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Abstract: Hypoxia and apoptosis are involved in the pathogenesis of Alzheimer’s disease (AD). Hypoxia induces the 
formation of amyloid precursor protein in neurons, leading to the abnormal deposition of β-amyloid protein and 
hyperphosphorylation of Tau. Such changes increase the risk of AD. In the present study, a cellular model of hypoxia-
induced AD was established by exposing HT-22 mouse hippocampal neurons to the chemical hypoxia-mimicking 
agent cobalt chloride (CoCl2). It was found that hypoxia increased neuronal apoptosis. Hypoxia caused an abnor-
mal increase in the expression of the intracellular calcium channel protein Orai1 and cyclin-dependent kinase 5 
(CDK5), resulting in hyperphosphorylation of Tau. Treatment with small-interfering RNA against Orai1 (siOrai1) or an 
Orai1-overexpression plasmid effectively intervened the CDK5-mediated hyperphosphorylation of Tau. In summary, 
following hypoxic injury of neuron, the Orai1-induced expression of CDK5 leads to Tau hyperphosphorylation. Tau 
hyperphosphorylation is an important pathophysiological manifestation in AD patients. These results indicated that 
hypoxia induces HT-22 cell death by Orai1/CDK5 pathway mediated Tau hyperphosporylation. This study simulated 
the pathological process associated with AD and proposed that hypoxia of intravascular cells with normal blood oxy-
gen saturation might be one of a pathogenic mechanisms of AD. Therefore, this work may provide a new theoretical 
basis for AD prevention and treatment.
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Introduction

Alzheimer’s disease (AD) is a progressive neu-
rological degenerative disease with an insidi-
ous onset. Clinically, AD is characterized by dys-
mnesia, aphasia, apraxia, agnosia, visuospatial 
skill impairment, executive dysfunction, per-
sonality and behavioral changes, and other 
manifestations of generalized dementia [1, 2]. 
The pathological features of AD include intra-
neuronal neurofibrillary tangles in the cere- 
bral cortex and encephalic region, Tau protein 
hyperphosphorylation-induced neuronal death, 
and formation of extracellular senile plaques 
[3].

Hypoxia is a common pathophysiological pro-
cess, which can be caused by cardiovascular 
problems, hematological diseases, respiratory 
dysfunction, poisoning, or environmental condi-

tions. Hypoxia can lead to cell dysfunction, 
affect the functions of organs and systems, 
especially the central nervous system [4]. Low 
oxygen concentrations may cause oxidative 
stress to induce AD [5]. Kawahara et al. found 
that hypoxia enhances the conversion of amy-
loid precursor protein into β-amyloid protein 
and increases calcium channel expression, 
resulting in an imbalance of intracellular calci-
um homeostasis [6]. Sun et al. reported that 
hypoxia increases the expression of β-secre- 
tase and induces the production of β-amyloid 
protein, thereby causing dementia [7]. Hypoxia 
experiments, including the two described 
above, have been performed in either an in 
vitro hypoxic environment or by ligation of sup-
plying vessels in experimental animals; howev-
er, hypoxia simulation experiments have not  
yet been conducted in vitro by exposing cells  
to hypoxia-inducing chemicals. Because AD 
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occurs mainly in people with normal blood oxy-
gen saturation, in vitro cellular experiments 
with chemical hypoxia are necessary to exclude 
the effects of environmental and vascular fac-
tors and explore the correlation between cellu-
lar hypoxia and AD.

Changes in intracellular calcium ion concentra-
tion ([Ca2+]i) are involved in many cellular phys-
iopathological responses [8, 9]. The calcium 
influx mechanism mediated by the depletion of 
endoplasmic reticulum (ER) calcium stores, 
termed store-operated Ca2+ entry (SOCE), is an 
area of intense focus in calcium influx research 
[10-13]. The two main proteins in SOCE are 
stromal interaction molecule 1 (STIM1) and 
Orai1 (also known as CRACM1). STIM1, which  
is a calcium sensor located on the ER, senses 
intracellular calcium release and calcium store 
depletion. Following translocation to ER-plasma 
membrane (PM) junctions, STIM1 then inter-
acts with PM molecules to form calcium chan-
nels, ultimately triggering calcium influx. Orai1 
is scattered on the cell membrane during qui-
escence but can be recruited by STIM1 to 
aggregate and bind to the C-terminus of STIM1 
to form the calcium channel. The co-expression 
of STIM1 and Orai1 is therefore the basis of cal-
cium influx channel function [11]. In cardiomyo-
cytes, hypoxia increases Orai1 protein levels, 
resulting in an increase in apoptosis [12]; how-
ever, the effect of hypoxia on Orai1 in neuronal 
cells remains unclear and requires clarification 
through further investigation.

