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Objective. Astragaloside IV shows neuroprotective activity, but its mechanism remains unclear. To investigate whether
astragaloside IV protects from endoplasmic reticulum stress (ERS), we focus on the regulation of glycogen synthase kinase-3
(GSK-3f3) and mitochondrial permeability transition pore (mPTP) by astragaloside IV in neuronal cell PC12. Methods and
Results. PC12 cells treated with different concentrations of ERS inductor 2-deoxyglucose (2-DG) (25-500 uM) showed a
significant increase of glucose-regulated protein 78 (GRP 78) and GRP 94 expressions and a decrease of tetramethylrhodamine
ethyl ester (TMRE) fluorescence intensity and mitochondrial membrane potential (A¥m), with the peak effect seen at 50 uM,
indicating that 2-DG induces ERS and the mPTP opening. Similarly, 50 uM of astragaloside IV increased the GSK-3f
phosphorylation at Ser9 most significantly. Next, we examined the neuroprotection of astragaloside IV by dividing the PC12
cells into control group, 2-DG treatment group, astragaloside IV plus 2-DG treatment group, and astragaloside IV only group.
PC12 cells treated with 50 uM 2-DG for different time courses (0-36 hr) showed a significant increase of Cleaved-Caspase-3 with
the peak at 6 hr. 2-DG significantly induced cell apoptosis and increased the green fluorescence intensity of Annexin V-FITC,
and these effects were reversed by astragaloside IV. Such a result indicates that astragaloside IV protected neural cell survival
from ERS. 2-DG treatment significantly increased the expressions of inositol-requiring ER-to-nucleus signal kinase 1 (IRE1),
phosphor-protein kinase R-like ER kinase (p-PERK), but not affect the transcription factor 6 (ATF6) expression. 2-DG
treatment significantly decreased the phosphorylation of GSK-3f and significantly reduced the TMRE fluorescence intensity and
AY¥'m, following mPTP open. Astragaloside IV significantly inhibited the above effects caused by 2-DG, except the upregulation
of ATF6 protein. Taken together, astragaloside IV significantly inhibited the ERS caused by 2-DG. Conclusion. Our data
suggested that astragaloside IV protects PC12 cells from ERS by inactivation of GSK-3 and preventing the mPTP opening. The
GRP 78, GRP 94, IREl, and PERK signaling pathways but not ATF6 are responsible for GSK-3f inactivation and
neuroprotection by astragaloside IV.

1. Introduction

Astragaloside IV is the most active saponin compound
with a molecular formula C41H68014. It is soluble in
highly polar organic solution [1, 2]. Previous studies have
shown protective effects of astragaloside IV on various
organs such as heart [3, 4], kidney [5, 6], brain [7, 8],
and nerve [9-11].

Endoplasmic reticulum (ER) is an important organelle
folding cell surface and secreted protein in eukaryotic cells
[12]. Imbalance of ER steady state leads to ERS [13] with
the hall markers GRP 78 and GRP 94, which participates in
nerve damage [14-16].

Mitochondria are the energy warehouse of eukaryotic
cells [17]. Mitochondria are vital in nerve damage [18, 19],
which opens mPTP on the mitochondrial membrane and
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leads to the destruction of mitochondrial structure and cell
damage [20-22]. Cross-talk between the endoplasmic reticu-
lum and mitochondria are critical to resist apoptosis and cell
stress [23, 24]. GSK-3f controls cell growth, survival, and
neuronal plasticity in the nervous system [25, 26]. Inactiva-
tion of GSK-3f3 to prevent mPTP opening is vital for neuro-
protection [18].

ERS causes the accumulation of unfolded or misfolded
proteins in the ER, triggering unfolded protein response
(UPR) [27]. PERK, IRE1l, and ATF6 are the molecular
markers of three signaling pathways of ERS. UPR activated
IREl and damages endothelial cells [28, 29]. PERK and
ATF6 pathways participate in the protection of the ischemic
brain [30, 31].

Astragaloside IV is a potent neuroprotective saponin
compound, which reduces ERS, but the mechanism remains
unclear. This study tested whether astragaloside IV inhibits
ERS by inactivating GSK-3f and preventing mPTP from
opening.

2. Material and Methods

2.1. Cell Culture. Rat adrenal pheochromocytoma-derived
PC12 cell was purchased from Baoshide (Wuhan, China).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen) and 100 U penicillin/streptomycin at 37°C in a
humidified 5% CO,-95% air atmosphere. Culture medium
changed every 2 to 3 days. Cells were passaged using 0.25%
trypsin when cell density reaches about 90%.

2.2. Reagents. Following chemicals were used in this study:
astragaloside IV (cat. no. HQJG-20110507, Tianjin Mark
Biotechnology Co.), 2-Deoxy-D-glucose (cat. no. D6134,
Sigma), Tetramethylrhodamine ethylester (cat. no. T669,
Molecular Probes), Annexin V-FITC Apoptosis Detection
kit (cat. no. C1062 L, Beyotime Biotechnology), Cell culture
reagents DMEM (cat. no. C11995500BT), FBS (cat. no.
16140071), 0.25% trypsin-EDTA (cat. no. 25200-056), and
penicillin/streptomycin (cat. no. 15140-122) were purchased
from Gibco BRL.

