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Mitochondria damaged by oxygen 
Glucose Deprivation can be 
Restored through Activation of the 
PI3K/Akt Pathway and Inhibition 
of Calcium Influx by Amlodipine 
camsylate
Hyun-Hee Park1,4, Myung-Hoon Han  2,4, Hojin choi1, Young Joo Lee1, Jae Min Kim2, 
Jin Hwan cheong2, Je Il Ryu2, Kyu-Yong Lee1* & Seong-Ho Koh1,3*

Amlodipine, a L-type calcium channel blocker, has been reported to have a neuroprotective effect in 
brain ischemia. Mitochondrial calcium overload leads to apoptosis of cells in neurologic diseases. We 
evaluated the neuroprotective effects of amlodipine camsylate (AC) on neural stem cells (NSCs) injured 
by oxygen glucose deprivation (OGD) with a focus on mitochondrial structure and function. NSCs 
were isolated from rodent embryonic brains. Effects of AC on cell viability, proliferation, level of free 
radicals, and expression of intracellular signaling proteins were assessed in OGD-injured NSCs. We also 
investigated the effect of AC on mitochondrial structure in NSCs under OGD by transmission electron 
microscopy. AC increased the viability and proliferation of NSCs. This beneficial effect of AC was 
achieved by strong protection of mitochondria. AC markedly enhanced the expression of mitochondrial 
biogenesis-related proteins and mitochondrial anti-apoptosis proteins. Together, our results indicate 
that AC protects OGD-injured NSCs by protecting mitochondrial structure and function. The results of 
the present study provide insight into the mechanisms underlying the protective effects of AC on NSCs.

Oxygen gluco se deprivation (OGD) leading to free radical attack against neural cells contributes to neuronal 
cell death1. Hypertension is a major risk factor for ischemic stroke and is associated with OGD in the brain2. A 
long acting L-type calcium channel blocker, amlodipine, is one of the drugs most commonly used to treat hyper-
tension3,4. Amlodipine has been reported to have a neuroprotective effect in the ischemic brain5–11. Previous 
studies have shown that amlodipine reduces stroke size, oxidative stress, enhances survival signals, and inhibits 
death signals5–11. However, to our knowledge, there are no published studies regarding the association between 
amlodipine and mitochondrial ultrastructure and function in neural stem cells (NSCs). In this study, instead of 
neuronal cultures or brain slices, we have used NSCs to investigate the association between amlodipine and NSCs 
injured by OGD; this could help in predicting the effect of amlodipine on regeneration and recovery after stroke12.

It is well documented that mitochondrial calcium overload induces activation of the mitochondrial permea-
bility transition (MPT) and that this process leads to loss of mitochondrial membrane potential, swelling of the 
mitochondrial matrix, and outer membrane rupture, followed by cytochrome c release, activation of downstream 
cascades, and ultimately apoptosis of cells in neurologic diseases13,14. In light of this knowledge, we hypothesized that 
amlodipine, via its calcium inhibitory properties, would reduce both cellular and mitochondrial calcium levels and 
subsequently inhibit activation of the MPT, and that this process would help maintain mitochondrial membrane 
potential and structure with reduction of cytochrome c release, leading to protection of NSCs from OGD.
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In the present study, we evaluated the neuroprotective effects of amlodipine camsylate (AC) on NSCs exposed 
to OGD with a focus on mitochondrial structure and function. We also examined the effects of AC on intracellu-
lar survival signaling proteins and mitochondrial biogenesis-related proteins in NSCs.

Results
Effects of OGD and AC on the viability and toxicity of NSCs. To measure the alteration in neural 
stem cell (NSC) viability after exposure to OGD, NSCs were incubated with OGD for different exposure times. 
Cell viability and death were measured with trypan blue staining (TBS) (0, 2, 4, 8, and 24 hours) and LDH assay 
(0,1,2,3,4,6,8, and 24 hours); results are shown in Fig. 1A. A significant decrease in NSC viability and increase in 
cell death were observed after exposure to hypoxic conditions in a time-dependent manner. The cytotoxicity of 
AC was evaluated by treating cells with different concentrations of AC (Fig. 1B). Treatment of cells with above 
100 μM AC significantly reduced NSC viability. To identify the effect of AC on cell viability in the context of OGD, 
we co-treated cells with OGD and three different concentrations of AC for 8 hours (0.1,1 and 10 μM) (Fig. 1C). 
Cells treated with 1 μΜ AC under OGD for 8 hours showed significantly higher NSC viability and lower NSC 
toxicity than the cells treated with the other two concentrations of AC and OGD. Treatment of cells with 10 μΜ 
AC decreased the viability of NSCs exposed to OGD.