The calpain/p35-p25/CDK5 signaling pathway 
induces retinal cell apoptosis [14]. CDK5 is a 
member of the CDK family and is located on 
regions 3 and 6 of chromosome 7 [15, 16]. 
Unlike other CDK family proteins, CDK5 binds 
to p35 or p39 on the cell membrane to form 
active dimmers [17]. In the brain, CDK5 is  
primarily activated by p35. After p35 is pro- 
teolytically cleaved to yield p25, CDK5/p25 
becomes completely activated, leading to 
apoptosis [18]. In a study of rat pulmonary 
microvascular endothelial cells, Kim et al.  
found that hypoxia induced high expression of 
CDK5 [19]. In addition, CDK5 may cause Tau 
hyperphosphorylation, leading to the produc-
tion of neurotoxic factors, that damage neu-
rons, such factors include β-amyloid deposi- 
tion [20], hypoxia-ischemia [21, 22], oxidative 
stress [23] and inflammation [24]. It has been 

shown that Tau protein hyperphosphorylation is 
closely related to AD [25], hyperphosphory of 
tau protein in neurofibrillary tangles are neuro-
pathological features of AD, one of the principal 
[26]. To date, however, there is little research 
on the correlation between Orai1 protein and 
CDK5 in AD, supporting the need for clarifica-
tion through further investigations.

In this study, the mouse hippocampal neuron-
derived cell line HT-22 was used as a cellular 
model of AD. HT-22 cells were treated with  
the hypoxia-mimicking agent cobalt chloride 
(CoCl2) to establish an in vitro cellular model of 
chemical hypoxia-induced neuronal injury. This 
model excluded environmental and vascular 
factors and was used to investigate the effect 
of hypoxia on neuronal proliferation, apoptosis, 
and production of Orai1 and CDK5. Additionally, 
the correlation between AD and hypoxia was 
explored. This study provided insight into the 
etiology of AD and lays the groundwork for 
future efforts to improve clinical treatment and 
prevention of AD.

Materials and methods

Cell culture and treatments

HT-22 cells were obtained from iCell Biosci- 
ence Inc. (Shanghai, China) and routinely gro- 
wn in MEM high-glucose medium (Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (Gibco, Waltham, MA, USA), 
100 KU/L penicillin and 100 mg/L streptomy-
cin (Beyotime Institute of Biotechnology, Hubei, 
China) and cultured at 37°C under 5% CO2 in a 
humidified atmosphere.

For the control group, HT-22 cells were cultured 
under the above conditions. For the CoCl2 
group, HT-22 cells were treated with the hy- 
poxia-mimicking agent CoCl2 (Invitrogen) to 
establish an in vitro cellular model of chemical 
hypoxia-induced neuronal injury. The culture 
conditions were as described above. For the 
transfection group, siOrai1 interference frag-
ment (GenePharma, Shanghai, China) or the 
Orai1 overexpression plasmid (GenePharma) 
was transfected into HT-22 cells. The transfect-
ed cells were cultured in serum-free MEM high-
glucose medium at 37°C, 5% CO2, and 100% 
saturated humidity, while the cells in the 
transfection+CoCl2 group were transfected and 
then treated with CoCl2. These cells were cul-
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tured at 37°C under 5% CO2, and 100% satu-
rated humidity atmosphere.

Cell transfection

For transfection of HT-22 cells with the siOrai1 
or the Orai1 overexpression plasmid, cells in 
the logarithmic growth phase were plated in 
6-well culture plates at a density of 2×105 cells/
well and allowed to adhere at 37°C for 12 h. 
The siOrai1 interference fragment or the Orai1 
overexpression plasmid was then transfected 
into the HT-22 cells using LipofectamineTM2000 
(Invitrogen) for 6 h according to the manufac-
turer’s instructions.

Assessment of cell viability

Viability of cells was assessed using the MTT 
assay (Beyotime Institute of Biotechnology). 
HT-22 cells (5×103 cells/well) were seeded in a 
96-well culture plate. Cells were pretreated 
with CoCl2 for 12, 24, or 48 h. After a corre-
sponding 12-, 24-, or 48-h incubation, 20 µl of 
a 5 mg/ml stock solution of MTT was added 
into the culture medium, and cells were incu-
bated in the dark for 4 h at 37°C for formazan 
formation. Then, 100 µl DMSO (Invitrogen) was 
added into the culture medium to dissolve the 
formazan crystals, and the OD values were 
spectrophotometrically determined at 490 nm. 
The percentage of HT-22 cell viability was mea-
sured and normalized to the untreated control 
value, which was set at 100%.

