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Abstract

Subarachnoid hemorrhage (SAH) is a form of stroke associated with high mortality and morbidity. Despite advances in
treatment for SAH, the prognosis remains poor. We have previously demonstrated that glycine, a non-essential amino acid
is involved in neuroprotection following intracerebral hemorrhage via the Phosphatase and tensin homolog (PTEN)/protein
kinase B (AKT) signaling pathway. However, whether it has a role in inducing neuroprotection in SAH is not known. The
present study was designed to investigate the role of glycine in SAH. In this study, we show that glycine can reduce brain
edema and protect neurons in SAH via a novel pathway. Following a hemorrhagic episode, there is evidence of downregula-
tion of S473 phosphorylation of AKT (p-AKT), and this can be reversed with glycine treatment. We also found that admin-
istration of glycine can reduce neuronal cell death in SAH by activating the AKT pathway. Glycine was shown to upregulate
miRNA-26b, which led to PTEN downregulation followed by AKT activation, resulting in inhibition of neuronal death.
Inhibition of miRNA-26b, PTEN or AKT activation suppressed the neuroprotective effects of glycine. Glycine treatment
also suppressed SAH-induced M1 microglial polarization and thereby inflammation. Taken together, we conclude that gly-
cine has neuroprotective effects in SAH and is mediated by the miRNA-26b/PTEN/AKT signaling pathway, which may be
a therapeutic target for treatment of SAH injury.
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Introduction

Subarachnoid hemorrhage (SAH) is a form of stroke in
which blood flows into the subarachnoid space between the
arachnoid membrane and pia mater [1, 2]. SAH frequently
occurs due to a ruptured aneurysm. It is associated with a
high mortality rate and in cases of primary rupture, 30% of
patients die prior to admission. This rate increases to 50%
following a secondary rupture [3]. To improve prognosis
for patients, there has been considerable interest in reduc-
ing early brain damage associated with blood-brain bar-
rier (BBB) disruption and cerebral edema [4, 5]. Despite
numerous advances, SAH continues to be associated with
high morbidity and mortality rates. It is thus imperative
to develop new therapies to alleviate early brain damage
in these patients.

Glycine is a non-essential amino acid that acts as a
neurotransmitter in the central nervous system (CNS) [6].
It is a bioactive molecule with opposing effects [7]. On
one hand, glycine is an important inhibitory neurotrans-
mitter in the mammalian nervous system [8]. However, it
is also an agonist of the N-methyl-p-aspartate (NMDA)
receptor and is essential for its’ activation [9]. Glycine
is also essential for the synthesis of many biomolecules
such as creatine, porphyrins and purine nucleotides [10].
As a therapeutic agent, it has been proven to be useful
in patients with ischemic stroke and can act as a neu-
roprotective agent in many CNS injuries [11]. We have
previously demonstrated that glycine protects in neurons
in intracerebral hemorrhage via the phosphatase and ten-
sin homolog deleted on chromosome 10 (PTEN)/protein
kinase B (AKT) signaling pathway, however the function
of glycine in SAH remains unclear.

Fig. 1 Experimental design a
In vivo. b In vitro
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PTEN is a known tumor suppressor gene, which acts
by negative regulation of the AKT (also known as protein
kinase B) signaling pathway [12]. Inhibition of PTEN pro-
motes cell proliferation and cell survival [13]. PTEN is a
dual-specificity phosphatase, and acts as both a lipid phos-
phatase and protein phosphatase [14]. PTEN relies on its
lipid phosphatase activity to inhibit the phosphatidylinosi-
tol-3-kinase (PI3K)/AKT pathway, which plays a key role
in promoting cell survival and growth [15]. Meanwhile,
inhibition of PTEN protein phosphatase activity, leads to
inhibition of the extra-synaptic NMDA receptor subunit
GluN2B, a known mediator of neuroprotection [16]. Inhi-
bition of PTEN also preserves Gamma-Aminobutyric Acid
(GABA) alpha receptor expression and function to prevent
ischemia-reperfusion-induced neuronal death [17].

In this study, we investigated the neuroprotective effects
of glycine in SAH injury. Our results show that glycine can
induce neuroprotection by activating the AKT pathway.
Glycine-regulated AKT activation appears to be mediated
by the microRNA-26b/PTEN signaling pathway.

Methods

The experimental design of this study is depicted in Fig. 1a,
b.

Verification In Vivo

Animal

Adult male Sprague—Dawley rats, weighing between
260 and 280 g, were randomly divided into the following

groups: Sham, SAH + Vehicle, and SAH + Glycine. Five
rats were housed per cage on a 12 h light/dark cycle in a
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temperature-controlled room (23-25 °C) with free access to
water and food. Animals were given 7 days to acclimatize
prior to any procedures taking place. All experimental pro-
tocols were approved and carried out in compliance with the
TACUC guidelines and the Animal Care and Ethics Commit-
tee of Renmin Hospital of Wuhan University (approval num-
ber: 2018 K-C017). Experimental groups were subject to
randomization and investigators were blinded to the groups
for which each animal was assigned.