All rabbit antibodies were obtained from Cell Signaling
Technology Inc. Monoclonal antibody against: GRP 78 (cat.
no. 3177), GRP 94 (cat. no. 20292), p-PERK (cat. no. 3179),
ATF6 (cat. no. 65880), IRE1 (cat. no. 3294), p-GSK-33 (cat.
no. 9323), GSK-3p (cat. no. 12456), and GADPH (cat. no.
5174). Polyclonal antibody against: Cleaved Caspase-3 (cat.
no. 9661), Caspase-3 (cat. no. 9662), and anti-rabbit IgG
(cat.no. 14708). All antibodies were used at 1 : 1,000 dilution.

2.3. Drug Treatment Group. PC12 cells were grown to 90%
confluence and treated as follows. To determine the optimal
concentration of 2-DG, PC12 cells were treated with 25, 50,
100, 150, 200, and 500 uM 2-DG or vehicle only for 30 min.
To determine the optimal concentration of astragaloside
IV, PC12 cells were treated with 25, 50, 75, and 100 yM astra-
galoside IV or vehicle only for 20 min.

To observe the effect of astragaloside IV on ERS, PC12
cells were divided into 4 groups: (1) control group: treat with
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vehicle only; (2) 2-DG group: treat with 50 uM 2-DG for
30 min; (3) astragaloside IV+2-DG group: treat with 50 uM
astragaloside IV for 20 min then 50 yM 2-DG for 30 min;
(4) astragaloside IV group: treat with 50 uM astragaloside
IV for 20 min.

2.4. Drug Treatment Schedule. PC12 cell culture was washed
twice with PBS and then incubated in Tyrode solution for 2
hours prior to other treatments. To examine the effect of
astragaloside IV on protein expressions of GRP 78, GRP 94,
IREL, p-PERK, ATF6, p-GSK-3f3, and GSK-38, PC12 cells
were exposed to 2-DG (50 uM) for 30 min. Astragaloside IV
(50 uM) was applied 20 min before exposure to 2-DG. PC12
cells were exposed to 50 uM 2-DG for 30 min before A¥m
measurement and 6hr before apoptosis measurement,
respectively.

2.5. Western Blotting. After drug treatment, PC12 cells were
washed twice with PBS, and cell pellets were lysed on ice
for 30 min with 50 yL of fresh cell lysis buffer (Cell Signaling
Technology, cat. no. 9803). The lysate was ultrasonicated and
then centrifuged at 12 000 r (4°C) for 15 min. Protein concen-
tration was measured using a BCA kit and then divided into
equal protein amount for boiling and loading. After electro-
phoresis, protein was transferred to PVDF membrane and
incubated in 10% nonfat milk at room temperature for
90 min. Blot membranes were incubated with primary anti-
bodies against GRP 78, GRP 94, IRE1, p-PERK, ATFe6, p-
GSK-3f3, and GSK-3f overnight at 4°C. After incubating
the secondary antibody at room temperature for 1h, ECL
fluorescence was developed and the blot image was captured
and analyzed with Biospectrum Imaging System (UVP,
Upland, USA).

2.6. Confocal Imaging of Mitochondrial Membrane Potential.
Mitochondrial membrane potential (A¥'m) was measured by
loading PC12 cells with cell permeable, cationic mitochon-
dria probe TMRE, as reported previously [32]. TMRE is
accumulated specifically by the mitochondria in proportion
to mitochondrial membrane potential (A¥m) [33]. Loss of
A¥m is caused by the mPTP opening [34]. Briefly, PC12 cell
culture in a temperature-controlled culture dish (MatTek,
MA, USA) was incubated with TMRE (100 nM) in standard
Tyrode solution containing (mM) NaCl 140, KCI 6, MgCl,
1, CaCl, 1, HEPES 5, and glucose 5.8 (pH 7.4) for 20 minutes.
Cells were washed several times with fresh Tyrode solution.
The dish was then mounted on the stage of an Olympus
FLUOVIEW FV-1000 laser scanning confocal microscope
with a 543nm excitation (Olympus Corporation, Tokyo,
Japan). Fluorescence intensity of 10 random-picked cells in
each field was measured by FLUOVIEW FV-1000 software
at Omin and measured the average fluorescence intensity
value at 0 and 30 min. The changes of fluorescence intensity
were expressed as the ratio of average fluorescence intensity
of the 10 picked cells at 30-minute over that at 0-minute.

2.7. Confocal Imaging of Apoptosis. Apoptosis of PC12 cells
was measured using Annexin V-FITC Apoptosis Detection
kit following the manual. Briefly, cell culture in a
temperature-controlled culture dish (MatTek, MA, USA)
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was incubated with Annexin V-FITC and PI (Propidium
Iodide) for 20 minutes with binding solution at RT in the
dark and was washed 3 times with PBS according to the man-
ual. The dish was then mounted on the stage of an Olympus
FLUOVIEW FV-1000 laser scanning confocal microscope
with 488 and 543nm excitation (Olympus Corporation,
Tokyo, Japan). Quantitative analysis of fluorescence intensity
changes by FLUOVIEW FV-1000 -software.