Apoptosis analysis

Cell apoptosis was analyzed using an Annexin 
V-FITC/PI apoptosis detection kit (Beyotime 
Institute of Biotechnology). HT-22 cells (2×105 
cells/well) were seeded in a 6-well culture 
plate. Cells were pretreated with CoCl2 for 24 h, 
and then incubated with AnnexinV-FITC/PI for 
15 min in the dark. The fluorescence of each 
sample was immediately analyzed by flow 
cytometry (BD Biosciences, Franklin Lakes, NJ, 
USA).

Western blotting

The levels of Orai1 (13130-1-AP, Proteintech, 
Rosemont, IL, USA), CDK5 (10430-1-AP, Pro- 
teintech), Bcl-2 (12789-1-AP, Proteintech), 
cleaved-caspase-3 (19677-1-AP, Proteintech), 
total-Tau (T-Tau; 10274-1-AP, Proteintech), and 
phosphorylated-Tau (P-Tau; Ser396, AF3148, 
Affinity Biotech, Exeter, UK) were detected in 

HT-22 cells by western blot analysis. After treat-
ment under various conditions, the protein con-
tent of the cells was determined by the bicin-
choninic acid (BCA) method (Beyotime Institute 
of Biotechnology). Equivalent amounts of pro-
teins were separated by SDS-PAGE and su- 
bsequently transferred to a PVDF membrane 
(Millipore, Bedford, MA, USA). The membrane 
was blocked with blocking solution and incu-
bated with the indicated antibodies. An ECL kit 
(Beyotime Institute of Biotechnology) was used 
to visualize the membrane immunoreactivity. 
The quantification of protein was performed 
using a computerized imaging program Quantity 
One (Bio-Rad, Hercules, CA, USA).

Statistical analysis

All statistical analyses were conducted using 
GraphPad Prism 4.0 (GraphPad Software, La 
Jolla, CA, USA). Results were expressed as 
means ± standard deviation of the mean (SD). 
Student’s t-test was used to evaluate the differ-
ences between groups. A value of P<0.05 was 
considered to be statistically significant.

Results

Hypoxia inhibits cell proliferation and pro-
motes cell apoptosis

In order to explore the effects of chemically 
induced hypoxia on neuronal cells, HT-22 hip-
pocampal neuronal cells were treated with dif-
ferent concentrations of the hypoxia mimic 
CoCl2 (0-150 μM) for 0-48 h. The proliferation 
rate of cells in the CoCl2-treated group was  
significantly decreased compared with the  
control group (P<0.05). Cell viability in these 
CoCl2-treated cells was inhibited in a dose-  
and time-dependent manner with an IC50 of 
100 µM at 24 h (Figure 1A). In addition, apop-
tosis of HT-22 cells was induced in a concen- 
tration-dependent manner by treatment with 
CoCl2 (0-150 μM), as determined by Anne- 
xin V-FITC/PI double-staining flow cytometry 
(Figure 1B and 1C). Based on these experi-
ments, we selected 100 μM as the concen- 
tration of CoCl2 for use in the following 
experiments.

Detection of Orai1, CDK5, Bcl-2, and cleaved-
caspase-3 protein levels by western blotting 
of HT-22 neuronal cells grown with hypoxia 
chemical mimics

As apoptosis was increased in the HT-22 cells 
grown with the hypoxia mimic CoCl2, we sought 
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to examine the effects of this treatment on pro-
teins relevant for apoptosis. HT-22 cells were 
treated with 50, 75, or 100 μM CoCl2, and lev-
els of proteins of interest were determined by 
western blot. Compared with the control group, 
HT-22 cells treated with different concentra-
tions of CoCl2 exhibited decreased expres- 
sion of the anti-apoptotic protein Bcl-2 and 
increased expression of the apoptotic protein 
cleaved-caspase-3 as well as Orai1 (the calci-
um channel protein) and CDK5 (protein that 
activates Tau phosphorylation) (Figure 2).

