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ABSTRACT
Cerebral infarction is a type of ischemic stroke and is one of the main causes of irreversible brain damage. Although multiple neuroprotective
agents have been investigated recently, the potential of DL-2-amino-3-phosphonopropionic acid (DL-AP3) in treating oxygen-glucose deprivation (OGD)-induced neuronal injury, has not been clarified yet. This study was aimed to explore the role of DL-AP3 in primary neuronal
cell cultures. Primary neurons were divided into four groups: (1) A control group that was not treated; (2) DL-AP3 group treated with 10 µM
of DL-AP3; (3) OGD group, in which neurons were cultured under OGD conditions; (4) OGD + DL-AP3 group, in which OGD model was
first established and then the cells were treated with 10 µM of DL-AP3. Neuronal viability and apoptosis were measured using Cell Counting
Kit-8 and flow cytometry. Expressions of phospho-Akt1 (p-Akt1) and cytochrome C were detected using Western blot. The results showed
that DL-AP3 did not affect neuronal viability and apoptosis in DL-AP3 group, nor it changed p-Akt1 and cytochrome C expression (p > 0.05).
In OGD + DL-AP3 group, DL-AP3 significantly attenuated the inhibitory effects of OGD on neuronal viability (p < 0.001) and reduced OGD
induced apoptosis (p < 0.01). In addition, the down-regulation of p-Akt1 and up-regulation of cytochrome C, induced by OGD, were recovered
to some extent after DL-AP3 treatment (p < 0.05 or p < 0.001). Overall, DL-AP3 could protect primary neurons from OGD-induced injury by
affecting the viability and apoptosis of neurons, and by regulating the expressions of p-Akt1 and cytochrome C.
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INTRODUCTION

Excitatory amino acids (EAAs) have been identified to
play a role in causing irreversible ischemic brain damage [6].
The EAA glutamate is the major excitatory neurotransmitter
in central nervous system. An increasing number of studies
has demonstrated a vital role of glutamate in a focal ischemic
model of the human brain [7,8]. High concentrations of glutamate are associated with neurotoxicity and may be involved in
several neurodegenerative disorders [9]. Glutamate receptors,
especially the N-methyl-D-aspartate receptors, control neuronal survival by affecting the function of mitochondria and playing a role in oxidative stress [7,10,11]. An in vitro study indicated
that glutamate receptors antagonists have neuroprotective abilities in primary cultures of rat cerebellar granule cells, briefly
exposed to glutamate [12]. Ke et al. have found that MK-801
may alleviate ischemia/reperfusion injury of rat sciatic nerve by
inhibiting the activation of tumor necrosis factor-α [13]. Adachi
et al. found that phencyclidine-induced the decrease of synaptic
connectivity by inhibiting the secretion of brain-derived neurotrophic factor in cultured cortical neurons [14].

Cerebral infarction is a type of ischemic stroke and is
one of the main causes of irreversible brain damage [1]. Risk
factors of cerebral infarction include high blood pressure,
diabetes mellitus, tobacco smoking, obesity, and dyslipidemia [2]. Although great efforts have been made to improve
the therapeutic strategies for the treatment of cerebral
infarction, including the application of recombinant tissue
plasminogen activator, thrombolytic therapy, and surgery, an
optimal method has not been developed yet [3,4]. Therefore,
establishing the means to treat cerebral infarction and focal
cerebral ischemia/reperfusion injury would be highly beneficial [5].
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Cell viability analysis

DL-2-amino-3-phosphonopropionic acid (DL-AP3) is
one of the glutamate receptor antagonists. However, little is
known about the potential neuroprotective effects of DL-AP3.
In this study, primary neuronal cell cultures were exposed to
oxygen-glucose deprivation (OGD) and were treated with
DL-AP3 to explore the effects of DL-AP3 on OGD-induced
neuronal damage. In addition, the changes in protein expression of phospho-Akt1 (p-Akt1) and cytochrome C in neurons
were monitored, to reveal the possible molecular mechanism
of DL-AP3. This study may help understand the potential role
of DL-AP3 in cerebral infarction.

Neuronal viability was determined using Cell Counting
Kit-8 (CCK-8; Dojindo Molecular Technologies, Kyushu,
Japan), according to the manufacturer’s instructions.
Briefly, primary neurons in the four groups were collected
and seeded in 96-well plates with 2 × 103 cells/well. After
24-72-hour incubation, 20 µL of CCK-8 was added to
each well and incubated for another 3 hours. Finally, the
absorbance was measured by a microplate reader (Bio-Rad
Laboratories, Hercules, CA, USA) at a wavelength of
450 nm [20].

MATERIALS AND METHODS

Apoptosis analysis

Primary neuronal cell culture

Cell apoptosis was performed by Annexin V-FITC
Apoptosis Detection Kit (Sigma, St. Louis, MO), according
to the manufacturer’s instructions. Briefly, neurons in the four
groups were collected and re-suspended in 200 µL of binding
buffer containing 10 µL of Annexin-V-FITC. After 30 minutes of incubation in the dark at room temperature, 300 µL
of phosphate buffered saline and 5 µL of propidium iodide
solution were added into each sample and then the apoptotic
cells were analyzed using flow cytometry (Becton Dickinson,
Mountain View, CA, USA) [21].

