptic and spine plasticity in neurons [7].
Dynamin-related protein (DRP1) localizes mostly to
the cytoplasm and is employed in mitochondrial
function to control mitochondrial fission [2]. Mitochondrial fission is boosted by elevated DRP1 and
Fis1, and by decreased OPA1 and Mfn2 expression
[5]. Two important markers of mitochondrial dynamics are OPA1 and DRP1 [10]. OPA1 is a
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mitochondrial fusion protein while DRP1 is a mitochondrial fission protein. During mitochondrial dysfunction, the mitochondria will undergo fission
(fragmentation), resulting in an increase in
DRP1(Fig. 3g) [6, 39]. We have demonstrated neuroprotection of G-CSF gene therapy in the BCAO
mouse stroke model as shown by a decrease of
DRP1, a marker of mitochondrial stress in frontal
and middle brain in the G-CSF treated group. It was
reported that an increase in the expression of OPA1
acts to alleviate brain edema in cerebral ischemic injury [50]. Our data showed that the OPA1 is clearly
increased in the Frontal and Middle part of brain
following use of G-CSF in BCAO. This increase in
the expression of the mitochondrial fusion protein
(Fig. 3g); OPA1 using G-CSF treatment in BCAO,
indicates reduced mitochondrial fission, thus facilitating conservation of mitochondria.
Mitochondrial p53 is known to form inhibitory
complexes with pro-survival Bcl-XL and Bcl-2
proteins, resulting in cytochrome c release from
mitochondria (Fig. 3g) [2, 41]. In addition, certain
p53-regulated Bcl-2 homology 3 (BH-3) only proteins, such as PUMA, Noxa, and Bid (BH-3 interacting domain death agonist), might also play vital roles
in neuronal apoptosis [2, 41]. We found that levels
of P53 are decreased with treatment of G-CSF compared to the vehicle treated group in BCAO. This
evidence suggests that p53 can promote to apoptosis
by direct signaling at the level of the mitochondria.
We showed in our experiment that the ratio of Bcl2
to PUMA increased in response to G-CSF in the
Frontal and Middle brain regions in the BCAO
stroke model.
With G-CSF treatment, frontal and middle brain
showed greater Bcl-2 expression and lower Bax/Bak
expression compared to the vehicle treated BCAO
group. Bcl-2 is known to play a key role in regulating
neuronal survival [2]. Bcl-2-associated X protein (Bax)
is also required for oxidative stress induced cell death
and PUMA plays a major role in regulating Bax/Bak
activation and neuronal apoptosis [33, 58]. Hence GCSF exerts its neuroprotective role by inhibiting
apoptosis via increased Bcl-2 expression and decreased Bax/Bak/PUMA expression in the frontal and
middle brain.
Our results support the theory that G-CSF reduces
neurological deficits that occur in the first few days
after cerebral ischemia. In our previous investigation,
we demonstrated that G-CSF could markedly reduce
the neuro-score and volume of the lesion in MCAO
after 4 days [23]. We found here that BCAO mice
subjected to BCAO and receiving G-CSF protein
showed significantly less asymmetric turning than
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BCAO mice with no G-CSF. In our behavioral assays,
G-CSF elicits increased locomotor sensitization and
this finding was reflected in a greater activity in the
locomotor activity test, demonstrating neuroprotection
of G-CSF.