2.8. Cell Survival Analysis. Cell survival was assessed by stain-
ing cells with Annexin V-FITC Apoptosis Detection kit
according to the manufacturer’s instructions using flow
cytometry (FACscalibur, Becton Dickinson, NJ). Fluores-
cence intensity was measured at the excitation wavelengths
of 488 and 543 nm, respectively. Cells were treated the same
as confocal imaging of apoptosis.

2.9. Statistical Analysis. Results obtained from 6 experiments
are expressed as mean + SD. Statistical significance was
determined using one-way ANOVA followed by Tukey’s test.
P < 0.05 was considered as statistically significant.

3. Results

3.1. Effects of 2-DG on ERS and mPTP Opening. PC12 cells
were treated with different concentrations (0, 25, 50, 100,
150, and 200 uM) of 2-DG to induce ERS. The expressions
of GRP 78 and GRP 94 increased most significantly in cells
treated with 50 yuM 2-DG (Figure 1(a)). Similarly, the inten-
sity of TMRE red fluorescence decreases the most in cells
treated with 2-DG at 50 uM (Figure 1(b)). According to these
results, we treated PC12 cells with 50 uM 2-DG in the subse-
quent experiments.

3.2. Effect of Astragaloside IV on GSK-3[3 Phosphorylation.
PC12 cells were treated with astragaloside I'V at different con-
centrations (25, 50, 75, and 100 uM) to find out the concen-
tration with the most neuroprotection effect. We found the
expression of p-GSK-3f increased most significantly in cells
treated with astragaloside IV at 50 yuM (Figure 2). Therefore,
we use 50uM astragaloside IV in the subsequent
experiments.

3.3. Effect of Astragaloside IV on PCI12 Cell Survival from ERS.
2-DG in different times (0-36hr) showed a significant
increase of Cleaved-Caspase-3 with the peak at 6hr
(Figure 3(a)). 2-DG significantly reduced Cleaved-Caspase-
3 expression (Figure 3(b)) and increased the green fluores-
cence intensity of Annexin V-FITC (Figure 3(c)) and apopto-
sis rate (Figure 3(d)); these effects were reversed by
astragaloside IV, respectively, indicating that astragaloside
IV protected PC12 cells from ERS-induced apoptosis.

3.4. Effect of Astragaloside IV on PC12 Cells from ERS. 2-DG
significantly increased GRP 78 and GRP 94 expressions while
astragaloside IV reduced the increasement induced by 2-DG
(Figure 4), indicating that astragaloside IV induced neuro-
protection on PC12 cells by preventing ERS.

3.5. Effect of Astragaloside IV on ERS-Induced mPTP
Opening. We determined the ERS-induced loss of A¥m by

monitoring change in TMRE fluorescent intensity with con-
focal microscopy. 50 uM of 2-DG induced a remarkable
decrease in TMRE fluorescence in PCI2 cells. Cells pre-
treated with 50 yuM astragaloside IV showed less reduction
in TMRE fluorescence after 2-DG treatment (Figure 5), sug-
gesting that astragaloside IV may protect PC12 cells by pre-
venting the ERS-induced mPTP opening.

3.6. Effect of Astragaloside IV on ERS. We examined IREL, p-
PERK, and ATF6 expressions by western blotting. 2-DG sig-
nificantly increased their expressions, while astragaloside IV
significantly inhibited 2-DG-induced increasement of IRE1
and p-PERK, but not ATF6 (Figure 6). These results suggest
that the IRE1/PERK but not the ATF6 signaling pathway is
necessary for astragaloside IV to protect PC12 cells from
ERS.

3.7. Effect of Astragaloside IV on GSK-3[3 Phosphorylation
from ERS. To determine the role of GSK-3 in the neuropro-
tection of astragaloside IV, we tested the expression of phos-
phorylated GSK-3f3. Astragaloside IV significantly increased
the phosphorylation of GSK-3f3 (Figure 7), suggesting that
the inactivation of GSK-3p is necessary for astragaloside IV
to protect PC12 cells from ERS.

4. Discussion

Stroke is one of the cerebrovascular diseases whose total mor-
tality increases every year, with a high demand of neuropro-
tection. Ischemia-reperfusion injury (IRI) plays a key role in
nerve damage caused by cerebral infarction [35, 36]. Endo-
plasmic reticulum stress-induced unfolded protein response
is the main adaptive regulatory mechanism [37].

Nonmetabolizable glucose analogue 2-DG blocks glycol-
ysis and glucose metabolism and inhibits protein glycosyla-
tion and ER quality control [38]. 2-DG significantly reduces
ATP activity, inducing ERS in cells and inhibiting tumor
growth and its anticancer or antiviral were tested in multiple
studies [39, 40]. We found that 2-DG treatment significantly
reduced the PC12 cell survival. We determined the effects of
different concentrations (0, 25, 50, 100, 150, 200, and
500 uM) of 2-DG treatment on the expressions of ERS chap-
erones GRP 78 and GRP 94 and found 50 uM of 2-DG
increased GRP 78 and GRP 94 expressions most significantly.
In addition, we found 50 uM of 2-DG decreased the red fluo-
rescence of mitochondrial TMRE most significantly.