Effects of siOrai1 on neuronal cell proliferation 
and apoptosis

As Orai1 was upregulated under hypoxic condi-
tions, we next sought to determine the role of 
the calcium channel protein Orai1 in cell prolif-
eration and apoptosis by examining the effects 
of knockdown of Orai1 expression in HT-22 
cells. We first confirmed knockdown of Orai1 
expression following transfection of HT-22 cells 
with siOrai1 interference fragment for 72 h 
using western blotting (Figure 3A and 3B). After 
transfecting HT-22 cells with siOrai1 interfer-
ence fragment for 6 h, HT-22 cells were treated 
with 100 μM CoCl2 for 24 h, and then prolifera-

tion of HT-22 cells was measured using an MTT 
assay. Compared with the control untreated 
cells, proliferation was inhibited in the CoCl2- 
and siOrai1+CoCl2-treated cells; however, this 
inhibition was alleviated in the siOra1+CoCl2-
treated cells compared to the cells treated with 
CoCl2 alone (Figure 3C).

Furthermore, apoptosis of these HT-22 neuro-
nal cells was examined by flow cytometry. 
Compared with the control group, the early 
apoptotic rate was increased in the CoCl2- and 
siOrai1+CoCl2-treated cells, but the apoptotic 
rate was increased to a lower extent in the 
siOrai1+CoCl2-treated cells compared to that 
for cells treated with CoCl2 alone (Figure 3D 
and 3E). Western blot analysis demonstrated 
that expression of the anti-apoptotic pro- 
tein Bcl-2 was reduced in the CoCl2- and 
siOrai1+CoCl2-treated cells compared to the 
control cells, but Bcl-2 expression was not 
reduced as much in the siOrai1+CoCl2-treated 
cells compared with the CoCl2-treated cells 
(Figure 3F). Furthermore, expression of the 
apoptotic protein cleaved-caspase-3 was ele-
vated in the CoCl2- and siOrai1+CoCl2-treated 
cells; however, the expression of cleaved-cas-
pase-3 was elevated to lower extent in the 

Figure 1. Hypoxia treatment decreases cell viability and induces apoptosis in HT-22 neuronal cells. A. Cells seeded 
into 96-well plates were treated with the indicated concentrations of CoCl2 for 12, 24, or 48 h. Cell viability was 
assessed by MTT assay, and the absorbance values of the treated samples are shown as percentages of the absor-
bance values of the control samples. B, C. After incubation with the indicated concentrations of CoCl2 for 24 h, cells 
were stained with Annexin V-FITC/PI, and cell apoptosis was then quantified by flow cytometer. Data are expressed 
as means ± SD from three independent experiments. **P<0.01 and ***P<0.001 vs. Control (0 µm CoCl2).
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siOrai1+CoCl2-treated cells than in the CoCl2-
treated cells (Figure 3G). Together, these find-
ings indicate that knockdown of Orai1 damp-
ens the effects of hypoxia on proliferation and 
apoptosis in HT-22 cells.

Effect of Orai1 overexpression on neuronal cell 
proliferation and apoptosis

We next examined the effects of overexpres-
sion of Orai1 on proliferation and apoptosis in 
HT-22 cells. After transfection of HT-22 cells 
with an Orai1 overexpression plasmid for 72 h, 
the increased expression of Orai1 protein was 
confirmed by western blotting (Figure 4A and 
4B). Following transfection with the Orai1 over-
expression plasmid for 6 h, HT-22 cells were 
induced with 100 μM CoCl2 for 24 h, and cell 
proliferation was assessed by an MTT assay. 
Compared with the control cells, cell prolifera-

tion was inhibited in the CoCl2- and Orai1+CoCl2-
treated cells, and greater cell proliferation inhi-
bition was observed in the Orai1+CoCl2-treated 
cells compared to that in the CoCl2-treated cells 
(Figure 4C). 

Apoptosis in these groups of cells was then 
detected by flow cytometry, indicating that 
compared with the control cells, the early apop-
totic rate was increased in both CoCl2- and 
Orai1+CoCl2-treated cells. Furthermore, the 
early apoptotic rate was increased to a greater 
extent in the Orai1+CoCl2-treated cells than in 
the CoCl2-treated (Figure 4D and 4E). Western 
blotting demonstrated reduced expression of 
the anti-apoptotic protein Bcl-2 following treat-
ment of cells CoCl2 alone or Orai1+CoCl2 com-
pared to levels in control cells (Figure 4F). 
Moreover, Orai1 overexpression aggravated 
the reduction of Bcl-2 expression in the pres-