Anti-apoptotic effect of AC on NSCs under OGD. TUNEL and DAPI staining were performed to exam-
ine the effect of AC on OGD-induced apoptosis of NSCs (Fig. 1D). Percentage of apoptotic cells increased sig-
nificantly after treatment with OGD for 8 hours. However, the percentage apoptotic cells decreased significantly 
upon treatment with AC in a concentration-dependent manner. We also measured the apoptosis of NSCs using 
fluorescence-activated cell sorting (FACS) and observed a significant reduction in the percentage of apoptotic 
cells upon treatment with 1 μΜ AC under OGD for 8 hours (Fig. 1E).

effect of Ac on nSc intracellular signaling. To investigate the effects of AC on signaling proteins 
associated with the survival of NSCs, we analyzed PI3K, phospho-Akt (Ser473), phospho-GSK3β (Ser9), 
and phospho-p44/42 MARK (Erk1/2) expression by western blotting (Fig. 1F). Immunoreactivities of PI3K, 
phospho-Akt (Ser473), phospho-GSK3β (Ser9), and phospho-p44/42 MARK (Erk1/2) were higher in NSCs 
co-treated with AC than in NSCs treated with OGD alone. To determine whether NSCs were affected by OGD, we 
also measured levels of HIF-1α in the NSCs by western blotting. HIF-1α expression was significantly increased in 
NSCs treated with OGD alone, but it was markedly decreased in NSCs co-treated with AC and OGD.

Figure 1. Effect of OGD and AC on viability of neural stem cells. (A) Neural stem cells (NSCs) were treated 
with oxygen–glucose deprivation (OGD) for different periods of time. OGD induced cytotoxicity and decreased 
the viability of NSCs in a time-dependent manner. (B) To evaluate the effect of AC itself on NSCs, cells were 
treated with several concentrations of AC (0, 0.1, 1, 10, 100, or 1000 μM) for 8 h. AC (up to 10 μM) did not affect 
viability and was not cytotoxic to NSCs. (C) To measure the effects of AC on OGD-induced neurotoxicity, 
NSCs were simultaneously treated with several concentrations of AC (0, 0.1, 1, or 10 μM) and OGD for 8 h. AC 
up to 1 μM protected NSCs from OGD, but 10 μM AC was not protective. DAPI and TUNEL staining (D) and 
Annexin V/PI FACS analysis (E) showed that AC effectively blocked apoptotic cell death of NSCs induced by 
OGD. (F) AC restored the levels of each of these signaling proteins in NSCs under OGD. Data are means (% 
of control) ± SD from five independent experiments. Treatment groups were compared with the control group 
using Tukey’s test after one-way ANOVA. *p < 0.05 and **p < 0.01 (vs. control group), #p < 0.05 and ##p < 0.05 
(vs. the group treated only with OGD). Full-length blots/gels are presented in Supplementary Fig. S1.
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Effect of AC on NSC proliferation under OGD. NSC proliferation was assessed by colony formation 
assay. Compared with NSCs treated with OGD alone for 8 hours, co-treatment with AC significantly increased 
NSC proliferation in a concentration-dependent manner (Fig. 2A,B). In addition, Ki67 immunoreactivity (prolif-
eration marker) was increased in NSCs co-treated with AC compared to cells treated with OGD alone (Fig. 2C). 
Furthermore, NSCs treated with AC under OGD showed significantly higher cell migration activities than NSCs 
treated with OGD alone for 8 hours (Fig. 2D).

Protective effect of AC on mitochondrial cristae ultrastructure and function in NSCs injured by 
oGD. Transmission electron microscopy (TEM) was used to evaluate ultrastructural changes of the cristae 
in the mitochondria of NSCs subjected to OGD and/or AC treatment (Fig. 3A). Structural enlargement of the 
mitochondrial matrix and deformation of the mitochondrial cristae were observed in NSCs treated with OGD 
for 8 hours compared with the control. However, co-treatment of NSCs with AC plus OGD for 8 hours resulted 
in significant preservation of mitochondrial cristae ultrastructure in a concentration-dependent manner. Low 
magnification TEM images are presented in Supplementary Fig. S3. In addition, mitochondrial function was eval-
uated in NSCs treated with OGD and/or AC by western blotting using mitochondrial biogenesis-related marker 
antibodies (Fig. 3B). Significantly higher expression of mitochondrial biogenesis-related proteins was observed 
in NSCs co-treated with AC and OGD than in cells treated with OGD alone.

effect of Ac on oGD-induced free radical production and mitochondrial damage in nScs.  
Oxidative damage was evaluated by detecting production of reactive oxygen species (ROS) in NSCs. NSCs were 
treated with re-oxygenation for 4 hours following OGD for 8 hours and ROS levels were assessed using DCF 