Conclusion
In conclusion, the physiological events leading from
activation of G-CSF receptors to neuronal protection
against ischemia-induced brain injury can be described as follows (Fig. 8): Step 1 – G-CSF binds to
G-CSF receptors resulting in phosphorylation and
activation of JAK2; Step 2 – Activated JAK2 then activates four transduction pathways including STAT3,
PI3K, ERK1/2 and ERK5; Step 3 – Activated STAT3
is then translocated into the nucleus and turns on
the transcription of anti-apoptotic proteins, Bcl-2
and Bcl-XL whereas activated PI3K and ERK1/2 inhibit the pro-apoptotic protein, BAD, resulting in
the protection of mitochondria; Step 4 – Increase
level of Bcl2 which combines with Beclin 1 and
forms complex that inhibits autophagy activation;
Step 5 – Activated PI3K further activate Akt/p-Akt
which in turn inhibits Ask-1, one of the proteins involved in ER stress pathways resulting in decreased
level of CHOP and inactivation of the downstream
signaling molecules involved in apoptosis including
BAD and Bim. This proposed mode of action of GCSF against ischemia-induced brain injury in the
BCAO model through activation of G-CSF receptor
leading to suppression of ER stress, mitochondrial
stress, and autophagy resulting in reduced apoptosis
and cell death as depicted in Fig. 8. Is supported
from the following observations: Firstly, G-CSF treatment showed significant inhibition of apoptosis by
activation of the PERK, ATF6 and IRE-1 pathways.
We showed upregulation of Akt phosphorylation
which can inhibit ischemia- induced apoptosis [59],
attenuate ER stress [60] and lessen mitochondrial
stress [61]. Secondly, administration of G-CSF
showed that an increase in Beclin 1, LC3 I & II,
CHOP and Bax was prevented in the frontal and
middle brain of BCAO stroke model indicating that
G-CSF can decrease autophagy (down regulation of
Beclin 1) and apoptosis both in mitochondrial Ca2 +
−induced apoptosis (up-regulation of BCL-2/Bax and
down-regulation of Bak) and ER- induced apoptosis
(down-regulation of CHOP). These data support the
hypothesis that G-CSF is one of the few growth factors that can decrease infarction by decreasing ER
stress and mitochondrial stress in the mouse BCAO
stroke model while improving behavioral performance as reflected in the locomotor test. In this study
we have provided new insights into G-CSF induced
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Fig. 8 Schematic representation of G-CSF mechanism of action in BCAO mouse model. 1 – G-CSF binds to G-CSF receptors resulting in
phosphorylation and activation of JAK2; 2 – Activated JAK2 then activates four transduction pathways including STAT3, PI3K, ERK1/2 and ERK5; 3 –
Activated STAT3 is then translocated into the nucleus and turns on the transcription of anti-apoptotic proteins, Bcl-2 and Bcl-XL whereas
activated PI3K and ERK1/2 inhibit the pro-apoptotic protein, BAD, resulting in the protection of mitochondria; 4 – Increase level of Bcl2 which
combines with Beclin 1 and forms complex that inhibits autophagy activation; 5 – Activated PI3K further activate Akt/p-Akt which in turn inhibits
Ask-1, one of the proteins involved in ER stress pathways resulting in decreased level of CHOP and inactivation of the downstream signaling
molecules involved in apoptosis including BAD and Bim

protection as it relates to ER stress and mitochondrial stress activated apoptosis in experimental global
stoke. Still more experiments are needed to reveal
the complete mechanisms by which G-CSF retains
the ER and mitochondrial homeostasis during experimental global stroke.
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Additional file 1 Table S1. List of antibodies used for western blotting
and immunohistochemistry. Fig. S1. Neuroprotective effect of G-CSF Protein as determined in immunohistochemistry protein signal (a) DRP1 (b)
OPA1 (c) P53. Analysis was conducted comparing of the protein signals
seen within the middle region of the cerebrum in mice brain using the
Immunohistochemistry technique. a, b, c The signal of DRP1 protein was
detected to be more frequent/stronger in the vehicle animals and least
in the animal treated with G-CSF after 30-min BCAO. Sham animal is observed to be in-between. d, e, f The signal of OPA1 proteins are detected
more frequent in animals treated with G-CSF in comparison to vehicle
animals after 30-min BCAO. Sham animals are seen to have no OPA1 protein signal. g, h, i P53 protein signaling is detected more frequent in vehicle animals in comparison to animals treated with G-CSF after 30-min
BCAO. Sham animals are seen to have no P53 protein signal. For all images, nuclei were counterstained with DAPI. DRP1, OPA 1 and Neu-N protein are labeled in red, P53 is labeled in green. a, d, g represents Sham;
b, e, h represents BCAO and c, f, i represent BCAO + G-CSF. Scale bar =
20 μm (microns). (n = 3).