The main bioactive substance of Astragalus membrana-
ceus bunge, a herb possessing protective activities for thou-
sands of years [41], astragaloside IV demonstrates potent
protective effect on focal cerebral ischemia/reperfusion [42],
cardiovascular disease [43], pulmonary disease [44], liver
fibrosis [45], and diabetic nephropathy [46] through several
mechanisms including anti-inflammatory [47], antifibrotic
[44], and antioxidative stress [48]. Our previous results have
shown that 50 uM of astragaloside IV treatment protects
H9c¢2 cardiac cells by inhibition of GSK-3f and prevention
of the mPTP opening [32].

Previous studies have shown that astragaloside IV has a
neuroprotective effect on cortical neurons by inducing Nrf2
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F1ure 1: Effects of 2-DG on ERS and the mPTP opening. (a) Western blot images of GRP 78 and GRP 94 expression in PC12 cells treated
with vehicle control and 25, 50, 100, 150, 200, and 500 uM 2-DG. (b) Confocal fluorescence images of cells incubating TMRE for 20 minutes in
PC12 cells treated with 0, 25, 50, 100, 150, 200, and 500 4uM 2-DG. (c, d) Quantification of (a). Each protein expression level was normalized
with GAPDH. (e) Quantification of (b). Data are mean + SD of 6 independent experiments. *P < 0.05 compared to vehicle control. Scale bar,
50 pum.
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F1GURE 3: Effect of astragaloside IV on PC12 cell survival from ERS. (a) Representative Western blot images of Cleaved-Caspase-3 in PC12
cells treated with 2-DG in different times. (b) Representative Western blot images of Cleaved-Caspase-3 in PC12 cells treated with 2-DG and
astragaloside IV. (¢, d) Confocal fluorescence images and flow cytometry of Annexin V-FITC Apoptosis Detection kit in PC12 cells treated
with 2-DG and astragaloside IV. Cells were preloaded with Annexin V and PI for 20 minutes before other treatments. PC12 cell culture was
placed on the temperature-controlled stage and treated with astragaloside IV for 20 minutes and 2-DG for 6 h. Data are mean + SD of 6
independent experiments. *P < 0.05 compared to control; P < 0.05 compared to 2-DG. Scale bar, 50 ym.
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cells treated with 2-DG and astragaloside IV. (b, ¢) Quantification of (a). Each protein expression level was normalized with GAPDH. Data are
mean + SD of 6 independent experiments. * P < 0.05 compared to vehicle control; *P < 0.05 compared to 2-DG.
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F1GURE 6: Effect of astragaloside IV on ERS signaling pathway. (a) Representative Western blot images of IRE1, p-PERK, and ATF6 in PC12
cells treated with 2-DG and astragaloside IV. (b-d) Quantification of (a). Each protein expression level was normalized with GAPDH. Data
are mean + SD for 6 independent experiments. * P < 0.05 compared to vehicle control; P < 0.05 compared to 2-DG.

activation [9]. Astragaloside IV reduced glutamate-induced  phorylation in PC12 cells. Among different concentrations of
neurotoxicity and hypoxia-induced damage through the  astragaloside IV treatment, 50 uM of astragaloside IV was
Raf-MEK-ERK pathway and miR-124 in PCI12 cells [10,  most significant to induce GSK-3 phosphorylation.

11]. We examined the effect of different concentrations (0, The endoplasmic reticulum of eukaryotic cells is a
25,50, 75, and 100 uM) of astragaloside IV on GSK-3f3 phos- ~ membrane-bound organelle, performing various functions
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including synthesis of proteins to degradation of xenobiotics.
Bioaccumulation of drugs/chemicals/xenobiotics in the cyto-
sol can trigger ERS [49]. GRP 78 and GRP 94 are chaperone
proteins for protein synthesis and termination in ERS. Previ-
ous studies show that Fluoxetine [14], sulforaphane [15], and
Harpagide [16] protect neurons from hypoxia-
reoxygenation-induced neuron apoptosis by reducing ERS.
To investigate whether astragaloside IV could inhibit ERS
to protect neuronal cells, we examined the expressions of
ERS-related proteins. We found 2-DG treatment signifi-
cantly increased the expressions of both GRP 78 and GRP
94 in PCI12 cells, while astragaloside IV inhibited this
increasement.

Mitochondria are the key organelles in eukaryotic cells
and contribute to cellular stress responses. Misfunction of
mitochondria plays a key role in ERS and nerve damage
[50]. MPTP is a nonspecific pore opening in the mitochon-
drial inner membrane when ERS occurs. The opening of

mPTP allows molecules smaller than 1.5kDa, including pro-
tons, to enter mitochondria freely, affecting membrane
potential and causing cell death [51]. Studies have shown that
selective inhibition of mPTP prevents neurodegeneration in
experimental multiple sclerosis [20]. Low temperature-
induced neuroprotection is associated with a decrease in
mitochondrial membrane potential [21]. Here, we showed
that 2-DG significantly weakened the red fluorescence inten-
sity of TMRE, while astragaloside IV pretreatment inhibited
the decrease caused by 2-DG. These results suggested that
astragaloside IV suppressed the ERS-induced mitochondrial
membrane potential decrease, which prevents mPTP open-
ing and protects PC12 cells.