SAH Model

SAH was induced by intravascular perforation using pre-
viously described techniques [18]. Briefly, animals were
anesthetized with intraperitoneal injection of chloral hydrate
(350 mg/kg). Intraoperative temperature was maintained at
37 °C with a heating blanket. A midline skin incision was
performed to expose the left common carotid artery, external
carotid artery and the internal carotid artery. The left exter-
nal carotid artery was ligated and incised, leaving a 3 mm
stump. A 3-0 monofilament nylon suture was then inserted
through the external carotid artery stump into the left inter-
nal carotid artery. Intravascular perforation was performed
at the anterior cerebral artery and middle cerebral artery
bifurcation.

Intracerebroventricular Injection (i.c.v) Administration

Rats were anaesthetized with a mixture of 4% isoflurane in
30% oxygen (O,) and 70% Nitrous oxide (N,0O) in a sealed
perspective box. The rat head was firmly held using the
stereotaxic frame. A midline sagittal incision was made to
expose the bregma. A 23-guage needle attached via polyeth-
ylene tubing to a Hamilton microsyringe was used to inject
the cerebral ventricle, 1.5 mm lateral to the bregma at a
depth of 3.5 mm. To ensure that the needle position was cor-
rect, few microliters of clear cerebrospinal fluid was with-
drawn into the Hamilton microsyringe before commencing
drug infusion at a rate of 1.0 pL/min.

SAH Grade

Blinded measurements of SAH severity were performed
using the grading scale described by Sugawara et al. [19].

Neurological Scores

The modified neurological severity score was performed
on rats as previously reported [20]. These are a series of
tests to measure sensation, motor function and coordination.
Neurological function scores ranged from 0 to 18, with 0
indicating normal and 18 indicating maximum neurological
dysfunction [20].

@ Springer

Brain Water Content

The brain water content was measured 24 h after surgery by
calculating the percentage of moisture content (wet weight
— dry weight)/wet weight X 100%).

Fluoro Jade-C (FJC) Staining

Rats were euthanized using isoflurane overdose followed by
intracardial perfusion with 0.9% saline. Following harvest,
the brains were placed in 4% paraformaldehyde (PFA) at
4 °C for 24 h, and then transferred into 30% sucrose solu-
tion in 100 mol/mL phosphate buffer at 4 °C for 72 h. The
brain tissue was dissected into 15 pm sundial sections by the
Leica VT1000S vibratome (Leica Microsystems AG, Wal-
nut Alley, Germany). The brain slices were immersed in
1% sodium hydroxide and soaked in 80% ethanol for 5 min.
They were then rinsed with 70% ethanol for 2 min, distilled
water for 2 min and finally soaked in 0.06% high potassium
potassium citrate solution for 10 min. Brain tissue sections
were transferred to 0.0001% FJC solution in 0.1% acetic
acid for 10 min. The brain tissue was rinsed with water for
1 min three times, air-dried at 50° C for at least 5 min, and
finally immersed in xylene for at least 1 min. Brain sections
were mounted using DPX media (Sigma Aldrich, USA).
Brain slices were imaged under an Olympus fluorescence
microscope (IX51, Olympus, Japan). A series of micro-
graphs of X20 target and FJC-positive cells in three regions
of the ipsilateral side cerebral cortex were taken using Image
J software (Image-pro Plus 6.0, USA). The data is expressed

as unit/mm?.

Verification In Vitro
Cell Viability and LDH Release

Assessment of cell viability in primary neuronal cultures
was assessed using the thiazolyl blue tetrazolium bromide
(MTT assay) (PowerWave X, Bio-Tek, Winooski, State,
USA). The LDH assay Colorimetric Toxin 96 Cytotoxicity
Kit (Promega, USA) was used to measure the presence of
cell damage.

Cortical Neuron Culture

Cortical neuron cultures were prepared from female SD
rats at 17 days of gestation [21]. Pregnant rats were eutha-
nized with cervical dislocation. Embryos were obtained and
the brain tissue was completely harvested. Cerebral corti-
cal tissue was isolated under a microscope and placed in
fresh frozen media with supplements (Neurobasal medium,
0.5% FBS, 2% B-27 supplement, 25 mM glutamate and
0.5 mM L-glutamine Amide). Cortical neurons were seeded
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on Petri dishes coated with poly-p-lysine (PDL) and sus-
pended in media. The media was changed every 3 days using
Neurobasal medium, 0.5 mM L-glutamine and 2% B-27 sup-
plements. Cortical neurons were cultured for approximately
12 days.

Cortical Microglia Culture

Cortical microglia cultures were prepared from female SD
rats at 17 days of gestation. Pregnant rats were euthanized
with cervical dislocation. Embryos were obtained and the
brain tissue was completely harvested. Pelleted cells were
re-suspended in warmed DMEM culture medium completed
with 10% heat inactivated fetal bovine serum (FBS), 1%
antibiotic—antimycotic, and 5 ng/mL carrier-free recombi-
nant mouse Granulocyte/macrophage-colony stimulating
factor (GM-CSF). We seeded approximately 1.3 x 10° cells
into tissue culture grade poly L-lysine coated T75 cell culture
treated flasks and placed in a 37 °C incubator with relative
humidity. We replaced the supernatant from culture twice
weekly with 10 mL fresh completed medium until conflu-
ency of cells was observed at approximately 3 weeks.