Abbreviations
AKT/PKB: Protein kinase B; ANOVA: Analysis of variance; Ask1: Apoptosis
signal-regulating kinase 1; ATF4: Activating transcription factor 4;
ATF6: Activating transcription factor 6; BAK: Bcl-2 antagonist/killer; BAX: Bcl-2
associated protein X; BCAO: Bilateral common Carotid Artery Occlusion;
BCL2: B cell lymphoma 2; BCL2-xL: B cell lymphoma 2 extra long; BH: Bcl-2
homology; BH3: Bcl-2 homology domain 3; Bid: BH-3 interacting domain
death agonist; Caspase: Cysteine aspartic acid protease; CCA: Common
Carotid Artery; CHOP: C/EBP homologous protein; DRP1: Dynamin-related
protein 1; eIF2α: Eukaryotic translation initiation factor 2 alpha;
ER: Endoplasmic reticulum; ERAD: ER-associated protein degradation;
GADD153: Growth arrest and DNA damage-inducible 153;
GAPDH: Glyceraldehayde-3-phosphade dehydrogenase; G-CSF: Granulocytecolony stimulating factor; G-CSFR: G-CSF receptor; GRP 78: Glucose-regulated
protein 78; IRE1α: Inositol-requiring protein-1alpha; JAK: The Janus kinase/
Kainic acid; LC3: Light chain 3; LDF: Laser Doppler Flowmeter;
MAP: Microtubule associate protein; OPA1: Optic atrophy protein 1; PAkt: phosphorylated Akt; PERK: Protein kinase RNA (PKR)-like ER kinase;
PI3K: Phosphatidylinositol-3-kinase; PUMA: p53-upregulated modulator of
apoptosis; RCBF: Regional cerebral blood flow; STAT3: Signal transducer and
activator of transcription; TRAF2: Tumor necrosis factor-α receptor-associated
factor 2; TTC: 2, 3, 5- Triphenyl tetrazolium chloride; UPR: Unfolded protein
response; XBP-1: X-Box-binding protein
Acknowledgments
This research was supported by grant 09KW-11 and 6JK08 from the Department of Health, James and Esther King Biomedical Research Program, State
of Florida and by a grant from the AEURA Trust.
Authors’ contributions
JM: Designed the project, conducted experiments, analyzed the data,
performed statistical analyses and wrote the manuscript. JM-S: Designed the
project, conducted experiments, analyzed the data, performed statistical analyses. HX: conducted experiments. PK: Conducted experiments. KM:

Modi et al. Journal of Biomedical Science

(2020) 27:19

conducted experiments. MM: provide support for experiments and discussion. RT: Critically reviewed the experimental design. HP: Provided scientific
support, critically reviewed the manuscript and experimental design and approved the manuscript version to be published. J-YW: Provided scientific support critically reviewed experimental design and approved the manuscript
version to be published.
Funding
This research was funded by Florida Department of Health, James and Esther
King Biomedical Research Program of Florida and by a grant from the
AEURA Trust.

Page 17 of 19

10.

11.

12.

13.
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
Ethics approval and consent to participate
Not applicable.

14.

Consent for publication
Not applicable.
15.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Biomedical Sciences, Charles E. Schmidt College of Medicine,
Florida Atlantic University, Boca Raton, FL 33431, USA. 2Center of Complex
Systems and Brain Sciences, Florida Atlantic University, Boca Raton, FL, USA.
3
Program in Integrative Biology, Florida Atlantic University, Boca Raton, FL
33431, USA. 4AEURA Trust, 2525 Arapahoe Ave E4-138, Boulder, CO 80302,
USA.

16.

17.