Pregnant, specific pathogen-free Sprague-Dawley rats
on day 15 of gestation were provided by the Animal Center
of Academy of Military Science of the Chinese People’s
Liberation Army. The animals were anesthetized with ether.
Bilateral hippocampi of fetal rats were cut, minced, dissolved, filtered, and suspended in DMEM/F-12 medium
(Sigma, St. Louis, MO, USA) containing 10% fetal bovine
serum (FBS; Gibco, USA). The suspended cells were then
seeded on plates coated with polylysine (Sigma-Aldrich,
St Louis, MO, USA) and cultured at 37°C in humidified air
with 5% CO2 [15]. After a 4-hour incubation, the medium
was replaced by serum-free Neurobasal A medium (Life
Technologies, Gaithersburg, MD, USA) supplemented
with B27 (Gibco, Carlsbad, CA, USA) [16]. This study was
approved by the Local Ethics Committee. All procedures
were performed in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. Precautions were taken to minimize the suffering and
number of animals used in each experiment.

Western blot analysis
Cells in the four groups were collected and lysed in the
lysis buffer (Beyotime, Beijing, China). The protein concentration of the supernatant was determined using the BCA
Protein Assay Kit (Beyotime, Beijing, China), according to
the manual. Equal amounts of proteins were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride membranes [22].
Then, the membranes were stained with primary antibodies:
p-Akt1 (1:1000, ab66138), cytochrome C (1:5000; ab133504) or
actin (1:1000; ab1801) (Abcam, Cambridge, MA, USA) overnight at 4°C. Subsequently, the blots were incubated with the
horseradish peroxidase conjugated secondary antibodies for
1 hour at room temperature. The bands were visualized with
the enhanced chemiluminescence detection kit (Amersham
Biosciences, Uppsala, Sweden), and data were analyzed using
Image Lab (Bio-Rad Laboratories, Hercules, CA, USA) software [23].

OGD model and DL-AP3 treatment
Primary neurons were divided into four groups:
(1) A control group that was not treated; (2) DL-AP3 group
treated with 10 µM of DL-AP3 for 6 hours; (3) OGD group,
in which neurons were cultured under OGD conditions for
12 hours; (4) OGD + DL-AP3 group, in which OGD model
was first established and then the cells were treated with
10 µM of DL-AP3 for 6 hours [17]. OGD model was established as previously described [18,19]. Briefly, neurons were
washed with glucose-free Earle’s Balanced Salt Solution
(Bioleaf, Shanghai, China) and then were placed in a modular incubator chamber (Billups-Rothenberg, Del Mar, CA,
USA, MC-101) filled with gas mixture (95% N2 and 5% CO2)
at 37°C. To terminate OGD, neurons were incubated under
normal conditions.

Statistical analysis
All data were expressed as mean ± standard derivation
from five independent experiments. The data were analyzed
using GraphPad Prism 5 software (GraphPad Software Inc.,
San Diego, CA, USA) and the Student’s t-test. A statistically
significant difference was considered at p < 0.05.
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RESULTS

increase of cytochrome C in OGD + DL-AP3 group (p < 0.001
and p < 0.05, respectively). The results of p-Akt1 and cytochrome C protein expression in the four groups are illustrated
in Figure 2A and B.

DL-AP3 alleviated OGD-induced injury
To explore the effects of DL-AP3 on neurons under
hypoxic conditions, neurons were cultured under OGD
conditions and treated with DL-AP3. DL-AP3 did not affect
neuronal viability (p > 0.05) in DL-AP3 group. In OGD
group, OGD significantly reduced neuronal viability after
24 and 72 hours (p < 0.001). However, DL-AP3 significantly
attenuated the inhibitory effect of OGD on neuronal viability (p < 0.001), in OGD + DL-AP3 group. The results of cell
viability assay in all groups are shown in Figure 1A.
In DL-AP3 group, DL-AP3 had no significant effect on
apoptosis (p > 0.05). However, OGD significantly increased
the apoptotic cell rate in OGD group (p < 0.001), but this
effect was significantly attenuated in OGD + DL-AP3 group
(p < 0.01). The results of cell apoptosis in the four groups are
presented in Figure 1B.

DISCUSSION
Cerebral infarction is a type of ischemic stroke and one of
the leading causes of death [1,6,24]. Recently, multiple neuroprotective agents have been in the focus of research. However,
the potential role of DL-AP3 in ischemia-injured neurons
has not been elucidated so far. In the present study, we found
that OGD significantly decreased neuronal viability and
induced apoptosis in these cells. The protein expression level
of p-Akt1 was down-regulated, and the level of cytochrome
C was up-regulated in OGD group. However, DL-AP3 could
significantly attenuate the inhibitory effects of OGD on neuronal viability and reduce the apoptosis induced by OGD.
Moreover, the expression of p-Akt1 and cytochrome C proteins was regulated by DL-AP3.
Neuronal necrosis and apoptosis are the major indicators of cerebral injury [25,26]. Thus, neuronal proliferation
and apoptosis could be used as the indices for measuring
cerebral infarction. Glutamate can induce either necrosis
or apoptosis in neuronal cells [27]. Recent studies have
shown that multiple glutamate receptor antagonists have
the ability to protect neurons from injury. Bai et al. found
that ketamine enhanced human neural stem cell proliferation and induced neuronal apoptosis via reactive oxygen
species-mediated mitochondrial pathway [28]. In addition, Zhang et al. have found that MK-801 is able to reduce
neuronal death by preventing apoptosis [29]. In this study,