Western Blotting Analysis

Western blotting was performed as previously described
[22]. Briefly, the polyvinylidene difluoride (PVDF) mem-
brane by Millipore (USA) was incubated with a primary
antibody against AKT (Mouse, 1:1000), phospho-AKT
(Ser*”3) (Rabbit, 1:2000), PTEN (Rabbit, 1:1000), Actin
(Rabbit, 1:2000) from Cell Signaling Technology (MA,
USA). Primary antibodies were labelled with secondary
antibody, protein bands were imaged using SuperSignal
West Femto Maximum Sensitivity Substrate (Pierce, Rock-
ford, IL, USA). The EC3 Imaging System (UVP, LLC,
Uplant, USA) was used to obtained blot images directly from
the PVDF membrane. The data of western blot was quanti-
fied using Image-Pro Plus Version 6.0, USA.

Cell Culture

SHSYSY cells and U251 cells were purchased from the
Chinese Academy of Sciences Cell Bank. U251 cells were
seeded in a 6—well plate (8 x 105 cells per well) in DMEM
supplemented with 10% heat-inactivated FBS, penicillin G
(100 U/mL), streptomycin (100 mg/mL) and L-glutamine
(2.0 mM) and incubated at 37 °C in a humidified atmosphere
containing 5% CO, and 95% air.

Treatment

Cultured cortical neurons and microglia were treated with
standard estrous cow serum (ECS) for 60 min and followed

by glycine (100 pM) for 60 min. Cell replacement medium
was used for subsequent experiments.

Once the confluence of SH-SYSY cells reached 60-70%,
cells were transfected with human PTEN siRNA (siR-
NApten) and non-targeting control siRNA (NsiRNA)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 8 h.
The sequence of human PTEN siRNA (siRNApten) was
5'-CTGCTAGCCTCTGGATTTGA-3' and non-targeting
control siRNA (NsiRNA) was 5-CTTCTGGCATCCGGT
TTAGA-3', as previously described [23]. The medium was
then replaced with normal growth medium for 24 h. On the
following day, the cells were treated with standard ECS for
60 min and then treated with glycine for 60 min. The cells
were then collected for western blot analysis.

We established the PTEN wild type (WT) and phos-
phatase domain mutant: PTEN G129E (lacks lipid phos-
phatase activity while retaining protein phosphatase activity)
(TaiHe Biotechnology Co, LTD) [24]. Once the confluence
of U251 cells reached 60-70% on the treatment day, cells
were transfected with human PTEN plasmid pCDNA3.1(+)-
PTEN-WT (WT PTEN), pCDNA3.1(+)-PTEN-G129E
(PTEN G129E) and pCDNA3.1(+) [Empty vector (EV)]
for 8 h. The medium was then replaced with normal growth
medium for 24 h. On the following day, the cells were
treated with standard ECS for 60 min and then treated with
glycine (100 pM) for 60 min. The cells were then collected
for western blot analysis.

Cultures were washed with ECS for 10 min and then
treated with serum-free medium supplemented with 1.0 pM
of the miRNA-26b agomir, antagomir and respective con-
trols (RiboBio) at 5% CO,, 95% humidity and 37 °C for
2 h. After incubation, the culture was further cultured in
maintenance medium for 24 h.

Real-Time PCR

Total RNA was isolated from pseudo-brain and ischemic
brains using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions; the first strand of cDNA was
synthesized using 5 pg of Superscript First-Strand Synthesis
System for RT-PCR (Invitrogen). PCR was performed on the
Opticon 2 real-time PCR detection system (Bio-Rad) using
the corresponding primers (Table 1) and SYBR gene PCR
master mix (Invitrogen). The cycle time value was normal-
ized to GAPDH of the same sample. The mRNA expres-
sion level was then reported as fold change compared to the
control group.

Statistics
Student’s independent ¢ test or analysis of variance

(ANOVA) was used where appropriate to examine the sta-
tistical significance of the differences between groups of
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Table 1 Primers for RT-PCR

Gene Primer
M1
IL-1p SENS: GAGGACATGAGCACCTTCTTT
REVS: GCCTGTAGTGCAGTTGTCTAA
TNF-a SENS: ACCACGCTCTTCTGTCTACT
REVS: GTTTGTGAGTGTGAGGGTCTG
CD32 SENS: AATCCTGCCGTTCCTACTGATC
REVS: GTGTCACCGTGTCTTCCTTGAG
M2
Arg-1 SENS: TCACCTGAGCTTTGATGTCG
REVS: CTGAAAGGAGCCCTGTCTTG
CD206 SENS:CAAGGAAGGTTGGCATTTGT
REVS: CCTTTCAGTCCTTTGCAAGC
YM-1 SENS:CAGGGTAATGAGTGGGTTGG

REVS: CACGGCACCTCCTAAATTGT

data. All results are presented as mean + SE. Significance
was placed at P <0.05.

Results

Glycine Relieves Brain Damage and Neuronal Death
After SAH Injury

We administered glycine (100 mg/kg) via intracerebroven-
tricular (i.c.v) injection in rats immediately after SAH. The
SAH grade scores were not significantly different in the gly-
cine treated group versus control 24 h after SAH (Fig. 2a).
However, the neurological scores were significantly
improved with glycine treatment 24 h after SAH injury
(Fig. 2b). Subarachnoid blood clots were predominantly
observed around the circle of Willis and ventral brainstem
(Fig. 2c) with evidence of surrounding brain edema, which
was ameliorated by glycine treatment (Fig. 2d). Together,
these results demonstrate that glycine exhibits neuroprotec-
tive effects in SAH. Fluoro-Jade C (FJC) staining was per-
formed in rat brain slices to determine the effect of glycine.
The number of FIC-positive degenerating neurons in the
cortical regions were increased after SAH injury.(Figure 2e).
We treated cultured neurons with heme to simulate SAH
injury. We observed that glycine treatment led to reduced
heme-induced neuronal death (Fig. 2f, g).