Figure 2. Hypoxia induces expression 
of apoptosis-related proteins, Orai1, 
and CDK5 in HT-22 neuronal cells. A, 
B. Cells were treated with 0, 50, 75, 
or 100 µM CoCl2 for 72 h, and the 
extracted proteins were subjected to 
western blotting with antibodies to 
Bcl-2 and cleaved-caspase-3. C, D. 
Cells were treated with 0, 50, 75, or 
100 µM CoCl2 for 72 h, and the ex-
tracted proteins were subjected to 
western blotting with Orai1 antibody. 
E, F. Cells were treated with 0, 50, 75, 
or 100 µM CoCl2 for 72 h, and the ex-
tracted protein was subjected to west-
ern blotting with CDK5 antibody. In the 
western blots, β-actin was used as in-
ternal control for normalization of pro-
tein loading. For quantitation, data are 
expressed as means ± SD from three 
independent experiments. *P<0.05, 
**P<0.01, ***P<0.001 vs. Control (0 
µm CoCl2).
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Figure 3. Effects of siOrai1 knockdown on cell proliferation and apoptosis. A, B. After transfection of HT-22 cells 
with siOrai1 for 72 h, the extracted proteins were subjected to western blotting with the Orai1 antibody. β-actin was 
used as a control for equal protein loading. Data represent the means ± SD from three independent experiments. 
C. After transfection of HT-22 cells with siOrai1 for 6 h, cells were then incubated with 100 µM CoCl2 for 24 h. 
Cell viability was assessed by an MTT assay, and the absorbance values of the treated samples are expressed as 
percentages of the absorbance values of the control samples. D, E. After transfecting HT-22 cells with siOrai1 for 
6 h, cells were incubated with 100 µM CoCl2 for 24 h and then stained with Annexin V-FITC/PI for analysis of cell 
apoptosis by flow cytometry. F, G. After transfection of HT-22 cells with siOrai1 for 6 h, cells were incubated with 100 
µM CoCl2 for 72 h, and the extracted proteins were subjected to western blotting with Bcl-2 and cleaved-caspase-3 
antibodies. β-actin was used as a control for equal protein loading. Data are expressed as means ± SD from three 
independent experiments. **P<0.01 and ***P<0.001 vs. Control; #P<0.05, ##P<0.01, and ###P<0.001 vs. CoCl2 
(ctr, untreated cells; ctr+neg, untreated cells incubated with siOrai1 negative control buffer; ctr+siOrai1, untreated 
cells incubated with siOrai1 buffer; siOrai1+CoCl2, cells were transfected and then treated with CoCl2; CoCl2, cells 
were treated with CoCl2).



Hypoxia induces HT-22 cell death by Tau hyperphosphorylation

7597	 Am J Transl Res 2019;11(12):7591-7603

Figure 4. Effects of Orai1 overexpression plasmid on cell proliferation and apoptosis. A, B. After transfection of 
HT-22 cells with Orai1 overexpression plasmid for 72 h, the extracted proteins were subjected to western blotting 
with the Orai1 antibody. C. After transfection with Orai1 overexpression plasmid for 6 h, HT-22 cells were incubated 
with 100 µM CoCl2 for 24 h. Cell viability was assessed by a MTT assay, and the absorbance values of the treated 
samples are expressed as percentages of the absorbance values of the control samples. D, E. After transfection 
with Orai1 overexpression plasmid for 6 h, HT-22 cells were incubated with 100 µM CoCl2 for 24 h and then stained 
with Annexin V-FITC/PI. Cell apoptosis was then quantified by flow cytometry. F, G. After transfection with Orai1 over-
expression plasmid for 6 h, HT-22 cells were then incubated with 100 µM CoCl2 for 72 h, and the extracted proteins 
were subjected to western blotting with antibodies for Bcl-2 and cleaved-caspase-3. For western blotting, β-actin 
was used as an internal control for equal protein loading. For quantitation, data are expressed as means ± SD from 
three independent experiments. **P<0.01 and ***P<0.001 vs. Control; #P<0.05, ##P<0.01, and ###P<0.001 
vs. CoCl2-treated cells (ctr, untreated cells; ctr+neg, untreated cells incubated with Orai1 negative control buffer; 
ctr+Orai1, untreated cells incubated with Orai1 buffer; Orai1+CoCl2, cells were transfected and then treated with 
CoCl2; CoCl2, cells were treated with CoCl2).
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ence of CoCl2, as Bcl-2 was reduced to a higher 
extent in the Orai1+CoCl2-treated cells than in 
the CoCl2-treated cells. Expression of the apop-
totic protein cleaved-caspase-3 was increased 
in the CoCl2- and the Orai1+CoCl2-treated cells 
compared with the control cells, and cleaved-
caspase-3 expression was increased to a 
greater extent in the Orai1+CoCl2-treated cells 
than in the CoCl2-treated (Figure 4G). Thus, 
overexpression of Orai1 magnifies the effects 
of hypoxia on cell proliferation and apoptosis in 
HT-22 cells.

