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The protective effect of astrocytes on nerves was demonstrated by mitochondrial transfer. The neuroprotective
effect of hypoxic pretreatment is widely accepted. The aim of this research is to investigate the role of hypoxic
preconditioning on astrocytes mitochondria. Rat neuronal cells and astrocytes were isolated and cultured. A
hypoxic preconditioned astrocyte and oxygen glucose deprivation (OGD) neuronal cell co-culture experiment
was used to detect the effect of hypoxic preconditioning (HP) on nerve damage. The silencing of proliferatoractivated receptor c coactivator-1a (PGC-1a) with siRNA was used to explore the role of HP in the repair of
nerve damage and biogenesis of mitochondria. HP increased astrocyte viability and promoted neuroprotective
factor secretion. The expression levels of antioxidant enzymes, PGC-1a and uncoupling protein2 (UCP2) were
up-regulated by HP. In addition, HP improved mitochondrial function and reduced oxidative stress induced by
OGD. It was found that HP astrocytes had a greater neuroprotective effect than normal astrocytes cells.
Neuronal apoptosis and reactive oxygen species levels were down-regulated by cell co-culture. The PGC-1a
siRNA experiment showed that hypoxia treatment promotes mitochondrial biogenesis and plays a neuroprotective role. HP signiﬁcantly enhanced the efﬁcacy of astrocytes in the treatment of neuronal injury.
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1. Introduction
Ischemic stroke, which is a serious threat to human life
due to the high mortality and disability rates it produces, is usually accompanied by ischemia-reperfusion
(I/R) injury in clinical contexts. Previous studies have
demonstrated that nerve inﬂammation, apoptotic neurons, blood-brain barrier damage, and oxidative stress
contribute to the I/R pathophysiological procedure
in vivo and in vitro.
Astrocytes, a major type of glial cell, make up the
largest quantity of non-neuronal cells in the central
nervous system. Changes in their function play a primary role in alterations of the brain’s micro-environment (Civita et al. 2019). Astrocytes exist in various
regions of the brain and have many essential functions:
http://www.ias.ac.in/jbiosci

they aid in the development of neurons and the formation and development of synapses (Gollihue and
Norris 2020), the regulation of metabolism and energy
supply, the stability of the blood-brain barrier, and even
the transportation of neurotransmitters (Jung et al.
2020; English et al. 2020). The neuroprotective effect
of astrocytes is mainly achieved through the release of
speciﬁc factors, such as thrombospondin, brain-derived
neurotrophic factor (BDNF), erythropoietin (EPO), etc.
In addition, astrocytes can also be transformed into a
phagocytic phenotype to help microglia remove cell
debris, mitochondrial fragments, and protein aggregates while sustaining normal mitochondria cell structure and neuron survival (Huang et al. 2020).
Mitochondria are powerful and dynamic organelles
responsible for many fundamental cellular processes,
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including energy metabolism, calcium homeostasis
maintenance, cell survival, and apoptosis. Cerebral I/R
injury is one of the results of mitochondrial dysfunction
(Stepanova et al. 2017). Changes in mitochondrial
function, including the overloading of reactive oxygen
species (ROS) and release of cytochrome, could trigger
apoptosis and lead to neuronal and cognitive dysfunction. The mitochondrial function of astrocytes plays a
vital role in metabolism, synaptic transmission, and
neuron protection. Studies have suggested that tunneling membrane nanotubes, endocytosis, and
macropinocytosis were the main mechanisms protecting neurons in astrocyte mitochondria transfer (English
et al. 2020; Civita et al. 2019). Astrocytes release
vesicles containing mitochondria that are dependent on
the Ca2?-CD38-cADPR signaling pathway (Gollihue
and Norris 2020). Up-regulation of CD38 expression
increased the secretion of these vesicles by attenuating
the vicious cycle of Ca2? and inhibiting oxidative
stress, leading to reduced neuronal damage.
Increasing evidence points to the neuroprotective
role of hypoxic preconditioning (HP) in response to
hypoxia-ischemia induced nervous system injury via
the elevation of the body’s adaptability to a hypoxic
environment and the promotion of neurogenesis. Previous studies suggest that hypoxic preconditioning can
play a protective role in stroke and brain damage by
changing the polarization of microglia and immune
regulation (Huang et al. 2019). Hypoxia regulates the
balance between radial morphologies and the acquisition of multipolar astrocyte cells, increasing the maturation of neocortical astrocyte (Sen et al. 2011).
Hypoxia-inducible factors (HIFs), such as HIF-1 and
HIF-2, increased under hypoxic conditions and affected
the neuroprotective properties of astrocytes (Gerster
et al. 1998). However, the exact mechanism by which
HP stimulates astrocytes to contribute to neuroprotection still needs further assessment.
2. Materials and methods
2.1 Cell culture
Primary neurons were obtained and cultured according
to the methods used in previous studies (Guo et al. 2019).
Brieﬂy, hippocampal neurons were isolated from
18-day-old Sprague Dawley (SD) rat embryos. The cells
were digested with papain to prepare a single-cell suspension. The culture medium was Dulbecco’s Modiﬁed
Eagle Medium (DMEM) supplemented with 25 mM
glucose, 4 mM glutamine, 1 mM sodium pyruvate, and