Glycine Induces Neuroprotection in SAH
by Activating AKT

AKT transmits cellular signals regulating cell survival and
proliferation [25]. Hyperactivation of AKT promotes cell
survival and prevention of apoptosis. Following induced
SAH, there appears to be reduced levels of p-AKT in vivo

@ Springer

(Fig. 3a). Glycine treatment increases the level of p-AKT
expression following SAH injury (Fig. 3b). These results
suggest that AKT can be activated by glycine following SAH
injury. We observed a similar expression pattern in cultured
cortical neurons in vitro (Fig. 3c). To determine whether
glycine-induced neuroprotection in SAH injury is mediated
by AKT activation, we used AKT inhibitor IV (1 pM) to
treat cultured cortical neurons 30 min before heme stimula-
tion in vitro (Fig. 3d). Glycine induced neuroprotection is
reversed by AKT inhibition suggesting that Glycine medi-
ates its protective effects via AKT activation (Fig. 3e, f).

Glycine-Regulated AKT Activation is Mediated
by PTEN Inhibition

PTEN is a tumor suppressor [12], which negatively regu-
lates AKT activation [17]. Western blotting analysis did not
reveal significant differences in PTEN expression following
SAH injury (Fig. 4a). However, this was reduced with gly-
cine treatment (Fig. 4b). Similar results were observed on
cultured cortical neurons (Fig. 4c). To determine whether
glycine-mediated AKT activation is dependent on PTEN,
we down-regulated PTEN by siRNApten in SHSYSY cells.
Downregulation of PTEN was associated with AKT activa-
tion (Fig. 4d, e). In addition using U251 cells (Fig. 4f), a
PTEN deficient cell line, we show there is no expression
of p-AKT in control and after glycine treatment (Fig. 4g).
Following induced expression of PTEN in U251 cells, we
treated the cells with glycine to reduce PTEN levels, this
led to increased levels of p-AKT (Fig. 4h, 1). Together, these
results indicate that the glycine-mediated AKT activation in
SAH is dependent on PTEN inhibition.

Glycine Reduces Neuronal Death in SAH
by Modulating Expression of miRNA-26b

Previous studies have demonstrated that miRNA-26b can
directly bind the predicted 3'UTR target sites of PTEN and
reduce PTEN expression in tumors [26, 27]. Using RT-PCR
of miRNA-26b, we observed reduced levels of miRNA-26b
after SAH injury in vivo and in vitro (Fig. 5a, b), and this
was increased after treatment of glycine (Fig. 5c). Follow-
ing miRNA-26b inhibition, there was increased expression
of PTEN and reduced expression of p-AKT in cultured
cortical neurons. Activation of miRNA-26b led to reduced
PTEN expression and increased p-AKT expression (Fig. 5d,
e). However, no effect on p-AKT expression was observed
in U251 cells following miRNA-26b modulation (Fig. 5f).
Moreover, miRNA-26b inhibition followed by glycine
treatment in cultured neurons, did not significantly affect
the expression of PTEN or p-AKT (Fig. 5g). Inhibition of
miRNA-26b was associated with increased heme-induced
neuronal death, which was not reversed following glycine
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Fig.2 Glycine attenuates neuronal death and edema after SAH
injury. aThe SAH grade was not significantly different among the
groups (n=10). b Glycine treatment reduces SAH-induced neuro-
logical dysfunction (n=10, *P <0.05 vs. the sham, *P <0.05 vs. the
SAH + Vehicle). ¢ The severity of SAH was similar in all groups
24 h after SAH injury (n=10). d Glycine alleviated brain edema
caused by SAH injury (n=10, *P<0.05 vs. the sham, *P <0.05 vs.

treatment (Fig. 5h, i). We therefore demonstrate that gly-
cine—induced neuroprotection is mediated via the effects
of miRNA-26b on the PTEN/AKT pathway.

Glycine Suppresses M1 Microglial Polarization
and Indirectly Promotes Neuronal Survival After
SAH Injury

Neuroinflammation plays an important role in SAH injury
[28]. Microglia is an innate immune cell of the CNS [29].

the SAH + Vehicle). e FJC staining and quantification analysis show
that glycine decreased the number of FJC-positive neurons 24 h
after h (n=6 at each group, *P<0.05 vs. the sham, *P<0.05 vs.
the SAH + Vehicle). Scale bar, 100 pum. f, g Glycine reduces heme-
induced neuronal death (n=6 at each group, *P <0.05 vs. the Vehi-
cle)