Prolonged ERS induces cell apoptosis through PERK,
ATF, and CHOP [52]. The mitochondrial pathway mediated
the ERS-induced apoptosis [53, 54]. Our recent studies
showed that resveratrol inhibited ERS-related apoptotic pro-
tein CHOP, Caspasel2, and JNK expressions induced by 2-
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DG [55]. In the present study, we checked the neuroprotec-
tion effect of astragaloside IV on PC12 cells from 2-DG-
induced apoptosis. We found 50 uM of 2-DG treatment for
2-12 hr significantly increased Cleaved-Caspase-3 level with
the peak at 6hr. Astragaloside IV treatment inhibits PC12
cell apoptosis induced by 2-DG. In our study, we observed
2-DG significantly increased the Annexin V-FITC fluores-
cence in both confocal image and flow cytometry, these
effects were significantly blocked by astragaloside IV. There-
fore, these data suggested that chronic ERS caused neuronal
damages in PC12 cells and astragaloside IV-induced neuro-
protection via antiapoptosis. In our cell survival assay, we
confirmed that 50 uM of astragaloside IV is well tolerated
in PC12 cell with minimal apoptosis detected (Figure 3(d)),
and suggesting such a concentration is neuroprotective with
low adverse effects.

Dysregulation of ER functions leads to the accumulation
of misfolded-or unfolded-protein in the ER lumen and UPR.
IRE1, PERK, and ATF6 are three UPR downstream pathways
regulating the gene expressions to maintain ER homeostasis
[56]. Unmitigated ERS leads to cell apoptosis [57]. Studies
have shown that the PERK pathway plays a neuroprotective
role in the brain injury caused by experimental cerebral hem-
orrhage [31]. Notoginsenoside R1 regulates ATF6/Akt path-
way through estrogen receptor and reduces OGD/R-induced
neuronal damage. RACKI upregulation induces neuroprotec-
tion by activating the IRE1-XBP1 pathway in rat traumatic
brain injury [58]. We found that 2-DG significantly increased
the expressions of IRE1, p-PERK, and ATF6, while astragalo-
side IV inhibited the increases of IRE1 and p-PERK, but not
ATF6. These data suggested that IRE1 and PERK pathways
are involved in the neuroprotection by astragaloside IV.

GSK-3p kinase is a key signaling molecule regulating struc-
tural and functional synaptic plasticity in the normal brain [25].
Furthermore, the prevention of mPTP opening induced by
GSK-3p phosphorylation is important to reduce cell damage.
Grape seed-derived proanthocyanidins reduce neuronal oxida-
tive damage by inhibiting the GSK-33-dependent mPTP open-
ing [18]. We found 2-DG significantly reduced GSK-3f
phosphorylation, while astragaloside IV inhibited such phos-
phorylation. Our data suggested that astragaloside IV protects
PC12 cells through GSK-3 3 phosphorylation.

In conclusion, astragaloside IV protected PC12 cell sur-
vival from ERS by inactivating GSK-3f and preventing
mPTP opening. We further show that IRE1 and PERK but
not ATF6 is important for neuroprotection of astragaloside
IV (Figure 8). Our in vitro results warrant the further study
of neuroprotective mechanisms of astragaloside IV using
in vivo models.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare no conflict of interest associated with
this manuscript.

Authors’ Contributions

Yu Fu and Jianhang Cai contributed equally to this work.

Acknowledgments

This work was supported by grants from the National Natu-
ral Science Foundation of China (81570275), the Natural Sci-
ence Foundation of Hebei Province (H2018209309 and
H2020209172), the Research Project of Education Depart-
ment of Hebei Province (ZD2020110), the Science Founda-
tion for Returned Scholars of Hebei Province (C20200508),
and the Talents Project of Tangshan (A202006016).

References

[1] S.Ren, H. Zhang, Y. Mu, M. Sun, and P. Liu, “Pharmacological
effects of astragaloside IV: a literature review,” Journal of Tra-
ditional Chinese Medicine, vol. 33, no. 3, pp. 413-416, 2013.

[2] L. Li, X. Hou, R. Xu, C. Liu, and M. Tu, “Research review on
the pharmacological effects of astragaloside IV,” Fundamental
and Clinical Pharmacology, vol. 31, no. 1, pp. 17-36, 2017.

[3] Z. Dong, P. Zhao, M. Xu et al., “Astragaloside IV alleviates
heart failure via activating PPARalpha to switch glycolysis to
fatty acid beta-oxidation,” Scientific Reports, vol. 7, no. 1,
p. 2691, 2017.

[4] Y.B.Sui, Y. Wang, L. Liu, F. Liu, and Y. Q. Zhang, “Astragalo-
side IV alleviates heart failure by promoting angiogenesis
through the JAK-STAT3 pathway,” Pharmaceutical Biology,
vol. 57, no. 1, pp. 48-54, 2019.

[5] C.Ji, Y. Luo, C. Zou, L. Huang, R. Tian, and Z. Lu, “Effect of
astragaloside IV on indoxyl sulfate-induced kidney injury in
mice via attenuation of oxidative stress,” BMC Pharmacology
and Toxicology, vol. 19, no. 1, p. 53, 2018.

[6] W.Yan,Y.Xu, Y. Yuan et al., “Renoprotective mechanisms of
astragaloside I'V in cisplatin-induced acute kidney injury,” Free
Radical Research, vol. 51, no. 7-8, pp. 669-683, 2017.