5% fetal bovine serum. Subsequently, the cells were
transferred to a neurobasal medium containing B-27
(Invitrogen 17504044) and 0.5 mM glutamine. bIII
tubulin (Abcam) was used to identify neuronal cells.
The primary astrocytes were isolated from the cerebral cortex tissue of a 2-day-old SD rat and collected
using differential centrifugal speeds with constant
temperature shaking. The cells were trypsinized and
transferred to a neurobasal medium containing 1%
penicillin/streptomycin before being subcultured in
DMEM containing 1% penicillin/streptomycin. The
special marker of glial ﬁbrillary acidic protein (GFAP;
Abcam) was used to identify astrocytes. All experiments were performed after cells had been passaged
two or three times.

2.2 Hypoxic preconditioning (HP) of astrocytes
Astrocytes were passaged in 96-well plates with a density of 1 9 105. After incubation for 24 h, the cells were
placed in specially designed incubators with an availability of oxygen and pressure parameter adjustments.
The aseptic environmental parameters were set according to the conditions at an altitude of 5000 m (PB =
404 mmHg, PO2 = 84 mmHg) (S Gu et al. 2018), and
the cells were treated at time intervals of 10 min, 30 min,
50 min, 70 min, and 90 min. MTT solutions (Sigma
Aldrich) were then added and incubated for 1 h before
being dissolved with dimethyl sulfoxide (DMSO;
Sigma). The cells cultured in a normal environment were
considered to be the control group. The absorbance value
was measured at a wavelength of 540 nm.