Activated microglia have two phenotypes: classically
activated (M1 microglia) and alternatively activated (M2
microglia) as described. RT-PCR analysis of M1 and M2
microglial markers showed that SAH is associated with
increased inflammation, which could be reduced with gly-
cine treatment (Fig. 6a, b). Western blotting analysis of
p-AKT in cultured cortical microglia showed that heme
treatment reduced p-AKT expression, which was revered
by glycine treatment (Fig. 6¢). RT-PCR analysis of M1
and M2 microglial markers in cultured cortical microglia
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Fig.3 Glycine reduces neuronal death after SAH by activating AKT.
a Western blotting analysis reveals p-AKT down-regulation in SAH
(n=6 at each group, *P<0.05 vs. the Sham). b Glycine treatment
increases p-AKT expression 24 h after SAH injury (n=6 at each
group, *P<0.05 vs. the SAH+ Vehicle). ¢ Heme-induced p-AKT
down-regulation was reversed with glycine treatment in cultured cor-

in vitro showed that glycine inhibited heme-induced M1
microglial polarization, and this was revered with AKT
inhibition (Fig. 6d, e). These results suggest that gly-
cine reduces SAH-induced inflammation by regulating
AKT activation. In addition, we recovered the microglia
cultured medium (MCM) 24 h after heme treatment and
mixed it with DMEM in a 1:1 ratio to culture neurons.
Treatment with MCM led to greater neuronal death in
cells compared to cells treated with standard treatment.
This effect was reversed with the use of glycine (Fig. 6f,

g)-

Neuroprotection of Glycine in SAH is Mediated
by miRNA-26b/PTEN/AKT Signal Pathway

We confirmed glycine-induced neuroprotection is medi-
ated by miRNA-26b/PTEN/AKT signal pathway in SAH
injury in vitro. In our in vivo experiments, we used IV,
an AKT inhibitor (100 pM, 2 pL) in vivo 1 h before
SAH injury (Fig. 7a), however this did not significantly
affect the SAH grade scores and subarachnoid blood
clots (Fig. 7b, d). However, AKT inhibition reduced the
observed benefits of glycine in reducing brain edema and
neurological scores (Fig. 7c, e).
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tical neurons (n=6 at each group, *P <0.05 vs. the Control, *P <0.05
vs. the Heme + Vehicle). d Treatment with IV reduces the level of
p-AKT (n=6 at each group, *P <0.05 vs. the Vehicle). e, f Glycine
induced neuroprotection is reversed by AKT inhibition (n=6 at each
group)

Discussion

Aneurysmal SAH accounts for 2-9% of all strokes [2] and
is associated with high mortality and disability. Glycine
is a non-essential amino acid and a precursor of proteins.
In the CNS, glycine is an inhibitory neurotransmitter that
binds to glycine receptors, leading to inhibition of post-
synaptic neurons. It is also a co-agonist of the excitatory
NMDA receptor. It has been shown to have neuroprotec-
tive effects in ischemic stroke injury [22, 30].

In a recent study, we have demonstrated the beneficial
effects of glycine in a stroke model where the adminis-
tration of glycine was associated with reduction in brain
edema and improved neurological outcome following
induced hemorrhage [31]. However, the role of glycine
in SAH is unclear. In this study we sought to understand
whether glycine could have similar effects in SAH and we
identified a novel pathway involved in the pathophysiol-
ogy of SAH. We demonstrate that glycine protects against
SAH-induced neuronal damage. Glycine inhibits PTEN
and activates AKT by activating miRNA-26b, which
reduces SAH-induced neuronal death. In addition, glycine
treatment suppresses M1 microglial polarization through
activation of AKT following SAH injury.
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AKT is a member of the AGC kinase family, which is a
key intracellular mediator of many biological processes and
cellular functions, including proliferation, migration, cell
growth and metabolism [32]. Activation of PI3K by hor-
mones and growth factors stimulates the enzymatic activity
of AKT protein kinase [28]. AKT activation can directly
phosphorylate many substrates in several subcellular com-
partments, and they can further influence long-term effects
on gene expression, cell viability, division or differentia-
tion [33]. Phosphorylation levels of AKT (p-AKT) has been
shown to decrease after SAH injury. However, in this study
we showed that AKT phosphorylation increases after glycine
treatment. PTEN plays a major role in tumor suppression
[23], interestingly loss of PTEN can contribute to neuronal
protection [34]. PTEN is a phosphatase with both lipid and
protein activity [14]. The lipid phosphatase function of
PTEN is inversely related to AKT activation by inhibiting
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e p-AKT expression was increased in SHSY5Y cells following
PTEN inhibition (n=6 at each group, *P <0.05 vs. the NsiRNA). f
U251 cells do not express PTEN(n=6 at each group). g Expression
of p-AKT in U251 cells was not significantly different after glycine
treatment (n=6 at each group). h PTEN expression was induced
in U251 cells (n=6 at each group). i Glycine treatment increases
expression of p-AKT in U251 cells following forced PTEN expres-
sion (n=6 at each group, *P <0.05 vs. the Vehicle)

the PI3K/AKT signaling pathway [35]. On the other hand,
downregulation of PTEN protein phosphatase inhibits the
extra-synaptic GluN2B subunit of NMDA receptors suggest-
ing that PTEN plays an important role in neuronal function.
Following SAH injury, the expression levels of PTEN do not
significantly decrease, however, we show that administra-
tion of glycine can downregulate PTEN expression levels.
We therefore confirm that the neuroprotective effect of gly-
cine in SAH injury is mediated by the PTEN/AKT signaling
pathway.