Figure 2. Effect of OGD and AC on NSC proliferation. (A) Colony forming unit (CFU) assays were performed. 
The OGD-induced decrease in proliferative activity of NSCs was significantly recovered by treatment with AC. 
BrdU assay (B) and Ki67 staining (C) also showed that AC effectively increased proliferation of NSCs subjected 
to OGD. (D) A cell migration assay showed that the migratory activity of NSCs was reduced by OGD but 
strongly increased by AC treatment. Data are means (% of control) ± SD from five independent experiments. 
Treatment groups were compared with the control group using Tukey’s test after one-way ANOVA. *p < 0.05 
and **p < 0.01 (vs. control group), #p < 0.05 (vs. the group treated only with OGD). Full-length blots/gels are 
presented in Supplementary Fig. S2.
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fluorescence (Fig. 4A). Treatment with OGD for 8 hours followed by re-oxygenation for 4 hours resulted in signif-
icantly increased free radical production in NSCs compared with the control group. However, co-treatment with 
AC (0.1 and 1 μM) resulted in a significant decrease in ROS production in a concentration-dependent manner. 
Additional analyses were conducted to evaluate mitochondrial changes in NSCs treated with OGD and/or AC. 
Intracellular calcium level and mitochondrial membrane potential were measured, and an ATP assay was per-
formed. Intracellular calcium levels were significantly lower in NSCs co-treated with AC than in cells treated with 
OGD alone (Fig. 4B). In addition, mitochondrial membrane potential and ATP concentrations were significantly 
higher in NSCs co-treated with AC and OGD than cells treated with OGD alone (Fig. 4C,D). Using FACS, lower 
JC-1 monomer expression was also confirmed in NSCs co-treated with AC compared to NSCs treated with OGD 
alone (Supplementary Fig. S5).

Effect of AC on mitochondrial apoptosis-related proteins in NSCs. The effect of AC on mitochon-
drial apoptosis-related proteins was evaluated in NSCs that were injured by OGD using western blotting (Fig. 4E). 
Expression of the survival-related protein Bcl-2 and mitochondrial cytochrome c was significantly increased in 
NSCs co-treated with AC than NSCs treated with OGD alone. However, the expression of the apoptosis-related 
protein Bax, cytosolic cytochrome c, and cleaved PARP decreased in response to co-treatment with AC compared 
to cells treated with OGD alone.

The PI3K/Akt pathways play a critical role in mediating AC-induced protective effects and 
restoration of mitochondrial damage in NSCs injured by OGD. The roles of the PI3K/Akt path-
ways in mediating the protective effect of AC on the NSCs were investigated. NSCs were pre-treated with 
LY294002, a PI3K inhibitor, before OGD and/or AC treatment. LY294002 blocked the protective effect of AC 
on NSCs damaged by OGD, and cell viability was decreased by approximately 18%, compared to NSCs that 
were not pre-treated with the PI3K inhibitor (Fig. 5A). The levels of the PI3k/Akt pathway related signaling 
proteins, and mitochondrial structure and function related proteins, were also measured. The expression of 
PI3K p110, phospho-Akt (Ser473), Drp1, Mfn1 and Mfn2 was significantly decreased in NSCs pre-treated with 
LY294002 (Fig. 5B,C).

Figure 3. Effect of OGD and AC on NSC mitochondria. (A) Representative transmission electron microscopy 
(TEM) images of NSCs treated with OGD only (left) or OGD and AC (right). Mitochondrial damage was 
characterized by the loss of cristae (top) and abnormal enlargement (bottom). OGD-induced mitochondrial 
damage was prevented by AC treatment. (B) Western blot showing that expression levels of proteins associated 
with mitochondria biogenesis of NSCs, such as phospho-p38, PGC1α, NRF-1, Drp1, Mfn 1, and Mfn 2, were 
decreased by OGD treatment but increased with AC treatment. Data are means (% of control) ± SD from five 
independent experiments. Treatment groups were compared with the control group using Tukey’s test after one-
way ANOVA. *p < 0.05 (vs. control group), #p < 0.05 (vs. the group treated only with OGD). Full-length blots/
gels are presented in Supplementary Fig. S4.
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Discussion
Previously, we reported that amlodipine had possible neuroprotective effects on oxidative stress-injured cortical 
neurons and NSCs5,6. In the present study, we focused on the effects of AC on mitochondrial structure and func-
tion in OGD-injured NSCs. AC increased cell viability, PI3K survival signaling, and NSC proliferation (Figs 1 
and 2). AC also effectively preserved the mitochondrial structure of NSCs based on TEM findings (Fig. 3A). In 
addition, AC enhanced the expression of mitochondrial biogenesis-related proteins (Fig. 3B) and inhibited the 
expression of mitochondrial anti-apoptosis proteins (Fig. 4). Based on these findings, we hypothesize that AC 
improves cell survival by protecting mitochondria and inhibiting apoptosis in OGD-injured NSCs. Although 
previous studies have reported possible neuroprotective effects of amlodipine, this study is the first to identify the 
protective effects of AC on mitochondria in OGD-injured NSCs7,8,10,11. In addition, we identified that the PI3K/
Akt pathway plays an important role in mediating the AC-induced protective effects, and restoration of mito-
chondrial damage in NSCs injured by OGD (Fig. 5)15.