Received: 3 August 2019 Accepted: 27 November 2019
18.
References
1. Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N, et al. Heart
disease and stroke statistics—2008 update. Circulation [Internet]. 2008 Jan
29 [cited 2019 May 17];117(4). Available from https://www.ahajournals.org/
doi/10.1161/CIRCULATIONAHA.107.187998.
2. Yang J-L, Mukda S, Chen S-D. Diverse roles of mitochondria in ischemic
stroke. Redox Biol [Internet]. 2018 [cited 2019 Mar 19];16:263–75. Available
from http://www.ncbi.nlm.nih.gov/pubmed/29549824.
3. Durukan A, Tatlisumak T. Acute ischemic stroke: overview of major
experimental rodent models, pathophysiology, and therapy of focal cerebral
ischemia. Pharmacol Biochem Behav [Internet]. 2007 May 1 [cited 2019 May
17];87(1):179–197. Available from https://www.sciencedirect.com/science/
article/pii/S0091305707001372.
4. Chan DC. Mitochondrial fusion and fission in mammals. Annu Rev Cell
Dev Biol [Internet]. 2006 Nov 9 [cited 2019 May 17];22(1):79–99.
Available from http://www.annualreviews.org/doi/10.1146/annurev.
cellbio.22.010305.104638.
5. Huang P, Galloway CA, Yoon Y. Control of mitochondrial morphology
through differential interactions of mitochondrial fusion and fission proteins.
Jackson CL, editor. PLoS One [Internet]. 2011 May 27 [cited 2019 May 17];
6(5):e20655. Available from https://dx.plos.org/10.1371/journal.pone.0020655.
6. Grohm J, Kim S-W, Mamrak U, Tobaben S, Cassidy-Stone A, Nunnari J, et al.
Inhibition of Drp1 provides neuroprotection in vitro and in vivo. Cell Death
Differ [Internet]. 2012 Sep 2 [cited 2019 May 17];19(9):1446–58. Available
from http://www.nature.com/articles/cdd201218.
7. Santel A, Fuller MT. Control of mitochondrial morphology by a human
mitofusin. J Cell Sci [Internet]. 2001 Mar [cited 2019 May 17];114(Pt 5):867–
74. Available from http://www.ncbi.nlm.nih.gov/pubmed/11181170.
8. Klionsky DJ. Autophagy revisited: a conversation with Christian de Duve.
Autophagy [Internet]. 2008 Aug 16 [cited 2019 May 17];4(6):740–3. Available
from http://www.tandfonline.com/doi/abs/10.4161/auto.6398.
9. Zhang X, Yan H, Yuan Y, Gao J, Shen Z, Cheng Y, et al. Cerebral ischemiareperfusion-induced autophagy protects against neuronal injury by
mitochondrial clearance. Autophagy [Internet]. 2013 Sep 29 [cited 2019 May

19.

20.

21.

22.

23.

24.

25.