MicroRNAs are non-coding small RNAs (21-23 nucle-
otides) that regulate many biological processes, mainly
by regulating gene expression at the post-transcriptional
level [36]. Previous studies have demonstrated that the
predicted 3'UTR target sites of PTEN can be directly
bound by miRNA-26b [27, 37], which reduces the expres-
sion of PTEN. We found that the level of miRNA-26b is
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Fig.5 Glycine reduces neuronal death in SAH by modulating the
PTEN/AKT/miRNA-26b pathway. a RT-PCR analysis reveals
reduced levels of miRNA-26b in SAH (n=6 at each group, *P <0.05
vs. the Sham). b Heme treatment reduces the level of miRNA-26b
(n=6 at each group, *P<0.05 vs. the Control). ¢ Glycine treatment
increases the level of miRNA-26b (n=6 at each group, *P <0.05 vs.
the Heme + Vehicle). d miRNA-26b and p-AKT expression follow-
ing treatment of cultured cortical neurons with miRNA-26b agomir,
antagomir and respective controls (n=6 at each group, *P<0.05
vs. agomir control, #P <0.05 vs. antagomir control). ¢ Western blot-

down-regulated after SAH injury and up-regulated by gly-
cine treatment. Activation of miRNA-26b leads to reduced
PTEN expression and increased p-AKT expression, and
thereby reduces neuronal damage in SAH.

Microglia is an innate immune cell of CNS, and it is char-
acterized by resident macrophages in the brain [38]. Micro-
glia are the main mediators of neuroinflammation [39].
Neuroinflammation plays an important role in SAH-induced
brain damage. We show that the M1 phenotype microglia
are activated following SAH injury. Glycine treatment sup-
presses the SAH-induced M1 microglial polarization and
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ting analysis of PTEN and p-AKT in cultured cortical neurons after
treatment with miRNA-26b agomir, antagomir and respective con-
trols (n=6 at each group, *P <0.05 vs. agomir control, *P <0.05 vs.
antagomir control). f Expression of p-AKT in U251 cells after treat-
ment with miRNA-26b agomir, antagomir and respective controls t
(n=6 at each group). g Expression of PTEN and p-AKT in cultured
cortical neurons after treatment with miRNA-26b antagomir were not
significantly different after glycine treatment (n=6 at each group). h,
i miRNA-26b antagomir reverses glycine induced neuroprotection in
cultured cortical neurons (n=6 at each group)

reduces inflammation. We confirm that glycine-mediated
microglial polarization is mediated by AKT activation.

In conclusion, the results of our present study demon-
strate that glycine exhibits neuroprotective effects in SAH
injury. We show that glycine-induced neuroprotection is
mediated by AKT activation. Glycine upregulates miRNA-
26b, leading to PTEN downregulation and AKT activation.
In addition, glycine also indirectly protects neurons in SAH
by reducing inflammation through activation of AKT. Taken
together, these findings show that glycine may act as a poten-
tial therapeutic agent in SAH injury. It is a widely available,
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Fig.6 Glycine suppresses M1 microglial polarization and indirectly
promotes neuronal survival after SAH injury. a, b RT-PCR analy-
sis of IL-1p, TGF-a, CD32, Arg-1, CD206 and YM-I in rats 24 h
after SAH injury (n=6 at each group, *P <0.05 vs. Sham, *P <0.05
vs. SAH+ Vehicle). ¢ Western blotting analysis of p-AKT in cul-
tured cortical microglia showed that glycine reverses heme-induced
downregulation of p-AKT (n=6 at each group, *P<0.05 vs. Con-

g o *
~
1 C
s
7~
é g4 Heme
cd ¥ S & &
£3 & &
o
2
¥ P-AKT S o —
-
,§ N AKT s s— —
& & &
& -¢‘°\" L-‘\\‘\
x *
4 >
BN <
8 1.29

>

p-AKT/AKT (fold)
= =
2 2

"
et
-

Normalized gene expression (YM-])
(fold change)
-

b d
e
®

10 80

(fold change)
-
S

Cell viability (%)
&
S

Normalized gene expression (CD32)
4

404

(fold change)

Normalized gene expression (YM-1)

trol, *P<0.05 vs. Heme + Vehicle). d, e RT-PCR analysis of IL-1p,
TGF-a, CD32, Arg-1, CD206 and YM-I in cultured cortical neu-
rons 24 h after Heme treatment (n=6 at each group, *P <0.05 vs.
Control, *P<0.05 vs. Heme + Vehicle). f, g Cell viability and LDH
release in cultured cortical neurons after treatment of MCM (n=6 at
each group, *P <0.05 vs. Heme +DMEM, *P <0.05 vs. Heme + non-
MCM)
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Fig. 7 Neuroprotection of a
glycine in SAH is mediated by
miRNA-26b/PTEN/AKT signal

pathway. a Western blotting

analysis confirms downregula-

tion of p-AKT following treat- &
ment with an AKT inhibitor IV
(n=6 at each group, *P <0.05
vs. Vehicle). b The SAH grade
was not significantly differ-

ent after IV treatment (n=6 at o
each group). ¢ Glycine-induced
neuroprotection was reduced
with IV treatment (n=6 at
each group). d The severity
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of SAH bleeding was similar
in all groups 24 h after SAH
injury (n=6 at each group). e
SAH-induced brain edema was
not reduced by glycine in the
presence of an AKT inhibitor
(n=6 at each group)
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safe and cheap nonessential amino acid and therefore has
potential to be used in the clinical setting.

Acknowledgements This work was supported by the Science Foun-
dation for Youth Scholars of Wuhan University (2042019kf0095),
China Key Project of Basic Research (“973” Project; 2014CB541606),
Natural Science Foundation of China (NSFC; 817712283) and China
Scholarship Council.