Neurotoxicity is mediated by elevation of cytosolic Ca2+, and acute neural cell death correlates with the 
absolute amount of intracellular calcium16,17. Mitochondria are a major calcium-regulating organelle and mito-
chondrial calcium uptake and release mechanisms are key regulators of cell life or death18,19. Calcium overload 
in mitochondria and subsequent dysfunction leads to cell death after ischemic and traumatic brain injury20,21. 
The MPT pore is located in the inner mitochondrial membrane and allows solutes with molecular masses of 
up to 1500 Da to enter or exit the mitochondrial matrix14. Activation of the MPT pore is the most frequently 
observed consequence of extensive Ca2+ accumulation in the mitochondria20. Opening of the MPT pore results 
in osmotic swelling of the mitochondrial matrix that is associated with a decrease in membrane potential and 
release of cytochrome c with other apoptotic factors14,20. Elevated Ca2+ in mitochondria is thought to be a critical 
determinant of whether cells undergo oxidative stress-induced apoptosis22. Via its calcium inhibitory properties, 
amlodipine, a calcium channel blocker used as an antihypertensive drug23, can block calcium influx and reduce 
calcium storage in cells. Similar to our findings, a previous study reported that administration of azelnidipine, a 
L-type calcium antagonist, reduced not only cellular Ca2+ accumulation but also mitochondrial Ca2+ accumula-
tion in renal cells24. In addition to stabilizing cellular and mitochondrial Ca2+ homeostasis, azelnidipine protects 
renal cells from apoptosis induced by hypoxic injury through inhibition of the MPT, cytochrome c release, and 
downstream signaling cascades. Amlodipine is also an L-type calcium antagonist25. Therefore, we hypothesized 
that AC would inhibit intracellular calcium influx and reduce Ca2+ accumulation in both the cellular cytoplasm 

Figure 4. Effect of AC on mitochondrial oxidative stress in NSCs injured by OGD. (A) NSCs were treated 
with OGD for 30 m and free radical generation was measured using the fluorescent probe DCFH-DA. OGD 
significantly increased levels of intracellular reactive oxygen species (ROS). However, co-treatment with 
AC dramatically decreased ROS levels in NSCs. (B) Measurement of intracellular Ca2+ levels suggested that 
intracellular Ca2+ influx into NSCs was increased by OGD but is decreased by AC treatment. (C) Mitochondrial 
membrane potential was measured in NSCs under diverse conditions and it decreased significantly upon OGD 
treatment, whereas AC effectively restored membrane potential to almost normal. (D) ATP level decreased with 
OGD while AC increased ATP level. (E) Western blots show that expression of proteins associated with cell 
survival, such as Bcl-2 and mitochondrial cytochrome c, decreased in response to OGD treatment but increased 
with AC treatment. Proteins related to cell death, including Bax, cytosolic cytochrome c, and cleaved PARP 
increased with OGD treatment but decreased with AC treatment. Data are means (% of control) ± SD from five 
independent experiments. Treatment groups were compared with the control group using Tukey’s test after one-
way ANOVA. *p < 0.05 and **p < 0.01 (vs. control group), #p < 0.05 (vs. the group treated only with OGD). 
Full-length blots/gels are presented in Supplementary Fig. S6.
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and mitochondria of NSCs. This reduction in mitochondrial Ca2+ accumulation could potentially inhibit MPT 
pore opening, thereby preventing cytochrome c release, the downstream cascade, and, apoptosis of NSCs, as we 
demonstrated in this study.

We found that AC effectively enhanced the expression of PI3K pathway proteins, ERK, and anti-apoptotic 
protein Bcl-2 in OGD-injured NSCs. Similar to our findings, a previous study showed that amlodipine mark-
edly activated the PI3K/Akt pathway in neonatal rat cardiac muscle4. It is well documented that the PI3K/Akt 
signaling pathway plays a survival role and is involved in neuroprotection by increasing levels of downstream 
survival-related proteins including phosphorylated Akt, phosphorylated GSK-3β, and Bcl-2, and by decreas-
ing levels of apoptosis-related proteins including cytosolic cytochrome c and cleaved caspase 326–30. A previous 
study also reported that pretreatment of human umbilical venous endothelial cells with amlodipine resulted in 
an increase in the Bcl-2/Bax ratio31. Bcl-2-family proteins can modulate intracellular Ca2+ transport systems at 
the endoplasmic reticulum, mitochondria, and plasma membrane32. In addition, Bcl-2-family proteins finely 
regulate mitochondrial calcium uptake and can maximize the positive effects of Ca2+ on mitochondrial bioener-
getics while protecting the mitochondria from Ca2+ overload leading to cell death32. A previous study reported 
that Bcl-2 proteins reduce Ca2+ at the endoplasmic reticulum, leading to reduction of mitochondrial calcium and 
consequently, inhibition of cell apoptosis19.

We also observed in the present study that AC upregulated the expression of biogenesis-related proteins. Both 
PGC-1 and NRF-1 participate in mitochondrial biogenesis and respiration33,34. Phosphorylated dynamin-related 
protein (Drp) 1 reduces mitochondrial fission and promotes cell survival35. Mfn1 and 2 play important roles 
in mitochondrial fusion, and disruption of mitochondrial fusion results in mitochondrial heterogeneity and 
dysfunction36.