[7] H. Li, P. Wang, F. Huang et al., “Astragaloside IV protects
blood-brain barrier integrity from LPS-induced disruption
via activating Nrf2 antioxidant signaling pathway in mice,”
Toxicology and Applied Pharmacology, vol. 340, pp. 58-66,
2018.

[8] Y. Zhang, Y. Zhang, X.-f. Jin et al., “The role of astragaloside
IV against cerebral ischemia/reperfusion injury: suppression
of apoptosis via promotion of P62-LC3-autophagy,” Mole-
cules, vol. 24, no. 9, 2019.

[9] D.M. Gu, P. H. Lu, K. Zhang et al., “EGFR mediates astragalo-
side IV-induced Nrf2 activation to protect cortical neurons
against in vitro ischemia/reperfusion damages,” Biochemical
and Biophysical Research Communications, vol. 457, no. 3,
pp. 391-397, 2015.

[10] R. Yue, X. Li, B. Chen et al., “Astragaloside IV attenuates
glutamate-induced neurotoxicity in PCI12 cells through Raf-
MEK-ERK pathway,” PLoS One, vol. 10, no. 5, article
€0126603, 2015.

[11] W. Yu, Z. Lv, L. Zhang et al.,, “Astragaloside IV reduces the
hypoxia-induced injury in PC-12 cells by inhibiting expression
of miR-124,” Biomedicine & Pharmacotherapy, vol. 106,
pp. 419-425, 2018.



10

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

(25]

(26]

(27]

D. S. Schwarz and M. D. Blower, “The endoplasmic reticulum:
structure, function and response to cellular signaling,” Cellular
and Molecular Life Sciences, vol. 73, no. 1, pp. 79-94, 2016.
M. Wang and R. J. Kaufman, “Protein misfolding in the endo-
plasmic reticulum as a conduit to human disease,” Nature,
vol. 529, no. 7586, pp. 326-335, 2016.

F. Xu, G. Zhang, J. Yin et al., “Fluoxetine mitigating late-stage
cognition and neurobehavior impairment induced by cerebral
ischemia reperfusion injury through inhibiting ERS-mediated
neurons apoptosis in the hippocampus,” Behavioural Brain
Research, vol. 370, p. 111952, 2019.

L. Tang, X. Ren, Y. Han et al., “Sulforaphane attenuates apo-
ptosis of hippocampal neurons induced by high glucose via
regulating endoplasmic reticulum,” Neurochemistry Interna-
tional, vol. 136, p. 104728, 2020.

K. Wang, Y. Lou, H. Xu, X. Zhong, and Z. Huang, “Harpagide
from Scrophularia protects rat cortical neurons from oxygen-
glucose deprivation and reoxygenation-induced injury by
decreasing endoplasmic reticulum stress,” Journal of Ethno-
pharmacology, vol. 253, p. 112614, 2020.

P. Kramer and P. Bressan, “Our (mother's) mitochondria and
our mind,” Perspectives on Psychological Science, vol. 13, no. 1,
pp- 88-100, 2018.

Q. Sun, N. Jia, X. Li, J. Yang, and G. Chen, “Grape seed
proanthocyanidins ameliorate neuronal oxidative damage by
inhibiting GSK-3B-dependent mitochondrial permeability
transition pore opening in an experimental model of sporadic
Alzheimer's disease,” Aging, vol. 11, no. 12, pp. 4107-4124,
2019.

A. Cheng, Y. Hou, and M. P. Mattson, “Mitochondria and
neuroplasticity,” ASN Neuro, vol. 2, no. 5, article €00045, 2010.
J. Warne, G. Pryce, J. M. Hill et al.,, “Selective inhibition of the
mitochondrial permeability transition pore protects against
neurodegeneration in experimental multiple sclerosis,” The
Journal of Biological Chemistry, vol. 291, no. 9, pp. 4356-
4373, 2016.

P. Gong, R. Hua, Y. Zhang et al., “Hypothermia-induced neu-
roprotection is associated with reduced mitochondrial mem-
brane permeability in a swine model of cardiac arrest,”
Journal of Cerebral Blood Flow and Metabolism, vol. 33,
no. 6, pp. 928-934, 2013.

A. Agarwal, P.-H. Wu, E. G. Hughes et al., “Transient opening
of the mitochondrial permeability transition pore induces
microdomain calcium transients in astrocyte processes,” Neu-
ron, vol. 93, no. 3, pp. 587-605.€7, 2017.

A. A. Rowland and G. K. Voeltz, “Endoplasmic reticulum-
mitochondria contacts: function of the junction,” Nature
Reviews: Molecular Cell Biology, vol. 13, no. 10, pp. 607-615,
2012.

T. Simmen and M. S. Herrera-Cruz, “Plastic mitochondria-
endoplasmic reticulum (ER) contacts use chaperones and
tethers to mould their structure and signaling,” Current Opin-
ion in Cell Biology, vol. 53, pp. 61-69, 2018.

T. Jaworski, E. Banach-Kasper, and K. Gralec, “GSK-3 at the
Intersection of Neuronal Plasticity and Neurodegeneration,”
Neural Plasticity, vol. 2019, Article ID 4209475, 14 pages, 2019.
K. Yang, Z. Chen, J. Gao et al., “The key roles of GSK-3 in
regulating mitochondrial activity,” Cellular Physiology and
Biochemistry, vol. 44, no. 4, pp. 1445-1459, 2017.