2.3 Oxygen glucose deprivation and reoxygenation (OGD) model
The astrocytes and neuronal cells were incubated in
deoxygenated, glucose-free DMEM in an environment
at 37 °C with 90% N2, 5% H2, and 5% CO2 for 2 h,
respectively. The culture medium was replaced with a
normal culture medium and transferred back to a conventional incubator to recover for 12 h (Lai et al.
2020).
2.4 siRNA proliferator-activated receptor c
coactivator-1a (PGC-1a) transfection
The transfection reagent Lipofectamine 3000 (Invitrogen) and PGC-1 siRNA (Santa Cruz Biotechnology)
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were mixed in a serum-free medium and incubated for
15–20 min. The mixed transfection solution was added
into the astrocyte ﬂask and incubated for 4–6 h. The
transfected mixture was replaced with DMEM containing 20% fetal bovine serum. The astrocytes were
collected separately after incubation for 48 h.
2.5 Cell co-culture
The co-cultural assays were divided into three parts.
The ﬁrst co-cultural system included astrocytes with
HP treatment and astrocytes with OGD treatment.
Second, astrocytes with HP treatment and normal
astrocytes were co-cultured with neurons subjected to
OGD treatment. Finally, the astrocytes were treated
with siRNA PGC-1a methods before being co-cultured
with OGD neurons.
The 5 9 106 neuron and astrocyte cells were seeded
in the lower chamber of a Transwell plate and cultured
for 24 h, followed by oxygen and glucose deprivation
(OGD) treatment. Subsequently, the HP, normal astrocytes, and siRNA astrocytes were separately added into
the upper chamber of the Transwell plate to be cocultured with the OGD cells.
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lysis buffer and kept on ice for 5 min. Then, 19
extraction buffer was then added and centrifuged for
10 min. The different buffers were added to resuspend
the pellet according to the requirements of the following experiments.
2.8 Measurements of reactive oxygen species
concentration
The content of the active oxygen was determined
using the DCFH-DA (Abcam) method. Brieﬂy,
2 9 104 neuron cells with different treatments in cocultural systems were seeded in a 96-well plate. After
incubation for 24 h, the medium was discarded and
cells were washed with 1X buffer. Subsequently, the
wells with normal neurons were mixed with 100 ll
19 buffer (background) and 19 buffer supplement
with DCFDA (25 lM, 1:100 dilution with 19 buffer) (control). The other wells were combined with a
19 buffer supplement with DCFDA. Each treatment
had six replicates. The cells were incubated for
45 min in the dark at 37 °C. Subsequently, the buffer
was removed and PBS was added. A microplate
reader was used to determine the ﬂuorescence
intensity, where Ex/Em: 485/535 nm. The experiment was repeated three times.

2.6 Enzyme-linked immunosorbent assay
In astrocytes with different co-cultural assay treatment,
the relative cytokines and antioxidant capacities of the
astrocyte cells were determined using enzyme-linked
immunosorbent assay kits. The operation protocol was
in accordance with the manufacturer’s instructions. The
kits included were the Total Glutathione Peroxidase
Assay Kit (Beyotime), Rat BDNF ELISA Kit (Beyotime), Rat NGF ELISA Kit (Abcam), Cu/Zn-SOD and
Mn-SOD Assay Kits with WST-8 (Beyotime), basic
ﬁbroblast growth factor (bFGF) (Abcam), and Catalase
Assay Kit (Beyotime).
2.7 Mitochondrial extraction
A mitochondria isolation kit for proﬁling culture cells
(Sigma) was used to extract mitochondria from neurons
in the co-cultural system. All procedures were performed at 2–8 °C. The experimental process was as
follows: astrocytes with different treatments were harvested after trypsin digestion and added to cold phosphate-buffered saline before being centrifuged to
collect cells. The astrocytes were resuspended using a

2.9 ATP content
Measurement of the neuron cell ATP content in the cocultural system was performed according to the
instructions of the ATP Assay (Abcam, ab83355).
2.10 Western blot
The cells were collected and washed with ice phosphate buffer. The total protein was extracted using
radioimmunoprecipitation assay lysis buffer. The
supernatant was collected by centrifugation. The total
concentration of protein was quantiﬁed, and the proteins were subjected to SDS-PAGE before being
transferred to a polyvinylidene ﬂuoride membrane.
Speciﬁc primary and HRP-labeled secondary antibodies were incubated with the target proteins. The relative
protein expressions were stained using enhanced
chemiluminescence and the relative expression levels
were calculated with ImageJ software. The details of
the antibodies were as follows: ß III-Tubulin (Abcam,
ab78078, 1:100), GFAP (Abcam, ab7260, 1:10000),
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EPO (Abcam, ab226956, 1:5000), HIF-2 (Abcam,
ab109616, 1:100), TSP1 (Abcam, ab231115, 1:100),
Bcl-2 (Abcam, ab194583, 1:500), Bax (Abcam,
ab216494, 1:100)
2.11 qRT-PCR
The total RNA was extracted from the astrocytes and
neurons. The astrocytes were treated with HP, OGD,
and siRNA, while the neurons were subjected to OGD
and co-cultured with astrocytes treated separately. After
the determination of the RNA concentration, 1 lg total
RNA was used for analysis. A PrimeScriptTM RT
reagent kit with gDNA Eraser (TaKaRa) and SYBR
Premix Ex TaqTM was used to quantify the expression
of the test genes according to the manufacturer’s
instructions. GAPDH was used as the internal gene.
The relative expression of the genes is expressed as
F = 2-DDct. The primer sequences are displayed in
table 1.
2.12 Statistical analysis
Two-group comparisons were conducted with Student’s t-test, and multiple comparisons were realized
through a one-way analysis of variance. *p \ 0.05,
**p \ 0.01, #p \ 0.05, ##p \ 0.01 were selected as
statistically signiﬁcant. All data were displayed as
mean ± SD (n = 3). Images results were demonstrated
using GraphPad 7.0 and statistical analyses were realized using SPSS 20.0.