17];9(9):1321–33. Available from http://www.tandfonline.com/doi/abs/1
0.4161/auto.25132.
Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell
[Internet]. 2011 Nov 11 [cited 2019 May 17];147(4):728–41. Available from
https://www.sciencedirect.com/science/article/pii/S0092867411012761.
Adhami F, Schloemer A, Kuan C-Y. The roles of autophagy in cerebral ischemia.
Autophagy [Internet]. 2007 [cited 2019 Oct 26];3(1):42–4. Available from
https://www.tandfonline.com/action/journalInformation?journalCode=kaup20.
Green DR, Kroemer G. The pathophysiology of mitochondrial cell death.
Science [Internet]. 2004 Jul 30 [cited 2019 May 17];305(5684):626–9.
Available from http://www.ncbi.nlm.nih.gov/pubmed/15286356.
Liu D, Lu C, Wan R, Auyeung WW, Mattson MP. Activation of mitochondrial
ATP-dependent potassium channels protects neurons against Ischemiainduced death by a mechanism involving suppression of Bax translocation
and cytochrome c release. J Cereb Blood Flow Metab [Internet]. 2002 Apr
[cited 2019 May 17];22(4):431–43. Available from http://journals.sagepub.
com/doi/10.1097/00004647-200204000-00007.
Zhao H, Yenari MA, Cheng D, Sapolsky RM, Steinberg GK. Bcl-2 overexpression
protects against neuron loss within the ischemic margin following
experimental stroke and inhibits cytochrome c translocation and caspase-3
activity. J Neurochem [Internet]. 2003 Apr 23 [cited 2019 May 17];85(4):1026–
36. Available from http://doi.wiley.com/10.1046/j.1471-4159.2003.01756.x.
Kitayama T, Ogita K, Yoneda Y. Sustained potentiation of AP1 DNA binding
is not always associated with neuronal death following systemic
administration of kainic acid in murine hippocampus. Neurochem Int
[Internet]. 1999 Dec 1 [cited 2019 May 17];35(6):453–62. Available from
https://www.sciencedirect.com/science/article/pii/S0197018699000881.
Chao DT, Korsmeyer SJ. BCL-2 FAMILY: regulators of cell death. Annu Rev
Immunol [Internet]. 1998 Apr 28 [cited 2019 May 17];16(1):395–419.
Available from http://www.annualreviews.org/doi/10.1146/annurev.
immunol.16.1.395.
Niizuma K, Yoshioka H, Chen H, Kim GS, Jung JE, Katsu M, et al.
Mitochondrial and apoptotic neuronal death signaling pathways in cerebral
ischemia. Biochim Biophys Acta – Mol Basis Dis [Internet]. 2010 Jan 1 [cited
2019 May 17];1802(1):92–9. Available from https://www.sciencedirect.com/
science/article/pii/S0925443909002129.
Niizuma K, Endo H, Nito C, Myer DJ, Chan PH. Potential role of PUMA in delayed
death of hippocampal CA1 neurons after transient global cerebral ischemia.
Stroke [Internet]. 2009 Feb 1 [cited 2019 May 17];40(2):618–25. Available from
https://www.ahajournals.org/doi/10.1161/STROKEAHA.108.524447.
Inta I, Paxian S, Maegele I, Zhang W, Pizzi M, Spano P, et al. Bim and Noxa
are candidates to mediate the deleterious effect of the NF-kappa B subunit
RelA in cerebral ischemia. J Neurosci [Internet]. 2006 Dec 13 [cited 2019
May 17];26(50):12896–903. Available from http://www.ncbi.nlm.nih.gov/
pubmed/17167080.
Engel T, Plesnila N, Prehn JH, Henshall DC. In vivo contributions of BH3-only
proteins to neuronal death following seizures, ischemia, and traumatic brain
injury. J Cereb Blood Flow Metab [Internet]. 2011 May 2 [cited 2019 May
17];31(5):1196–210. Available from http://journals.sagepub.com/doi/10.1038/
jcbfm.2011.26.
Prentice H, Modi JP, Wu J-Y. Mechanisms of neuronal protection against
excitotoxicity, endoplasmic reticulum stress, and mitochondrial dysfunction
in stroke and neurodegenerative diseases. Oxidative Med Cell Longev. 2015;
2015:964518.
Pan C, Prentice H, Price AL, Wu J-Y. Beneficial effect of taurine on hypoxia- and
glutamate-induced endoplasmic reticulum stress pathways in primary
neuronal culture. Amino Acids [Internet]. 2012 Aug [cited 2014 Dec 15];43(2):
845–55. Available from http://www.ncbi.nlm.nih.gov/pubmed/22080215.
Menzie-Suderam JM, Mohammad-Gharibani P, Modi J, Ma Z, Tao R, Prentice
H, et al. Granulocyte-colony stimulating factor protects against endoplasmic
reticulum stress in an experimental model of stroke. Brain Res [Internet].
2018 Mar 1 [cited 2018 Jan 30];1682:1–13. Available from https://www.
sciencedirect.com/science/article/pii/S0006899317305565?via%3Dihub.
Christopher MJ, Rao M, Liu F, Woloszynek JR, Link DC. Expression of the GCSF receptor in monocytic cells is sufficient to mediate hematopoietic
progenitor mobilization by G-CSF in mice. J Exp Med [Internet]. 2011 Feb 14
[cited 2019 May 17];208(2):251–60. Available from http://www.ncbi.nlm.nih.
gov/pubmed/21282380.
Frampton JE, Lee CR, Faulds D. Filgrastim. Drugs [Internet]. 1994 Nov [cited
2019 May 17];48(5):731–60. Available from http://link.springer.com/10.2165/
00003495-199448050-00007.