T. Lin, J. Lee, J. Kang, H. Shin, J. Lee, and D. Jin, “Endoplasmic
reticulum (ER) stress and unfolded protein response (UPR) in

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

Oxidative Medicine and Cellular Longevity

mammalian oocyte maturation and preimplantation embryo
development,” International Journal of Molecular Sciences,
vol. 20, no. 2, 2019.

X. Xu, A. Qimuge, H. Wang et al., “IRElalpha/XBP1s branch
of UPR links HIFlalpha activation to mediate ANGII-
dependent endothelial dysfunction under particulate matter
(PM) 2.5 exposure,” Scientific Reports, vol. 7, no. 1, article
13507, 2017.

N. Amin-Wetzel, R. A. Saunders, M. J. Kamphuis et al., “A J-
protein co-chaperone recruits BiP to monomerize IRE1 and
repress the unfolded protein response,” Cell, vol. 171, no. 7,
pp. 1625-1637.e13, 2017.

Y. Q. Hu, W. Chen, M. H. Yan, J. J. Lai, N. Tang, and L. Wu,
“Ischemic preconditioning protects brain from ischemia/re-
perfusion injury by attenuating endoplasmic reticulum
stress-induced apoptosis through PERK pathway,” European
Review for Medical and Pharmacological Sciences, vol. 21,
no. 24, pp. 5736-5744, 2017.

J. Zhang, P. Zhang, C. Meng et al., “The PERK pathway plays a
neuroprotective role during the early phase of secondary brain
injury induced by experimental intracerebral hemorrhage,”
Acta Neurochirurgica. Supplement, vol. 127, pp. 105-119,
2020.

Y. He, J. Xi, H. Zheng, Y. Zhang, Y. Jin, and Z. Xu, “Astragalo-
side IV Inhibits Oxidative Stress-Induced Mitochondrial Per-
meability Transition Pore Opening by Inactivating GSK-3 via
Nitric Oxide in H9c¢2 Cardiac Cells,” Oxidative Medicine and
Cellular Longevity, vol. 2012, Article ID 935738, 9 pages, 2012.

R. C. Scaduto Jr. and L. W. Grotyohann, “Measurement of
mitochondrial membrane potential using fluorescent rhoda-
mine derivatives,” Biophysical Journal, vol. 76, no. 1,
pp. 469-477, 1999.

J. C. Corona and M. R. Duchen, “Impaired mitochondrial
homeostasis and neurodegeneration: towards new therapeutic
targets?,” Journal of Bioenergetics and Biomembranes, vol. 47,
no. 1-2, pp. 89-99, 2015.

S.Li, T. Wang, L. Zhai et al., “Picroside II exerts a neuroprotec-
tive effect by inhibiting mPTP permeability and EndoG release
after cerebral ischemia/reperfusion injury in rats,” Journal of
Molecular Neuroscience, vol. 64, no. 1, pp. 144-155, 2018.

L. Huang, C. Chen, X. Zhang et al., “Neuroprotective effect of
curcumin against cerebral ischemia-reperfusion via mediating
autophagy and inflammation,” Journal of Molecular Neurosci-
ence, vol. 64, no. 1, pp. 129-139, 2018.

I. Bellezza, S. Grottelli, A. L. Mierla et al., “Neuroinflammation
and endoplasmic reticulum stress are coregulated by cyclo(His-
Pro) to prevent LPS neurotoxicity,” The International Journal of
Biochemistry ¢ Cell Biology, vol. 51, pp. 159-169, 2014.

H. T. Kang and E. S. Hwang, “2-Deoxyglucose: an anticancer
and antiviral therapeutic, but not any more a low glucose
mimetic,” Life Sciences, vol. 78, no. 12, pp. 1392-1399, 2006.

S. Q. Zhang, K. K. Yung, S. K. Chung, and S. S. Chung, “Aldo-
keto reductases-mediated cytotoxicity of 2-deoxyglucose: a
novel anticancer mechanism,” Cancer Science, vol. 109, no. 6,
pp. 1970-1980, 2018.

H. Liu, M. Kurtoglu, Y. Cao et al, “Conversion of 2-
deoxyglucose-induced growth inhibition to cell death in nor-
moxic tumor cells,” Cancer Chemotherapy and Pharmacology,
vol. 72, no. 1, pp- 251-262, 2013.

Q. Yang, J. T. Lu, A. W. Zhou, B. Wang, G. W. He, and M. Z.
Chen, “Antinociceptive effect of astragalosides and its



Oxidative Medicine and Cellular Longevity

(42]

(43]

(44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

mechanism of action,” Acta Pharmacologica Sinica, vol. 22,
no. 9, pp. 809-812, 2001.

M. Li, H. Li, F. Fang, X. Deng, and S. Ma, “Astragaloside IV
attenuates cognitive impairments induced by transient cere-
bral ischemia and reperfusion in mice via anti-inflammatory
mechanisms,” Neuroscience Letters, vol. 639, pp. 114-119,
2017.