The levels of Orai1 and CDK5 protein in HT-
22 cells in the presence of siOrai1 and Orai1 
overexpression

Based on our observations that manipulation 
of Orai1 expression alters the hypoxia-induced 
effects on apoptosis, we sought to examine the 
effects of Orai1 (the calcium channel protein) 
on CDK5 (protein that activates Tau phosphory-
lation). Western blotting assay showed that  
the expression of Orai1 was higher in si- 
Orai1+CoCl2-, CoCl2-, and Orai1+CoCl2-treated 

cells compared to levels in the control cells. 
Furthermore, Orai1 expression in the CoCl2-
treated cells was higher than that in the 
siOrai1+CoCl2-treated cells, while Orai1 expres-
sion was higher in the Orai1+CoCl2-treated  
cells than in cells treated with CoCl2 alone 
(Figure 5). Similarly, the expression of CDK5 as 
higher in the siOrai1+CoCl2-, CoCl2-, and Orai1+ 
CoCl2-treated cells than in the control cells. In 
addition, CDK5 expression in the CoCl2-treated 
cells was higher than that in the siOrai1+Co- 
Cl2-treated cells but lower than that in the 
Orai1+CoCl2-treated cells (Figure 5). The above 
experiments indicate that there is a correlation 
between Orai1 and CDK5. The overexpression 
of Orai1 may induce high expression of CDK5. 
CDK5 might be a downstream molecule of 
Orai1 and be regulated by Orai1. 

Changes in T-Tau and P-Tau protein expression 
in HT-22 cells grown with hypoxia mimics

As hyperphosphorylation of Tau protein induced 
by CDK5 in neurons leads to neuronal death 
and has been implicated in AD, we examined 

Figure 5. Changes in Orai1 and CDK5 protein expression after transfection of HT-22 cells with siOrai1 and Orai1 
overexpression construct. After transfection of HT-22 cells with (A, B) siOrai1 or (C, D) Orai1 overexpression plasmid 
for 72 h, the extracted proteins were subjected to western blotting with antibodies to (A and C) Orai1 or (B and D) 
CDK5. β-actin was used as an internal control for equal protein loading. Data are expressed as means ± SD from 
three independent experiments. *P<0.05, **P<0.01, and ***P<0.001 vs. control; #P<0.05 and ##P<0.01 vs. 
CoCl2.
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the levels of T-Tau and P-Tau in our cell culture 
system. Western blotting revealed that the 
expression of T-Tau and P-Tau increased after 
hypoxia treatment (Figure 6A and 6B). T-Tau 
and P-Tau expression was increased in 
siOrai1+CoCl2- and CoCl2-treated cells com-
pared to control cells, and the levels of T-Tau 
and P-Tau were higher in the CoCl2-treated cells 
than in the siOrai1+CoCl2-treated cells (Figure 
6C and 6D). In addition, T-Tau and P-Tau levels 
were increased in both the Orai1+CoCl2- and 
CoCl2-treated cells compared with the control 

cells, and levels of T-Tau and P-Tau were higher 
in the Orai1+CoCl2-treated cells than in the 
CoCl2-treated cells (Figure 6E and 6F). These 
results suggest that there is a correlation 
between Orai1 and Tau (T-Tau and P-Tau). High 
expression of Orai1 after hypoxia can induce 
hyperphosphorylation of Tau protein.

Discussion

The etiology of AD remains largely unknown. 
Due to the slow clinical progression of AD, 

Figure 6. Western blot detection of T-Tau and P-Tau protein expression. A, B. Cells were treated with 0, 50, 75, or 100 
µM CoCl2 for 72 h, and then extracted proteins were subjected to western blotting with T-Tau and P-Tau antibodies. 
C, D. After transfection of HT-22 cells with siOrai1 for 72 h, the extracted proteins were subjected to western blotting 
with T-Tau and P-Tau antibodies. E, F. After transfection of HT-22 cells with Orai1 overexpression plasmid for 72 h, 
the extracted proteins were subjected to western blotting with antibodies to T-Tau and P-Tau. For the western blots, 
β-actin was used as an internal control for equal protein loading. Data are expressed as means ± SD from three 
independent experiments. *P<0.05, **P<0.01, and ***P<0.001 vs. Control; #P<0.05 vs. CoCl2.
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investigation of early disease has failed to 
clearly reveal the pathological mechanism, and 
pathological changes have mostly been discov-
ered during autopsy of abnormal brain tissue 
[27]. With respect to neuropathology, abundant 
extracellular deposition of amyloid, intracellu- 
lar neurofibrillary tangles, and intracellular Tau 
protein hyperphosphorylation in the relevant 
brain regions of AD patients are considered to 
be the main causes of neuronal cell injury [28, 
29].