Modi et al. Journal of Biomedical Science

(2020) 27:19

26. Ren J, Chen YI, Liu CH, Chen P-C, Prentice H, Wu J-Y, et al. Noninvasive
tracking of gene transcript and neuroprotection after gene therapy. Gene
Ther [Internet]. 2016 Jan [cited 2018 Jan 30];23(1):1–9. Available from http://
www.ncbi.nlm.nih.gov/pubmed/26207935.
27. Tao R, Shokry IM, Callanan JJ, Adams HD, Ma Z. Mechanisms and
environmental factors that underlying the intensification of 3,4methylenedioxymethamphetamine (MDMA, Ecstasy)-induced serotonin
syndrome in rats. Psychopharmacology (Berl) [Internet]. 2015 Apr 11 [cited
2017 Aug 7];232(7):1245–60. Available from http://link.springer.com/10.1007/
s00213-014-3759-z.
28. Fowler SC, Birkestrand BR, Chen R, Moss SJ, Vorontsova E, Wang G, et al. A
force-plate actometer for quantitating rodent behaviors: illustrative data on
locomotion, rotation, spatial patterning, stereotypies, and tremor. J Neurosci
Methods [Internet]. 2001 [cited 2017 Aug 7];107:107–24. Available from
www.elsevier.com/locate/jneumeth.
29. Li F, Omae T, Fisher M. Spontaneous hyperthermia and its mechanism in
the intraluminal suture middle cerebral artery occlusion model of rats.
Stroke [Internet]. 1999 Nov [cited 2017 Sep 18];30(11):2464–70; discussion
2470–1. Available from http://www.ncbi.nlm.nih.gov/pubmed/10548685.
30. Mohammad-Gharibani P, Modi J, Menzie J, Genova R, Ma Z, Tao R, et al.
Mode of action of S-methyl-N, N-diethylthiocarbamate sulfoxide (DETCMeSO) as a novel therapy for stroke in a rat model. Mol Neurobiol. 2014;
50(2):655–72.
31. Modi J, Altamimi A, Morrell A, Chou H, Menzie J, Weiss A, et al. Protective
functions of aeura in cell based model of stroke and Alzheimer disease. J
Neurosci Neurol Disord [Internet]. 2017 [cited 2017 Jul 24]; Available from
https://www.heighpubs.org/jnnd/pdf/jnnd-aid1003.pdf.
32. Gharibani PM, Modi J, Pan C, Menzie J, Ma Z, Chen P-C, et al. The
mechanism of taurine protection against endoplasmic reticulum stress in an
animal stroke model of cerebral artery occlusion and stroke-related
conditions in primary neuronal cell culture. Adv Exp Med Biol. 2013;776:
241–58.
33. Modi JP, Gharibani PM, Ma Z, Tao R, Menzie J, Prentice H, et al. Protective
mechanism of sulindac in an animal model of ischemic stroke. Brain Res
[Internet]. 2014 Jun 23 [cited 2014 Jul 12];1576:91–9. Available from http://
www.sciencedirect.com/science/article/pii/S000689931400835X.
34. Buddhala C, Suarez M, Modi J, Prentice H, Ma Z, Tao R, et al. Calpain
cleavage of brain glutamic acid decarboxylase 65 is pathological and
impairs GABA neurotransmission. Smalheiser NR, editor. PLoS One [Internet].
2012 Jan [cited 2014 Jan 22];7(3):e33002. Available from http://dx.plos.org/1
0.1371/journal.pone.0033002.
35. Erie C, Sacino M, Houle L, Lu ML, Wei J. Altered lysosomal positioning
affects lysosomal functions in a cellular model of Huntington’s disease. Eur J
Neurosci [Internet]. 2015 Aug [cited 2017 Sep 18];42(3):1941–51. Available
from http://www.ncbi.nlm.nih.gov/pubmed/25997742.
36. Meuer K, Pitzer C, Teismann P, Krüger C, Göricke B, Laage R, et al.
Granulocyte-colony stimulating factor is neuroprotective in a model of
Parkinson’s disease. J Neurochem. 2006 May;97(3):675–86.
37. Gharibani P, Modi J, Menzie J, Alexandrescu A, Ma Z, Tao R, et al.
Comparison between single and combined post-treatment with S-MethylN,N-diethylthiolcarbamate sulfoxide and taurine following transient focal
cerebral ischemia in rat brain. Neuroscience [Internet]. 2015 Aug 6 [cited
2019 Apr 10];300:460–73. Available from https://www.sciencedirect.com/
science/article/pii/S0306452215004844?via%3Dihub.
38. Chang C-R, Blackstone C. Dynamic regulation of mitochondrial fission
through modification of the dynamin-related protein Drp1. [cited 2019 Apr
10]; Available from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5585781/
pdf/nihms896720.pdf.
39. Korwitz A, Merkwirth C, Richter-Dennerlein R, Tröder SE, Sprenger H-G,
Quirós PM, et al. Loss of OMA1 delays neurodegeneration by preventing
stress-induced OPA1 processing in mitochondria. J Cell Biol [Internet]. 2016
Jan 18 [cited 2019 Apr 10];212(2):157–66. Available from http://www.ncbi.
nlm.nih.gov/pubmed/26783299.
40. Chang C-R, Blackstone C. Dynamic regulation of mitochondrial fission
through modification of the dynamin-related protein Drp1. Ann N Y Acad
Sci [Internet]. 2010 Jul [cited 2019 Apr 10];1201:34–9. Available from http://
www.ncbi.nlm.nih.gov/pubmed/20649536.
41. Xiang H, Kinoshita Y, Knudson CM, Korsmeyer SJ, Schwartzkroin PA,
Morrison RS. Bax involvement in p53-mediated neuronal cell death. J
Neurosci [Internet]. 1998 Feb 15 [cited 2019 May 7];18(4):1363–73. Available
from http://www.ncbi.nlm.nih.gov/pubmed/9454845.