Based on our results, we propose the following mechanism for the protective effects of AC in NSCs under 
OGD (Fig. 6). The mechanisms that were not established in this study, were referenced from above studies33–36. 
Under OGD, extracellular calcium influx occurs in NSCs with an increase in ROS and hypoxia/ischemia related 
protein HIF-1α. This process causes mitochondrial structural changes and activates the apoptosis-related protein 
Bax in the mitochondrial membrane. Mitochondrial cytochrome c is then released from the mitochondria to 
the cytosol and this process increases caspase-3 activity. Ultimately, caspase-3 induces cleavage of PARP and cell 
apoptosis. In contrast, when NSCs under OGD are treated with AC, calcium influx is blocked and the PI3K cell 
survival signaling pathway is upregulated. In addition, the survival-related protein Bcl-2, which is activated by 
AC, may contribute to the maintenance of the mitochondrial membrane potential and inhibit release of mito-
chondrial cytochrome c. Furthermore, AC increases the expression of mitochondrial biogenesis-related proteins 
such as mitofusin (Mfn) which may serve to maintain mitochondrial morphology and function in NSCs under 
OGD. Together, these findings indicate that AC protects NSCs from OGD and further oxidative damage and 
promotes cell survival via mitochondrial protection and inhibition of apoptosis.

Figure 5. Role of the PI3K/Akt pathway in mediating the protective effect of AC in NSCs injured by OGD. (A) 
NSCs were pre-treated with LY294002, a PI3K inhibitor, (10 µM) and the graph shows significant inhibition of 
the protective effect of AC on NSCs injured using OGD. (B) Western blots show that expression of the PI3K/
Akt pathway associated proteins increased in response to AC treatment in NSCs injured using OGD, and 
treatment with LY294002 decreased expression. (C) LY294002 also inhibited the effect of amlodipine on the 
expression of the mitochondrial structure and function-related proteins such as Drp1, Mfn1, and Mfn2 in NSCs 
injured using OGD. Data are means (% of control) ± SD from five independent experiments. Treatment groups 
were compared with the control group using Tukey’s test after one-way ANOVA. *p < 0.05 and **p < 0.01 
(vs. control group), #p < 0.05 and ##p < 0.01 (vs. the group treated only with OGD). Full-length blots/gels are 
presented in Supplementary Figs S7 and S8.
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The present study had several limitations. First, because this study was an in vitro study, the neuroprotective effects 
of AC need be re-confirmed in experimental animal models. Second, this study was conducted with AC only, which 
limits the generalizability of our findings. Therefore, neuroprotective effects of other amlodipine salt formulations 
should be investigated under the same conditions. However, considering our previous report that amlodipine besylate 
and AC have similar neuroprotective effects5, it is likely that other amlodipine salts might have similar protective effects.

In conclusion, our results provide evidence that AC protects OGD-injured NSCs by inhibiting cellular and 
mitochondrial calcium influx, activating the PI3K pathway, and enhancing the expression of mitochondrial 
biogenesis-related proteins. In addition, AC has a preservative effect on mitochondrial structure and the func-
tions of NSCs injured by OGD. The results of the present study provide insight into the mechanisms underlying 
the protective effects of amlodipine on NSCs; namely, AC protect NSCs from OGD by protecting mitochondria.

Methods
Materials. AC was a kind gift from Hanmi Pharmaceutical Corporation (Seoul, South Korea). AC was dis-
solved in dimethyl sulfoxide with a final concentration in culture medium of 1% (vol/vol).

culture of neural stem cells and production of a hypoxic environment. All procedures involving 
animals were performed in accordance with the Hanyang University guidelines for the care and use of labora-
tory animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Hanyang 
University. Every effort was made to minimize the number of animals used and to limit animal suffering. Each 
animal was used only once.

NSCs were isolated from rodent embryonic brains, cultured, and expanded. NSC culture was performed as 
described previously37–40. Briefly, rat embryos were decapitated at embryonic day 13 (E13). Brains were rapidly removed 
and placed in a petri dish half full of ice-cold Hank’s balanced salt solution (HBSS; 137 mM NaCl, 5.4 mM KCl, 0.3 mM 
Na2HPO4, 0.4 mM KH2PO4, 5.6 mM glucose, and 2.5 mM HEPES; GIBCO BRL, Grand Island, NY, USA). Single cells 
were dissociated from the whole cerebral cortex, lateral ganglionic eminence, and ventral midbrain of the fetal rats. The 
resulting cells were plated at a density of 2 × 104 cells/cm2 on culture dishes pre-coated with poly-L-ornithine/fibronec-
tin in Ca2+/Mg2+-free phosphate-buffered saline (PBS; GIBCO) and cultured in N2 medium (Dulbecco’s Modified 
Eagle’s Medium/Nutrient Mixture F-12, 25 mg/L insulin, 100 mg/L transferrin, 30 nM selenite, 100 μM putrescine, 
20 nM progesterone, 0.2 mM ascorbic acid, 2 nM L-glutamine, 8.6 mM D(+) glucose, and 20 nM NaHCO3; Sigma, St. 
Louis, MO, USA) supplemented with basic fibroblast growth factor (BFGF; 10 ng/ml, R&D Systems, Minneapolis, MN, 
USA). Cultures were maintained at 37 °C under a humidified 5% CO2 atmosphere for 4–6 days.

OGD was achieved in a Forma anaerobic chamber (Thermo Fisher Scientific, Waltham, MA USA). A gas 
mixture containing CO2 (5%), O2 (0.2%), and N2 (94.8%) was flushed through the chamber for 1, 2, 3, 4, 6, 
8, and 24 h. This procedure maintained a non-fluctuating hypoxic environment below 1% O2. We measured 
hypoxic-inducible factor-1alpha (HIF-1α) (which is known to be induced by OGD) using western blotting to 
determine whether NSCs were affected by OGD delivered by this procedure.