Compliance with ethical standards

Conflict of interest No conflict of interest exists in the submission of
this manuscript. I would like to declare on behalf of my co-authors
that the work described is original research that has not been published
previously, and not under consideration for publication elsewhere, in
whole or in part. All the authors listed have approved the manuscript
that is enclosed.

References

1. Buhler D, Azghandi S, Schuller K, Plesnila N (2015) Effect of
decompressive craniectomy on outcome following subarachnoid
hemorrhage in mice. Stroke 46:819-826

2. Sudlow CL, Warlow CP (1997) Comparable studies of the inci-
dence of stroke and its pathological types: results from an interna-
tional collaboration. International Stroke Incidence Collaboration.
Stroke 28:491-499

3. Chai WN, Sun XC, Lv FJ, Wan B, Jiang L (2011) Clinical study of
changes of cerebral microcirculation in cerebral vasospasm after
SAH. Acta Neurochir Suppl 110:225-228

4. Chen S, Feng H, Sherchan P, Klebe D, Zhao G, Sun X, Zhang
J, Tang J, Zhang JH (2014) Controversies and evolving new

@ Springer

10.

11.

12.

13.

14.

IV + Glycine

Brain water content (%)

mechanisms in subarachnoid hemorrhage. Prog Neurobiol
115:64-91

Yilmaz C, Cansever T, Kircelli A, Isiksacan Ozen O, Aydemir
F, Akar A, Caner H (2015) The effects of proanthocyanidins on
vasospasm after experimental subarachnoid hemorrhage in rats.
Turk Neurosurg 28(4):667-674

Turpin F, Dallerac G, Mothet JP (2012) Electrophysiological anal-
ysis of the modulation of NMDA-receptors function by p-serine
and glycine in the central nervous system. Methods Mol Biol
794:299-312

Harsing LG Jr, Matyus P (2013) Mechanisms of glycine release,
which build up synaptic and extrasynaptic glycine levels: the role
of synaptic and non-synaptic glycine transporters. Brain Res Bull
93:110-119

Stephan J, Friauf E (2014) Functional analysis of the inhibitory
neurotransmitter transporters GlyT1, GAT-1, and GAT-3 in astro-
cytes of the lateral superior olive. Glia 62:1992-2003
Heresco-Levy U, Shoham S, Javitt DC (2013) Glycine site ago-
nists of the N- methyl-D-aspartate receptor and Parkinson’s dis-
ease: a hypothesis. Mov Disord 28:419-424

Alhasawi A, Castonguay Z, Appanna ND et al (2015) Glycine
metabolism and anti- oxidative defence mechanisms in Pseu-
domonas fluorescens. Microbiol Res 171:26-31

Hill JW, Nemoto EM (2015) Matrix-derived inflammatory media-
tor N-acetyl proline-glycine-proline is neurotoxic and upregulated
in brain after ischemic stroke. J Neuroinflamm 12:214

Wang X, Huang H, Young KH (2015) The PTEN tumor suppres-
sor gene and its role in lymphoma pathogenesis. Aging (Albany
NY) 7:1032-1049

Howitt J, Low LH, Putz U, Doan A, Lackovic J, Goh CP, Gun-
nersen J, Silke J, Tan SS (2015) Ndfip1 represses cell proliferation
by controlling Pten localization and signaling specificity. J] Mol
Cell Biol 7:119-131

Stumpf M, den Hertog J (2016) Differential requirement for pten
lipid and protein phosphatase activity during zebrafish embryonic
development. PLoS ONE 11:e0148508



Neurochemical Research (2019) 44:2658-2669

2669

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lim HJ, Crowe P, Yang JL (2015) Current clinical regulation of
PI3 K/PTEN/Akt/mTOR signalling in treatment of human cancer.
J Cancer Res Clin Oncol 141:671-689

LiLJ, Hu R, Lujan B, Chen J, Zhang JJ, Nakano Y, Cui TY, Liao
MX, Chen JC, Man HY, Feng H, Wan Q (2016) Glycine potenti-
ates AMPA receptor function through metabotropic activation of
GluN2A-containing NMDA receptors. Front Mol Neurosci 9:102
Liu B, Li L, Zhang Q, Chang N, Wang D, Shan Y, Wang H, Feng
H, Zhang L, Brann DW, Wan Q (2010) Preservation of GABAA
receptor function by PTEN inhibition protects against neuronal
death in ischemic stroke. Stroke 41:1018-1026

Li B, Luo C, Tang W, Chen Z, Li Q, Hu B, Lin J, Zhu G, Zhang
JH, Feng H (2012) Role of HCN channels in neuronal hyper-
excitability after subarachnoid hemorrhage in rats. J Neurosci
32:3164-3175

Sugawara T, Ayer R, Jadhav V, Zhang JH (2008) A new grading
system evaluating bleeding scale in filament perforation subarach-
noid hemorrhage rat model. J Neurosci Methods 167:327-334
Chen J, Sanberg PR, Li Y, Wang L, Lu M, Willing AE, Sanchez-
Ramos J, Chopp M (2001) Intravenous administration of human
umbilical cord blood reduces behavioral deficits after stroke in
rats. Stroke 32:2682-2688

Shan Y, Liu B, Li L, Chang N, Wang H, Wang D, Feng H, Cheung
C, Liao M, Cui T, Sugita S, Wan Q (2009) Regulation of PINK1
by NR2B- containing NMDA receptors in ischemic neuronal
injury. J Neurochem 111:1149-1160