DL-AP3 protected neurons against OGD-induced
injury by regulating p-Akt1 and cytochrome C
expression
To further investigate the molecular mechanism underlying the effect of DL-AP3 on OGD-induced injury, the protein expressions of p-Akt1 and cytochrome C in neurons
were determined. In DL-AP3 group, DL-AP3 did not change
the protein levels of p-Akt1 and cytochrome C (p > 0.05).
However, OGD significantly down-regulated the level of
p-Akt1 (p < 0.001) and up-regulated the level of cytochrome
C (p < 0.001) in OGD group. Nevertheless, DL-AP3 significantly recovered the decreased levels of p-Akt1 and the

A

B

FIGURE 1. (A) The effects of DL-2-amino-3-phosphonopropionic acid (DL-AP3) on cell viability in four groups of neuronal cells, measured by CCK-8 kit. DL-AP3 significantly attenuated the inhibitory effect of oxygen-glucose deprivation (OGD) on neuronal viability
in OGD + DL-AP3 group. (B) The effects of DL-AP3 on apoptosis in four groups of neuronal cells determined using flow cytometry.
OGD significantly increased the apoptotic cell rate in OGD group, but this effect was significantly attenuated in OGD + DL-AP3 group.
DL-AP3: DL-2-amino-3-phosphonopropionic acid; OGD: oxygen-glucose deprivation; CCK-8: Cell counting kit-8; Control: Control group;
DL-AP3: DL-AP3 group was treated with 10 µM of DL-AP3 for 6 hours; OGD: OGD group in which neurons were cultured under OGD
conditions for 12 hours; OGD + DL-AP3: OGD + DL-AP3 group, in which OGD model was first established and then the cells were treated
with 10 µM of DL-AP3 for 6 hours; ns: no significance; **p < 0.01; ***p < 0.001.
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B

FIGURE 2. The analysis of (A) phospho-Akt1 (p-Akt1) and (B) cytochrome c protein expressions in four groups of neuronal cells, using Western blot analysis. Oxygen-glucose deprivation (OGD) significantly down-regulated the level of p-Akt-1
and up-regulated the level of cytochrome c in OGD group. Nevertheless, DL-2-amino-3-phosphonopropionic acid (DLAP3) significantly recovered the decreased levels of p-Akt1 and the increase of cytochrome c in OGD + DL-AP3 group.
DL-AP3: DL-2-amino-3-phosphonopropionic acid; OGD: Oxygen-glucose deprivation; Control: Control group; DL-AP3: DL-AP3 group was
treated with 10μM of DL-AP3 for 6 hours; OGD: OGD group in which neurons were cultured under OGD conditions for 12 hours; OGD
+ DL-AP3: OGD + DL-AP3 group, in which OGD model was first established, and then, the cells were treated with 10 µM of DL-AP3 for 6
hours; ns: No significance; *p < 0.05; ***p < 0.001.

CONCLUSION

DL-AP3 could significantly attenuate the decreased neuronal viability and increased apoptosis induced by OGD. Our
data for the first time suggested that DL-AP3 acts as a neuroprotective agent via modulating neuronal proliferation
and apoptosis.
Neuronal cell proliferation and apoptosis are associated
with various factors that induce neurological damage [1]. The
Akt signaling pathway is one of the main pathways involved
in cell proliferation. Molecules inducing cellular proliferation often increase the phosphorylation of Akt protein [30].
Akt has been consistently shown to mediate the effect of
several agents that specifically promote neuronal cell proliferation [31]. In addition, the suppression of Akt could attenuate neural stem cell self-renewal [32]. Cytochrome C is the
only protein in the electron transport chain that is mobile
and is known to have a regulatory role in apoptosis [33]. The
release of cytochrome C induces DNA fragmentation and
apoptotic neuronal cell death [25]. In this study, we found
that DL-AP3 could recover the down-regulation effects of
OGD on the protein expression of p-Akt1 and could suppress the release of cytochrome C induced by OGD. These
findings imply that the possible mechanism of DL-AP3 in
protecting neurons from injury might be via up-regulating the expression of p-Akt1 and suppressing the release of
cytochrome C.

Our results demonstrated that DL-AP3 could attenuate
OGD-induced injury by controlling neuronal viability and
apoptosis. In addition, the protective effects of DL-AP3 on
neurons might be associated with the expression of p-Akt1
and cytochrome C proteins. Our study may provide a theoretical basis for the possible application of DL-AP3 in treating
cerebral infarction. However, whether DL-AP3 can be used
in clinical treatment of cerebral infarction still requires longterm investigations in in vivo models.
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