Page 18 of 19

42. Wang DB, Kinoshita C, Kinoshita Y, Morrison RS. p53 and mitochondrial
function in neurons. Biochim Biophys Acta [Internet]. 2014 Aug [cited 2019
May 17];1842(8):1186–97. Available from http://www.ncbi.nlm.nih.gov/
pubmed/24412988.
43. Rubinsztein DC, DiFiglia M, Heintz N, Nixon RA, Qin ZH, Ravikumar B, et al.
Autophagy and its possible roles in nervous system diseases, damage and
repair, Autophagy, vol. 1: Taylor and Francis Inc.; 2005. p. 11–22.
44. Tanida I, Ueno T, Kominami E. LC3 and autophagy. Methods Mol Biol. 2008;
445:77–88.
45. Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and
Bcl-X(L) during apoptosis. Proc Natl Acad Sci U S A [Internet]. 1997 Apr 15
[cited 2017 Sep 18];94(8):3668–72. Available from http://www.ncbi.nlm.nih.
gov/pubmed/9108035.
46. Franzke A, Piao W, Lauber J, Gatzlaff P, Könecke C, Hansen W, et al. G-CSF as
immune regulator in T cells expressing the G-CSF receptor: implications for
transplantation and autoimmune diseases. Blood [Internet]. 2003 Jul 15
[cited 2019 May 16];102(2):734–9. Available from http://www.ncbi.nlm.nih.
gov/pubmed/10753825.
47. Dela Peña I, Sanberg PR, Acosta S, Tajiri N, Lin SZ, Borlongan CV. Stem cells
and G-CSF for treating neuroinflammation in traumatic brain injury: aging
as a comorbidity factor. J Neurosurg Sci [Internet]. 2014 Sep [cited 2019
May 1];58(3):145–9. Available from http://www.ncbi.nlm.nih.gov/pubmed/24
844175.
48. Shibata M, Hattori H, Sasaki T, Gotoh J, Hamada J, Fukuuchi Y. Activation of
caspase-12 by endoplasmic reticulum stress induced by transient middle
cerebral artery occlusion in mice. Neuroscience [Internet]. 2003 Jan [cited
2012 Jul 13];118(2):491–9. Available from http://www.ncbi.nlm.nih.gov/
pubmed/12699784.
49. Chen X, Shen J, Prywes R. The luminal domain of ATF6 senses endoplasmic
reticulum (ER) stress and causes translocation of ATF6 from the ER to the
Golgi. J Biol Chem [Internet]. 2002 Apr 12 [cited 2019 May 17];277(15):
13045–52. Available from http://www.ncbi.nlm.nih.gov/pubmed/11821395.
50. Wang P, Shao B-Z, Deng Z, Chen S, Yue Z, Miao C-Y. Autophagy in ischemic
stroke. Prog Neurobiol [Internet]. 2018 Apr 1 [cited 2019 May 7];163–164:98–
117. Available from https://www.sciencedirect.com/science/article/pii/S0301
008217301442?via%3Dihub.
51. Wang J, Pan XL, Ding LJ, Liu DY, Lei D-P, Jin T. aberrant expression of
Beclin-1 and LC3 correlates with poor prognosis of human hypopharyngeal
squamous cell carcinoma. PLoS One. 2013;8(7):1–9.
52. He R, Peng J, Yuan P, Xu F, Wei W. Divergent roles of BECN1 in LC3
lipidation and autophagosomal function. Autophagy. 2015;11(5):740–7.
53. Qi Z-F, Luo Y-M, Liu X-R, Wang R-L, Zhao H-P, Yan F, et al. AKT/GSK3βdependent autophagy contributes to the neuroprotection of limb remote