In this study, we found that hypoxia, induced by 
CoCl2 treatment, in mouse hippocampal neuro-
nal cells leads to elevated intracellular Orai1 
protein levels, which result in increased expres-
sion of CDK5, which in turn triggers Tau hyper-
phosphorylation and induces early apoptosis in 
neurons. Thus, after exclusion of the influence 
of environmental and vascular factors, these 
studies indicate that hypoxic injury in hippo-
campal neurons and the series of resulting 
pathophysiological manifestations offer insight 
into prevention and treatment of AD.

Hypoxia has been extensively studied as a 
mechanism of injury in neurodegenerative dis-
eases. Furthermore, its ability to promote  
apoptosis has been widely recognized. Our 
study demonstrated that hypoxia inhibits the 
growth and proliferation of HT-22 neuronal cells 
and induces cell damage and early apoptosis. 
While AD diagnosis involves ruling out a num-
ber of diseases at the time of diagnosis, limited 
studies of whether hypoxic damage exists in 
the involved brain cells in patients with normal 
blood oxygen saturation have been performed. 
We conducted related experiments using HT- 
22 cells as an AD model with the hypoxia-mim-
icking chemical agent CoCl2 to simulate the 
hypoxic environment of cells. In these cells, 
proliferation was inhibited in a time- and con-
centration-dependent manner and early apop-
tosis was initiated following induction of hypox-
ia. Moreover, the early apoptotic rate increa- 
sed significantly with CoCl2 incubation in a  
time- and concentration-dependent manner. 
Furthermore, expression of the anti-apoptotic 
protein Bcl-2 decreased following induction of 
HT-22 cells with different concentrations of 
CoCl2, while the expression of the apoptotic 
protein cleaved-caspase-3 protein significan- 
tly increased. The Orai1 protein level also 
increased. The changes in these proteins were 

CoCl2 concentration-dependent. Additionally, 
the level of P-Tau increased in cells after hypox-
ia, suggesting that T-Tau is increasingly phos-
phorylated. CDK5, a protein that activates Tau 
phosphorylation, was also increased following 
induction of hypoxia. It is suggested that hypox-
ia induces CDK5 expression via interactions 
between certain proteins and thus impacts 
T-Tau protein phosphorylation.

To further investigate the mechanism(s) under-
lying hypoxia-induced neuronal injury, we con-
structed a small interfering RNA targeting Orai1 
(siOrai1) and transfected it into HT-22 cells, 
and then treated the transfected cells with 
hypoxia. We found that Orai1’s silencing pre-
vented cell proliferation inhibition and counter-
acted early apoptosis. Western blotting experi-
ments of Bcl-2 and cleaved-caspase-3 con-
firmed the above conclusions. At the same 
time, the siOrai1+CoCl2 treated cells expressed 
T-Tau, P-Tau and CDK5 at a level higher than the 
control group but lower than the CoCl2 group. 
The results suggest that CDK5 may be related 
to Orai1 and further experiments are needed to 
clarify this correlation.

To further verify the above results, we con-
structed an Orai1 overexpression plasmid and 
transfected the plasmid into HT-22 cells, which 
were then treated with hypoxia. We found that 
overexpression of Orai1 gene promoted cell 
proliferation inhibition and increased early 
apoptosis rate. Western blotting experiments 
of Bcl-2 and cleaved-caspase-3 confirmed the 
above conclusions. The expression levels of 
T-Tau, P-Tau and CDK5 were increased in the 
CoCl2- and Orai1+CoCl2 treated cells compared 
with the control group. The levels of T-Tau, P-Tau 
and CDK5 in the Orai1+CoCl2 treated cells were 
higher than those in the CoCl2 group. The 
results demonstrate that Orai1 overexpression 
may induce high expression of CDK5.