To evaluate the effect of AC on NSCs, cells were treated with several concentrations of AC alone for 1 and 8 h. 
Finally, to measure the protective effect of AC against OGD, we treated NSCs with several concentrations of AC 
under OGD for 1 and 8 h, as described above.

To investigate whether the PI3K/Akt pathway plays a critical role in mediating the neuroprotection afforded 
by AC against OGD in NSCs, we also treated NSCs with 10 μM LY294002, a PI3K inhibitor, 30 min before treat-
ment with 1 μM AC in the background of OGD. Cell viability and expression of proteins were assessed using TBS 
and western blot, respectively. NSCs were separated into 4 groups as follows: control (group 1), 1 or 8 h OGD 
alone (group 2), 1 or 8 h OGD + 1 μM AC (group 3), 10 μM LY294002 + 1 or 8 h OGD + 1 μM AC (group 4).

Figure 6. Summary of the effects of AC on NSCs under OGD. OGD disrupts mitochondria in NSCs, but AC 
can protect mitochondria against OGD through diverse mechanisms including inhibition of calcium influx, 
activation of the PI3K/Akt pathway, and mitochondria biogenesis.
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Trypan blue staining and the lactate dehydrogenase (LDH) release assay to measure cell viability.  
For trypan blue staining, 10 μl aliquots of cells were incubated with 10 μl of trypan blue solution for 2 m. Unstained 
live cells were counted with a hemocytometer. A colorimetric assay kit (Roche Boehringer–Mannheim, IN, USA) 
was used to quantify LDH released from cultured NSCs according to the manufacturer’s instructions. Cell via-
bility was assessed using an ELISA plate reader (Synergy H1 Hybrid reader, BioTek Instruments, Winooski, VT, 
USA) at 490 nm with a reference wavelength of 690 nm. All results were normalized to the OD of an identical well 
without cells41.

DApi and tUneL staining to evaluate apoptosis. NSCs were seeded on collagen-coated 13 mm diam-
eter glass cover slips and treated with AC without exposure to OGD, without AC but with exposure to OGD for 
8 h, or with exposure to OGD in the presence of AC (0.1 and 1 μM) for 8 h. Cells were then rinsed twice with PBS, 
air-dried, and fixed with 4% paraformaldehyde in PBS for 1 h at room temperature.

Apoptotic cell death was identified by terminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labeling (TUNEL) (Roche Boehringer–Mannheim, IN, USA). To monitor intact, condensed, and 
fragmented nuclei, TUNEL-stained cells were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Vector 
Laboratories, Burlingame, CA, USA) for 20 m, washed several times with PBS, and mounted on glass slides with 
mounting medium (Merck, Kenilworth, NJ, USA). Cells were then observed under an Olympus Bx53 microscope 
(Olympus, Tokyo, Japan).

Annexin V and propidium iodide (PI) staining and detection. Annexin V/PI staining was measured 
using a FITC Annexin V Apoptosis Detection Kit I (Beckton Dickinson, Franklin Lakes, NJ, USA) according 
to the manufacturer’s instructions. Briefly, cortical neurons were exposed to OGD with AC (0.1 and 1 µM) and 
incubated for 8 h at 37 °C. Cells were then rinsed twice with cold PBS and resuspended in 1× Binding Buffer. 
They were transferred (100 μl of the solution; 1 × 105 cells) to a 1.5 ml culture tube followed by application of 5 μl 
of FITC Annexin V and 10 μl PI. Samples were gently mixed and incubated for 15 m at room temperature in the 
dark. Finally, 400 μl of 1× Binding Buffer was added to each tube and samples were analyzed by flow cytometry 
(Accuri C6 Flow cytometer, BD Biosciences). Data were acquired and analyzed with BD Accuri C6 software.

colony-forming unit assay. Proliferation of NSCs was measured via a colony-forming unit (CFU) assay. 
Approximately 0.5 × 104 cells were seeded in a 60-mm grid plate and treated with OGD and AC (0.1 and 1 µM) 
for 8 h. Cells were then washed with DPBS, and the culture medium was changed. After 14 days, cells were washed 
again with DPBS and stained with 0.5% crystal violet (Sigma) in methanol for 30 m at room temperature. After 
staining, plates were washed with DPBS and allowed to dry. Colonies were counted under a dissecting microscope 
and colonies less than 2 mm in diameter or faintly stained were excluded.

Migration assays. Cell migration assays were performed using a QCM 24-well colorimetric cell migration 
assay kit (Chemicon, Temecula, CA, USA) according to the manufacturer’s instructions. Briefly, OGD and AC 
(0.1 and 1 µM) were added into the upper chamber of the plate followed by incubation for 24 h at 37 °C. Cells that 
had migrated through the membrane were stained, and the number of migrated cells was determined by meas-
uring the absorbance at 560 nm using a spectrophotometric plate reader (Synergy H1, BioTek Instruments)42.