S. Cheng, X. Zhang, Q. Feng et al.,, “Astragaloside IV exerts
angiogenesis and cardioprotection after myocardial infarction
via regulating PTEN/PI3K/Akt signaling pathway,” Life Sci-
ences, vol. 227, pp. 82-93, 2019.

W. Qian, X. Cai, Q. Qian, W. Zhang, and D. Wang, “Astraga-
loside IV modulates TGF-B1-dependent epithelial-
mesenchymal transition in bleomycin-induced pulmonary
fibrosis,” Journal of Cellular and Molecular Medicine, vol. 22,
no. 9, pp. 4354-4365, 2018.

T. Guo, Z. L. Liu, Q. Zhao, Z. M. Zhao, and C. H. Liu, “A com-
bination of astragaloside I, levistilide A and calycosin exerts
anti-liver fibrosis effects in vitro and in vivo,” Acta Pharmaco-
logica Sinica, vol. 39, no. 9, pp. 1483-1492, 2018.

X. Lei, L. Zhang, Z. Li, and J. Ren, “Astragaloside IV/IncRNA-
TUGI1/TRAF5 signaling pathway participates in podocyte
apoptosis of diabetic nephropathy rats,” Drug Design, Develop-
ment and Therapy, vol. 12, pp. 2785-2793, 2018.

Y. Qi, F. Gao, L. Hou, and C. Wan, “Anti-inflammatory and
immunostimulatory activities of astragalosides,” American
Journal of Chinese Medicine, vol. 45, no. 6, pp. 1157-1167,
2017.

C. Yang, Y. Mo, E. Xu et al,, “Astragaloside IV ameliorates
motor deficits and dopaminergic neuron degeneration via
inhibiting neuroinflammation and oxidative stress in a Parkin-
son's disease mouse model,” International Immunopharmacol-
ogy, vol. 75, article 105651, 2019.

S. V. S. Rana, “Endoplasmic reticulum stress induced by toxic
elements-a review of recent developments,” Biological Trace
Element Research, vol. 196, pp. 10-19, 2020.

J. Nunnari and A. Suomalainen, “Mitochondria: in sickness
and in health,” Cell, vol. 148, no. 6, pp. 1145-1159, 2012.

A. P. Halestrap, “What is the mitochondrial permeability tran-
sition pore?,” Journal of Molecular and Cellular Cardiology,
vol. 46, no. 6, pp. 821-831, 2009.

7. W. Liu, H. T. Zhu, K. L. Chen et al., “Protein kinase RNA-
like endoplasmic reticulum kinase (PERK) signaling pathway
plays a major role in reactive oxygen species (ROS)- mediated
endoplasmic reticulum stress- induced apoptosis in diabetic
cardiomyopathy,” Cardiovascular Diabetology, vol. 12, no. 1,
p. 158, 2013.

S.C.Chang,]. Y. Lin, L. Y. Lo, M. L. Li, and S. R. Shih, “Diverse
apoptotic pathways in enterovirus 71-infected cells,” Journal of
Neurovirology, vol. 10, no. 6, pp. 338-349, 2004.

C. Wang, R. Zhou, Z. Zhang, Y. Jin, C. J. Cardona, and Z. Xing,
“Intrinsic apoptosis and proinflammatory cytokines regulated
in human astrocytes infected with enterovirus 71,” The Journal
of General Virology, vol. 96, no. 10, pp. 3010-3022, 2015.

Y. He, Y. Fu, M. Xi et al, “Zn(2+) and mPTP mediate
resveratrol-induced myocardial protection from endoplasmic
reticulum stress,” Metallomics, vol. 12, no. 2, pp. 290-300,
2020.

J. S. So, “Roles of endoplasmic reticulum stress in immune
responses,” Molecules and Cells, vol. 41, no. 8, pp. 705-716,
2018.

(57]

(58]

11

P. Walter and D. Ron, “The unfolded protein response: from
stress pathway to homeostatic regulation,” Science, vol. 334,
no. 6059, pp. 1081-1086, 2011.

H. Ni, Q. Rui, Y. Xu et al., “RACK1 upregulation induces neu-
roprotection by activating the IRE1-XBP1 signaling pathway

following traumatic brain injury in rats,” Experimental Neurol-
ogy, vol. 304, pp. 102-113, 2018.



	Neuroprotection Effect of Astragaloside IV from 2-DG-Induced Endoplasmic Reticulum Stress
	1. Introduction
	2. Material and Methods
	2.1. Cell Culture
	2.2. Reagents
	2.3. Drug Treatment Group
	2.4. Drug Treatment Schedule
	2.5. Western Blotting
	2.6. Confocal Imaging of Mitochondrial Membrane Potential
	2.7. Confocal Imaging of Apoptosis
	2.8. Cell Survival Analysis
	2.9. Statistical Analysis

	3. Results
	3.1. Effects of 2-DG on ERS and mPTP Opening
	3.2. Effect of Astragaloside IV on GSK-3β Phosphorylation
	3.3. Effect of Astragaloside IV on PC12 Cell Survival from ERS
	3.4. Effect of Astragaloside IV on PC12 Cells from ERS
	3.5. Effect of Astragaloside IV on ERS-Induced mPTP Opening
	3.6. Effect of Astragaloside IV on ERS
	3.7. Effect of Astragaloside IV on GSK-3β Phosphorylation from ERS

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