To clarify the correlation between Orai1 protein 
and CDK5, we observed changes in the expres-
sion levels of Orai1 protein and CDK5 in multi-
ple experimental groups. The results show- 
ed that compared with the control group,  
the expression of Orai1 protein in the si- 
Orai1+CoCl2 treated cells, CoCl2- and Or- 
ai1+CoCl2 treated cells increased. The expres-
sion of Orai1 protein in CoCl2- was higher th- 
an that in siOrai1+CoCl2 treated cells, the 
Orai1+CoCl2 treated cells had higher Orai1 pro-
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tein expression than the CoCl2 group. At the 
same time, the same results were obtained for 
the CDK5 expression levels of the above 
groups. The results were statistically signifi-
cant. However, after the Orai1 interference 
fragment was only transfected into HT-22 cells, 
although the expression of Orai1 protein was 
decreased in the siOrai1+ctr treated cells, it  
did not cause statistically significant changes 
in CDK5, T-Tau, and P-Tau values compared 
with the control group. We believe that the rea-
son might be related to the low expression of 
Orai1 protein in the siOrai1+ctr treated cells. 
The above results indicated that CDK5, T-Tau, 
and P-Tau changed significantly when Orai1 
expression was increased.

The combined results of the hypoxia ex- 
periment, Orai1-interference experiment, and 
Orai1-overexpression experiment indicate that 
there is a correlation between Orai1 and  
CDK5 levels. Compared with the CoCl2-, the 
siOrai1+CoCl2 treated cells reduced the expr- 
ession of Orai1, CDK5 decreased, Orai1+CoCl2 
treated cells increased the expression of Orai1, 
and CDK5 increased. Compared with the con-
trol group, the expression of Orai1 protein in 
the siOrai1+CoCl2 treated cells increased and 
CDK5 increased. The results of Western blot-
ting indicate that CDK5 might be a downstream 
molecule of Orai1 and be regulated by Orai1. 
The expression of Orai1 protein increased, and 
the expression levels of CDK5, T-Tau and P- 
Tau increased. The expression of Orai1 protein 
decreased, and the expression levels of CDK5, 
T-Tau and P-Tau decreased. CDK5 is consid-
ered to be the most important protein kinase in 
the brain that regulates the phosphorylation of 
Tau and the hyperphosphorylation of Tau pro-
tein induces the typical pathological changes of 
AD [30, 31].

In summary, our results showed that Orai1 
expression is elevated in HT-22 cells after 
hypoxic induction, Orai1 regulates the expres-
sion of the downstream gene CDK5, high CDK5 
expression leads to hyperphosphorylation of 
Tau, which promotes early apoptosis of the 
cells, Tau hyperphosphorylation might be relat-
ed to the Orai1-induced CDK5 expression. 
P-Tau protein expression increases in HT-22 
cells after hypoxic injury. Tau hyperphosphory-
lation in neuronal cells of specific brain regions 
is an important pathophysiological manifesta-

tion in AD patients. The results of the in vitro 
post-hypoxic injury simulation are highly similar 
to the pathophysiological change of related 
neurons in AD patients, and the results of the 
experimental group were significantly different 
from those of the control group. Therefore, we 
believe brain cells involved in AD patients might 
experience a pathological process similar to 
hypoxic injury. Due to the long-term course of 
AD, this type of hypoxic injury has not drawn 
attention in early disease stages. Eventually, 
cellular respiratory activity and energy metabo-
lism are significantly impaired, and organelle 
function is considerably diminished in these 
neurons, the apoptotic rate of neurons increas-
es, AD patients develop related symptoms.

The HT-22 cell-based hypoxia simulation exper-
iments suggest that some brain cells in AD 
patients might experience similar hypoxic inju-
ry, however, the specific underlying mechanism 
remains to be further elucidated. We think that 
in-depth study on intracellular oxygen utiliza-
tion in AD-related brain cells should be con-
ducted. Classic hypoxic injury can be caused  
by insufficient blood supply, poisoning, and 
declined pulmonary function, during the diag-
nosis of AD, a variety of diseases are excluded. 
We think that the hypoxic injury that AD pati- 
ents might have suffered from is a special  
type of hypoxic injury, this type of hypoxic injury 
occurs in brain cells, the patients have normal 
blood oxygen saturation levels in blood vessel 
and this hypoxic injury is not caused by poison-
ing. This provides us with a new understanding 
of hypoxic injuries and elicits new ideas for  
the diagnosis and treatment of AD patients. 
Additional studies are needed to deeperly 
understand the correlation between hypoxic 
injury and AD. For elderly non-AD individuals 
without cognitive impairment, related protec-
tive proteins and neurotrophic factors may 
have protective mechanisms representing new 
therapeutic strategies for AD patients.
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