BrdU cell proliferation assay. NSCs were incubated in BrdU-labeling medium (10 μM BrdU) for 5 h, and 
cell proliferation was measured using a BrdU Labeling and Detection Kit (Roche Boehringer–Mannheim, IN, 
USA) according to the manufacturer’s instructions. Cell proliferation was assessed using an ELISA plate reader 
(Synergy H1, BioTek Instruments) at 370 nm with a reference wavelength of 492 nm. All results were normalized 
to the OD of an identical well without cells.

electron microscopy. NSCs (1 × 106) were seeded on 150 mm dishes and exposed to OGD and AC (0.1 and 
1 µM) for 8 h. Cells were then washed twice with PBS and fixed with EM fixing buffer for 1 h at room temperature. 
Twenty-four hours after MPP + (1-methyl-4-phenylpyridinium) treatment, cells were washed with DMEM and 
fixed in 0.1 M cacodylate buffer (pH 7.0, TED PELLA INC., Redding, CA, USA) containing 2% paraformaldehyde 
(Merck) and 0.5% glutaraldehyde (EMS, Hatfield, PA, USA) at 37 °C for 15 m, after which fixation was allowed to 
proceed at room temperature. Cells were washed with the same buffer three times, post-fixed with 1% osmium 
tetroxide (Heraeus, Hanau, Germany) for 30 m, and EM bloc-stained with 0.2% uranyl acetate (EMS) solution for 
1 h. Subsequently, cells were dehydrated through an ascending ethanol series and embedded in an Epon mixture. 
Thin sections of 80 nm were cut using a Reichert-Jung Ultracut E ultramicrotome (Leica, Wetzlar, Germany) and 
mounted on a 200-mesh grid. Electron microscopy observation was performed with a Hitachi H-7500 transmis-
sion electron microscope (Hitachi, Ltd., Tokyo, Japan) with 80 kV acceleration voltage.

Determination of free radical production. To measure free radical production, NSCs were exposed 
to OGD for 30 m and incubated with the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate 
(H2DCF-DA) (Molecular Probes Inc., Eugene, OR, USA) for 15 m. Then, NSCs treated with different concen-
trations of AC were exposed to OGD for 8 h followed by sample reoxygenation for 4 h. After incubation with 
10 µM H2DCF-DA at 37 °C for 15 m, cells were washed with PBS three times. H2DCF-DA freely crosses cell mem-
branes and is hydrolyzed by cellular esterases to 2′,7′-dichlorodihydrofluorescein (H2DCF), which is oxidized 
to 2′7′-dichlorofluorescein (DCF), which fluoresces in the presence of peroxides. Therefore, DCF fluorescence 
indicates the level of intracellular hydrogen peroxide, not superoxide. Accumulation of DCF in cells was assessed 
using an ELISA plate reader (Synergy H1 reader, BioTek Instruments) by measuring fluorescence (excitation 
488 nm; emission 530 nm). All results were normalized to the OD of an identical well without cells.
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Mitochondrial membrane potential assay. NSCs were seeded at a density of 5 × 105/ml per well 
of a 96-well culture plate. Cells were exposed to OGD with AC (0.1 and 1 µM) and incubated for 8 h at 
37 °C. Mitochondrial membrane potential was measured using a JC-1 Mitochondrial Membrane Potential 
Assay Kit (Abnova, Taipei Taiwan) according to the manufacturer’s instructions. Mitochondrial membrane 
potential was assessed using an ELISA plate reader (Synergy H1 reader, BioTek Instruments). Apoptotic 
or unhealthy cells with mainly JC-1 monomers were detected with settings designed to detect FITC  
(excitation/emission = 485/535 nm).

Atp assay. ATP concentrations were measured using an ATP assay kit (Abcam, Cambridge, UK) according 
to the manufacturer’s instructions and fluorimetrically assessed using an ELISA plate reader (Synergy H1 reader, 
BioTek Instruments). ATP concentration was detected with an excitation/emission setting of 535/587 nm.

Determination of ca2+ level. Intracellular calcium levels in NSCs was measured via a Fura 2-AM. 
Approximately 1–2 × 105 cells were seeded in a 24 well plate and treated with OGD and AC (0.1 and 1 µM) for 
4 h. Cells were incubated with 10 mM Fura-2-AM (Sigma) for 1 h at 25–37 °C, in Hank’s balanced salt solution 
(HBSS), HEPES buffer saline (87 mM NaCl, 50 mM KCl, 1 mM MgCl2, 12 mM HEPES, 10 mM Glucose and 
5 mM CaCl2 (pH 7.4). After 1 h of incubation, cells were washed with HEPES buffer saline for 30 min at room 
temperature. Fura-2 loaded cells were illuminated with dual excitation wave lengths of 340 nm and 380 nm, while 
capturing the emission signal at 510 nm with the help of appropriate excitation and emission filters (Synergy H1, 
BioTek Instruments).