Chen J, Hu R, Liao H, Zhang Y, Lei R, Zhang Z, Zhuang Y, Wan
Y, Jin P, Feng H, Wan Q (2017) A non-ionotropic activity of
NMDA receptors contributes to glycine-induced neuroprotection
in cerebral ischemia-reperfusion injury. Sci Rep 7:3575

Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, Klos
KS, Li P, Monia BP, Nguyen NT, Hortobagyi GN, Hung MC,
Yu D (2004) PTEN activation contributes to tumor inhibition by
trastuzumab, and loss of PTEN predicts trastuzumab resistance in
patients. Cancer Cell 6:117-127

Ning K (2004) Dual neuroprotective signaling mediated by down-
regulating two distinct phosphatase activities of PTEN. J Neurosci
24:4052-4060

Abeyrathna P, Su Y (2015) The critical role of Akt in cardiovas-
cular function. Vasc Pharmacol 74:38—48

Liang N, Zhou X, Zhao M, Zhao D, Zhu Z, Li S, Yang H (2015)
Down- regulation of microRNA-26b modulates non-small cell
lung cancer cells chemoresistance and migration through the
association of PTEN. Acta Biochim Biophys Sin (Shanghai)
47:530-538

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhang L, Huang C, Guo Y, Gou X, Hinsdale M, Lloyd P, Liu
L (2015) MicroRNA-26b modulates the NF-kappaB path-
way in alveolar macrophages by regulating PTEN. J Immunol
195:5404-5414

Tosun C, Kurland DB, Mehta R, Castellani RJ, deJong JL, Kwon
MS, Woo SK, Gerzanich V, Simard JM (2013) Inhibition of the
Surl-Trpm4 channel reduces neuroinflammation and cognitive
impairment in subarachnoid hemorrhage. Stroke 44:3522-3528
Heneka MT, Kummer MP, Latz E (2014) Innate immune activa-
tion in neurodegenerative disease. Nat Rev Immunol 14:463-477
Chen J, Zhuang Y, Zhang ZF, Wang S, Jin P, He C, Hu PC, Wang
ZF, LiZQ, Xia GM, Li G, Wang Y, Wan Q (2016) Glycine confers
neuroprotection through microRNA-301a/PTEN signaling. Mol
Brain 9:59

Zhao D, Chen J, Zhang Y, Liao HB, Zhang ZF, Zhuang Y, Pan
MX, Tang JC, Liu R, Lei Y, Wang S (2018) Glycine confers neu-
roprotection through PTEN/AKT signal pathway in experimen-
tal intracerebral hemorrhage. Biochem Biophys Res Commun
501(1):85-91

Bertacchini J, Heidari N, Mediani L, Capitani S, Shahjahani M,
Ahmadzadeh A, Saki N (2015) Targeting PI3 K/AKT/mTOR net-
work for treatment of leukemia. Cell Mol Life Sci 72(12):2337
Gross SM, Rotwein P (2015) Akt signaling dynamics in individual
cells. J Cell Sci 128:2509-2519

Zheng M, Liao M, Cui T, Tian H, Fan DS, Wan Q (2012) Regula-
tion of nuclear TDP-43 by NR2A-containing NMDA receptors
and PTEN. J Cell Sci 125:1556-1567

Makker A, Goel MM, Mahdi AA (2014) PI3 K/PTEN/Akt and
TSC/mTOR signaling pathways, ovarian dysfunction, and infertil-
ity: an update. ] Mol Endocrinol 53:R103-118

Mohr AM, Mott JL (2015) Overview of microRNA biology.
Semin Liver Dis 35:3-11

Tian L, Fang YX, Xue JL, Chen JZ (2013) Four MicroRNAs pro-
mote prostate cell proliferation with regulation of PTEN and its
downstream signals in vitro. PLoS ONE 8(9):e75885

Bogie JF, Stinissen P, Hendriks JJ (2014) Macrophage subsets and
microglia in multiple sclerosis. Acta Neuropathol 128:191-213
Streit W], Mrak RE, Griffin WS (2004) Microglia and neuroin-
flammation: a pathological perspective. J] Neuroinflamm 1(1):14

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

@ Springer



	MicroRNA-26bPTEN Signaling Pathway Mediates Glycine-Induced Neuroprotection in SAH Injury
	Abstract
	Introduction
	Methods
	Verification In Vivo
	Animal
	SAH Model
	Intracerebroventricular Injection (i.c.v) Administration
	SAH Grade
	Neurological Scores
	Brain Water Content
	Fluoro Jade–C (FJC) Staining

	Verification In Vitro
	Cell Viability and LDH Release
	Cortical Neuron Culture
	Cortical Microglia Culture
	Western Blotting Analysis
	Cell Culture
	Treatment
	Real-Time PCR

	Statistics

	Results
	Glycine Relieves Brain Damage and Neuronal Death After SAH Injury
	Glycine Induces Neuroprotection in SAH by Activating AKT
	Glycine-Regulated AKT Activation is Mediated by PTEN Inhibition
	Glycine Reduces Neuronal Death in SAH by Modulating Expression of miRNA-26b
	Glycine Suppresses M1 Microglial Polarization and Indirectly Promotes Neuronal Survival After SAH Injury
	Neuroprotection of Glycine in SAH is Mediated by miRNA-26bPTENAKT Signal Pathway

	Discussion
	Acknowledgements 
	References