3. Results
3.1 Identiﬁcation of astrocytes and neuronal cells
Our results showed that most of the harvested cells
displayed typical astrocyte morphology in the form of
irregular triangles, some of which were polygonal or
fusiform, with two short protrusions (ﬁgure 1).
Accordingly, immunoﬂuorescence identiﬁed most of
the cells that represented a speciﬁc marker for the
astrocytes with GFAP positive staining. The neuron
cells were round or elliptical. Axons and dendrites were
clearly visible and smoothly distributed, and the protrusions were widely intertwined to form a network
covering the bottom of the bottle. b-III tubulin positive
staining identiﬁed the neuron cells.
3.2 Effects of hypoxia preconditioning
on astrocytes
Cell viability signiﬁcantly decreased following 50 min
HP and a relatively high level was achieved at 30 min HP.
The astrocytes were then downregulated along with HP
lasting time (ﬁgure 2A). Based on this result, 30 min was
chosen as the optimal HP time for our next experiments.
HP positively contributes to the release of neuroprotective factors such as BDNF, NGF, and basic ﬁbroblast
growth factor (bFGF) in astrocytes. The expression of
BDNF, nerve growth factor (NGF), and bFGF in the
HP ? OGD group were signiﬁcantly higher than the
OGD group (ﬁgure 2B). Similarly, the expression of
EPO, HIF-2, and thrombospondin 1 (TSP1) was

Table 1. Primers sequences
Genes
PGC-1a
CD38
UCP2
COX2
Tuj1
NRF-1
HO-1
SDF-1
VEGF
GLUT1
PSD95
MAP2
TFAM
ANT1
GAPDH

Forward

Reverse

TACACAACCGCAGTCGCAACA
GAAAGGGAAGCCTACCACGAA
GCCAACCTCATGACAGACGA
AAGGCGTTCAACTGAGCTGT
GCGATGCTACCGCAAAGAAC
TTCGGATAGATGGGTTAGACT
TGATGGCCTCCTTGTACC
GCTCTGCATCAGTGACGGTA
CACAGCAGATGTGAATGCAG
TCTGGCATCAACGCTG TCTTC
CAAGAAATACCGCTACCAAGATG
CACCATCGCCAGCATCA
TTGGGCACAAGAAGCTGGTTAA
GCTAACCAACCCACTGTCCT
GGACCAGGTTGTCTCCTGTG

GAGTCGTGGGAGGAGTTAGGC
GCCGGAGGATTTGAGTATAGATCA
AGGAAGGCATGAACCCCTTG
ACACAGGAATCTTCACAAATGGA
ATGGCGTCTCCCACACTACC
TACGATGACTCGGACATACTC
GTGGGGCATAGACTGGGTTC
TAATTTCGGGTCAATGCACA
TTTACACGTCTGCGGATCTT
CGATACCGGAGCCAATGGT
CCCTCTGTTCCATTCACCTG
AACTCCGTTTCCTCCTTGTC
GCATTCAGTGGGCAGAAGTCC
ATGCCACCGCTAACAAGACAT
ATTCGAGAGAAGGGAGGGCT
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Figure 1. Identiﬁcation and morphological alteration of astrocytes and neuronal cells.