NSCs were treated for 8 h, the culture medium was replaced with new medium containing 5 μM Fluo-4 AM 
(Life Technologies, Carlsbad, IL, USA), and cells were incubated at 37 °C for 1 h. Cells were washed in PBS and 
incubated for 30 m to allow complete de-esterification of intracellular acetomethyl (AM) esters for fluorescence 
analysis. Accumulation of fluo-4AM in cells was assessed using an ELISA plate reader (Synergy H1 reader, BioTek 
Instruments) by measuring fluorescence (excitation 505 nm; emission 530 nm).

Fluo-4 AM intensity was quantified within a region of interest (ROI) for each cell and expressed as the relative 
change in fluorescence: ΔF/F0 = (F − F0)/F0, where F0 is the fluorescence level at the start of the experiment after 
subtracting the background fluorescence. Peak amplitudes of ΔF/F0 were determined on stimulation and cumu-
lative increases in ΔF/F0 were calculated over a 420 s post-stimulus time period using Microsoft Excel.

Western blot analyses. Levels of phosphatidylinositol 3-kinase (PI3K), phosphorylated Akt (pAkt) 
(Ser473), phosphorylated glycogen synthase kinase-3β (pGSK-3β) (Ser9), phospho-p44/42 MARK (Erk1/2), 
HIF-1α, Ki67, phosphor-p38 (Thr180/Thr182), peroxisome proliferator-activated receptor gamma coactivator 
1-alpha (PGC1 α), nuclear respiratory factor 1 (NRF-1), dynamin-related protein 1 (Drp1), mitofusin 1 (Mfn 1), 
mitofusin 2 (Mfn 2), Bcl-2, Bax, cytochrome-C and cleaved PARP were analyzed by western blotting43. Western 
blotting was performed immediately after treatment for 1 or 8 h. Briefly, 5 × 106 cells were washed twice in cold 
PBS, incubated for 30 m on ice in lysis buffer [RIPA II cell lysis buffer 1× with Triton, without EDTA; 1 mM phe-
nylmethylsulfonyl fluoride (PMSF); 1 mM sodium fluoride (NaF); 1 mM sodium orthovanadate (Na3VO4); and 
0.5% protease inhibitor cocktail 1x]. Next, cells were sonicated (Sonoplus, Bandelin Electronics, Berlin, Germany) 
and incubated for 30 m on ice. To evaluate cytosolic and mitochondria cytochrome c levels, mitochondrial and 
cytosolic fractions were isolated using the Mitochondria/Cytosol Fractionation Kit (Abcam, UK) according to the 
manufacturer’s instructions. Briefly, after OGD for 8 h with different concentrations of AC treatment, NSCs were 
harvested, washed once with ice-cold PBS, and resuspended in 1.0 mL of 1× cytosol extraction buffer mix con-
taining dithiothreitol (DTT) and protease inhibitors. After a 10-m incubation on ice, the cell suspension was son-
icated (Sonoplus) 5–10 times on ice. Samples were centrifuged at 3,000 rpm at 4 °C for 10 m. Supernatants were 
centrifuged again at 13,000 rpm for 30 m to separate the mitochondrial fraction (pellet) and the cytosolic fraction 
(supernatant). The mitochondria pellet was washed once with the isolation buffer, and then lysed in mitochon-
drial extraction buffer containing DTT and protease inhibitors. Samples containing equal amounts (30 μg) of 
protein were resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK). Membranes were 
blocked with 5% skim milk and then incubated with specific primary antibodies. The antibodies used were as fol-
lows: anti-p85α PI3K (1:1000, Millipore), anti-PI3K p110 (1:1000, Cell signaling, Beverly, MA, USA), anti-pAkt 
(1:500, Cell Signaling), anti-Akt (1:1000, Cell Signaling), anti-pGSK-3β (Ser9) (1:500, Cell Signaling, Beverly, 
MA, USA), anti- p-p44/42 MARK (1:1000, Cell Signaling), anti-HIF-1 (1:1000, Santa Cruz, CA, USA), anti-Ki67 
(1:200, Abcam, UK), anti-p-p38 (1:1000, Cell Signaling), anti-PGC1α (1:1000, Abcam), anti-NRF-1 (1:1000, 
Abcam), Drp1 (1:500, Cell Signaling), anti-Mfn 1 (5 μg/ml, Abcam), anti-Mfn 2 (5 μg/ml, Abcam), anti-Bcl-2 
(1:500, Abcam), anti-Bax (1:1000, Abcam), anti-cytochrome c (1:200, Cell Signaling), and anti-PARP (1:400, 
Cell Signaling). Membranes were washed with Tris-buffered saline containing 0.1% Tween-20 (TBST), and then 
processed using HRP-conjugated anti-rabbit antibody or anti-mouse antibody (Amersham Pharmacia Biotech, 
Piscataway, NJ, USA) followed by ECL detection (Amersham Pharmacia Biotech). Blots were quantified with an 
image analyzer (GE Healthcare, ImageQuant LAS 4000).

Statistical analysis. All data are presented as means ± standard deviations of five or more independent 
experiments. Viabilities of different treatment groups were compared with Tukey’s test after one-way analysis of 
variance (ANOVA). Levels of apoptosis and free radicals in different treatment groups and the western blotting 
results were compared using Tukey’s test after two-way ANOVA. P-values less than 0.05 were considered statis-
tically significant.
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