ischemic postconditioning in the transient cerebral ischemic rat model. CNS
Neurosci Ther [Internet]. 2012 Dec 1 [cited 2019 May 17];18(12):965–73.
Available from http://doi.wiley.com/10.1111/cns.12016.
54. Liew H-K, Kuo J-S, Wang J-Y, Pang C-Y. Granulocyte-colony stimulating factor
increases cerebral blood flow via a NO surge mediated by Akt/eNOS pathway
to reduce ischemic injury. Sci World J [Internet]. 2015 [cited 2019 May 17];2015:
657932. Available from http://www.ncbi.nlm.nih.gov/pubmed/26146654.
55. Marchi S, Patergnani S, Pinton P. The endoplasmic reticulum–mitochondria
connection: one touch, multiple functions. Biochim Biophys Acta –
Bioenerg [Internet]. 2014 Apr 1 [cited 2019 May 7];1837(4):461–9. Available
from https://www.sciencedirect.com/science/article/pii/S0005272813001850.
56. Frank S, Gaume B, Bergmann-Leitner ES, Leitner WW, Robert EG, Catez F,
et al. The role of dynamin-related protein 1, a mediator of mitochondrial
fission, in apoptosis. Dev Cell [Internet]. 2001 Oct 1 [cited 2019 May 7];1(4):
515–25. Available from https://www.sciencedirect.com/science/article/pii/
S1534580701000557?via%3Dihub.
57. Westermann B. Molecular machinery of mitochondrial fusion and fission. J
Biol Chem [Internet]. 2008 May 16 [cited 2019 May 17];283(20):13501–5.
Available from http://www.ncbi.nlm.nih.gov/pubmed/18372247.
58. Niizuma K, Endo H, Nito C, Myer DJ, Chan PH. Potential role of PUMA in
delayed death of hippocampal CA1 neurons after transient global cerebral
ischemia. Stroke [Internet]. 2009 Feb 1 [cited 2013 Jan 2];40(2):618–25.
Available from http://stroke.ahajournals.org/content/40/2/618.long.
59. Taranukhin AG, Taranukhina EY, Saransaari P, Djatchkova IM, Pelto-Huikko M,
Oja SS. Taurine reduces caspase-8 and caspase-9 expression induced by
ischemia in the mouse hypothalamic nuclei. Amino Acids [Internet]. 2008
Jan 14 [cited 2019 Jul 29];34(1):169–74. Available from http://link.springer.
com/10.1007/s00726-006-0405-z.

Modi et al. Journal of Biomedical Science

(2020) 27:19

60. Yung H, Korolchuk S, Tolkovsky AM, Charnock-Jones DS, Burton GJ.
Endoplasmic reticulum stress exacerbates ischemia-reperfusion-induced
apoptosis through attenuation of Akt protein synthesis in human
choriocarcinoma cells. FASEB J [Internet]. 2007 Mar [cited 2019 Jul 29];21(3):
872–84. Available from http://www.ncbi.nlm.nih.gov/pubmed/17167073.
61. Yang J-H, Siroky MB, Yalla SV, Azadzoi KM. Mitochondrial stress and
activation of PI3K and Akt survival pathway in bladder ischemia. Res Rep
Urol [Internet]. 2017 [cited 2019 May 8];9:93–100. Available from http://
www.ncbi.nlm.nih.gov/pubmed/28652996.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 19 of 19