upregulated by HP at the protein level. However, GFAP
expression in the HP ? OGD group was signiﬁcantly
downregulated when compared with the OGD group
(ﬁgure 2C). HP also signiﬁcantly enhanced antioxidant
enzyme activity, including superoxide dismutase (SOD),
GPx, and catalase (CAT), and alleviated oxidative stress
in the HP ? OGD group compared to the OGD group
(ﬁgure 2D). In addition, we also found that HP could
reduce OGD-induced mitochondrial damage. The
mRNA levels of CD38, PGC-1a, uncoupling protein2
(UCP2), and cyclooxygenase-2 (COX2) in the HP ?
OGD group were signiﬁcantly upregulated compared to
the OGD group (ﬁgure 2E). This indicated that restored
mitochondrial transfer and mitochondrial biogenesis
appeared in the cells following HP.

3.3 Effect of HP astrocytes on neuronal cell
damage in a co-culture system
The neuroprotective effect of HP astrocytes (HP-As) on
OGD neurons (OGD-Ne) is mainly achieved by blocking the apoptosis signals in the neurons. As shown in

ﬁgure 3A, the expression of Bax was signiﬁcantly
down-regulated, while the expression of Bcl-2 was signiﬁcantly up-regulated in OGD-Ne co-cultured with HPAs compared to those without HP astrocytes. Elevated
expression of microtubule-associated protein-2 (MAP2),
CD38, stromal cell-derived factor-1 (SDF-1), heme
oxygenase 1 (HO-1), vascular endothelial growth factor
(VEGF), and glucose transporter 1 (GLUT1) in the coculture OGD-Ne cells further supports the neuroprotective role of astrocytes following HP (ﬁgure 3B). Astrocytes with HP provided an optimal therapeutic effect to
damaged neurons.
Furthermore, the formation of ROS in OGD-Ne cells
was signiﬁcantly decreased in OGD-Ne cells co-cultured
with HP-As. Meanwhile, the relative expression of some
mitochondria biogenesis-related genes, including HIF-1,
PGC-1a, nuclear respiratory factor 1 (NRF1), and
mitochondrial transcription factor A (TFAM), increased
in these damaged neurons (ﬁgure 3C D). To sum up,
these results imply that the relief of neuronal damage is
not only relied upon as part of the regulatory effect of
cytokines but is also involved in the recovery of normal
mitochondrial function.
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Figure 2. Effect of hypoxic preconditioning on astrocytes. (A) Mild hypoxic preconditioning increased the viability of the
astrocytes; (B) Hypoxic preconditioning promoted nerve regeneration; (C) Hypoxia increased angiogenesis; (D) Hypoxic
preconditioning up-regulated the activities of anti-oxidase enzymes; (E) Hypoxic preconditioning enhanced mitochondrial
function. #means compared with the control group, #p \ 0.05, ##p \ 0.0.1; *difference between two groups, *p \ 0.05,
**p \ 0.01.

3.4 Involvement of the PGC-1a/HIF pathway
in neuroprotection in the co-culture system
To verify whether the PGC-1a/HIF signaling pathway was involved in the neuroprotective effect of
astrocytes following HP, the PGC-1a was silenced
with the adenovirus siRNA of the astrocytes. The
expression of PGC-1a was signiﬁcantly down-

regulated in comparison with the As and siRNA-As
groups (ﬁgure 4A). Increased adenosine triphosphate
(ATP) content in the co-cultured astrocytes and
neurons restored the function of the mitochondria.
The ATP content in the HP-As ? OGD-Ne co-cultural system was signiﬁcantly higher than that in the
As ? OGD-Ne co-cultural system, while the siRNA
PGC-1a weakened the effect of HP (ﬁgure 4B).
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Figure 3. Intermittent hypoxic preconditioning astrocytes protect neurons against ischemic/reperfusion injury. (A) Astrocytes suppressed the neurons apoptosis in co-cultured system; (B) Co-culture enhanced the nerve repair capacity; (C) HP
astrocytes reduced the production of neuronal reactive oxygen species; (D) HP promoted mitochondrial biogenesis. #means
compared with the control group, #p \ 0.05, ##p \ 0.0.1; *difference between two groups, *p \ 0.05, **p \ 0.01.

Similar to the ATP determination results, the
expression of NRF1, TFAM, UCP2, COX2, and
nucleotide translocase 1 (ANT1) was signiﬁcantly

increased in the HP-As ? OGD-Ne co-cultural system relative to that of the HP/siRNA in the As ?
OGD-Ne co-cultural system (ﬁgure 4C).
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Figure 4. Hypoxic preconditioning improves mitochondrial dysfunction by modulating PGC-1a/HIF signal. (A) Changes
in adenosine triphosphate content; (B) PGC-1a knockdown attenuated the protective effect of HP astrocytes against ischemic/
reperfusion injury in neurons. #means compared with the control group, #p \ 0.05, ##p \ 0.0.1; *difference between two
groups, *p \ 0.05, **p \ 0.01.

4. Discussion
Mitochondrial autophagy and biogenesis are two
opposing methods of regulating mitochondrial content
and maintaining cell homeostasis. The imbalance of
these two pathways, therefore, will result in the loss of
mitochondrial function and eventually contribute to the
pathophysiological processes of various neurodegenerative diseases (Xiong et al. 2019). Oxidative stress
can activate mitochondrial autophagy(Wang et al.
2012), and subsequently inhibit mitochondrial

biogenesis, leading to the impairment of the mitochondria(Selvakumar et al. 2018). In contrast,
enhanced mitochondrial biogenesis can attenuate cell
apoptosis caused by oxidative stress (Kang and Ji
2016).
PGC-1a participates in the positive regulation of
mitochondrial biogenesis and is considered to be an
endogenous neuroprotective factor. Together with
SIRT1 and other proteins, it can alleviate epilepsy-induced neuronal cell damage (Chuang et al. 2019). It
has been reported that hypoxic preconditioning and
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exercise in the stroke model mediated the biogenesis of
PGC-1a and mitochondria to achieve a neuroprotective
effect (Jia et al. 2020). PGC-1a overexpression in
neuronal cells signiﬁcantly improved cognitive deﬁcits.
PGC-1a expression promoted neuron energy metabolism and increased neuronal metabolic activity under
hypoxic conditions.
Astrocytes are known as tripartite synapses; they
are extremely abundant and interact with all
parenchymal cells in the nervous system. The interplay between astrocytes and neurons, or oligodendrocytes and endothelial cells, could promote
angiogenesis, neurogenesis, synapse formation and
axonal remodeling (Liu and Chopp 2016). The
parastomal secretion of astrocytes, such as BDNF,
connexin proteins, TNF-a, SDF-1, bFGF, glutathione, and NGF, plays a vital role in neuroprotection (Liu and Chopp 2016; Peng et al. 2019).
Sidoryk-Wegrzynowicz M et al. (2017) clearly
pointed out that a medium of astrocytes cultured with
neurons could enhance the number of neurons and
signiﬁcantly upregulate the expression of ß-IIItubulin and PSD95 (Sidoryk-Wegrzynowicz et al.
2017).
Our results were consistent with previous studies.
The OGD-mediated oxidative stress of astrocytes was
relieved by HP. At the same time, treatment with HP
promoted the expression of DNF, NGF, bFGF, EPO,
HIF2, TSP1 and GFAP in the astrocytes. HP also
upregulated the levels of PGC-1, UCP2 and COX2,
improving the function of the mitochondria. This result
suggests that astrocytes displayed a better neuroprotective effect. Therefore, in a co-cultural system, postHP treatment astrocytes reduces the apoptosis of neurons and promoted the recovery of nerve injury. ROS
production was decreased, while the function of mitochondria was improved in the neurons. However, the
neuroprotective effect of astrocytes was abated by the
siRNA of PGC-1a. The siRNA of PGC-1a affected
mitochondrial function, and inhibited the mitochondrial
biogenesis, resulting in autophagy and nerve injury
aggravation.
5. Conclusion
Hypoxic preconditioning can increase the protective
effect of astrocytes on damaged neurons. Moreover,
astrocytes do not only secrete neuroprotective factors
but also alleviate mitochondrial dysfunction through
PGC-1a/HIF signal regulation.
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