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Zinc causes the death of hypoxic astrocytes by inducing ROS
production through mitochondria dysfunction
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Abstract Cerebral ischemia triggers a cascade of events that contribute to ischemic brain damages. Zinc release
and accumulation has been shown to lead to brain cell death following cerebral ischemia. However, the
mechanism underlying remains to be elucidated. Our recently published work showed that suppression
of mitochondrial-derived reactive oxygen species (ROS) production significantly reduced ischemic
stroke related brain damage within 6 h. Herein, we investigated the relationship between zinc accu-
mulation and mitochondrial-derived ROS production in astrocytes after 3-h hypoxia. We found that
inhibition of mitochondrial-derived ROS significantly decreased total amount of ROS generation and cell
death in primary astrocytes during hypoxia when zinc was overload. In contrast, the inhibition of
NADPH oxidase-derived ROS had less of an effect. Our results also showed that zinc and mitochondria
were colocalized in hypoxic astrocytes. Moreover, extracellular zinc addition caused zinc accumulation
in the mitochondria and decreased mitochondrial membrane potential, leading to mitochondria dys-
function. These findings provide a novel mechanism that zinc accumulation contributes to hypoxia-
induced astrocytes death by disrupting mitochondria function, following cerebral ischemia.
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INTRODUCTION

Zinc is essential for cerebral development, which
plays a signaling role in the central nerve system
(Bitanihirwe and Cunningham 2009). However, the
pathological release of zinc can be highly toxic as it
causes brain cell death through protein aggregation
and direct neurotoxicity (Weiss et al. 2000). Our
previous study has shown that ischemic stroke indu-
ces an abnormally high concentration of zinc in neu-
rons, leading to brain cell death (Zhao et al. 2014).
However, the underlying mechanism remains to be
fully elucidated.

Besides excessive intracellular accumulation of zinc,
reactive oxygen species (ROS) generation has long been

recognized as another important factor that causes
brain damages after cerebral ischemia (Zhao et al.
2018a). ROS are generated in the normal condition (Poli
et al. 2004). However, at high concentrations, ROS are
cytotoxic, causing protein oxidation and DNA damage
(Olmez and Ozyurt 2012). ROS are generated through
multiple diverse sources, including NADPH oxidase,
mitochondria, cyclooxygenase, and monoamine oxyge-
nase (Abramov et al. 2007; Adibhatla and Hatcher 2010;
Yang et al. 2018). Among these sources, NADPH oxidase
has been considered as a major pathway to generate
neuronal ROS, which causes cell death in hypoglycemia
as well as in anoxia and reoxygenation (Abramov et al.
2007). Notably, we recently reported that suppressing
the production of mitochondrial-derived ROS by
mitochondria-targeted ROS inhibitor R(?) pramipexole
[R(?) PPX] significantly reduced brain damage at 6 h
after the cerebral ischemia onset (Zhao et al. 2018b).& Correspondence: rpan@salud.unm.edu (R. Pan),

email_qzf@163.com (Z. Qi)
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Our finding indicates that mitochondrial-derived ROS is
involved in brain cell death at the early stage of ischemic
stroke. Mitochondria generate a huge amount of ATP to
maintain the homeostasis of neuron. However, mito-
chondria also are a major producer of ROS, as well as
the key activators of programmed cell death (Nicholls
and Budd 2000). Overloading of zinc triggers the loss of
mitochondrial membrane potential, and zinc can cause
mitochondrial dysfunction in all physiologically relevant
substrate conditions (Dineley et al. 2005). The dys-
functional mitochondria enhances ROS generation,
which leads to apoptosis (Federico et al. 2012). More-
over, the good co-localization of zinc and ROS further
indicates a close relationship between zinc and ROS
(Zhao et al. 2018b). Thus, we speculate that zinc may
cause brain cell death through mitochondrial-derived
ROS generation at early phase of ischemic stroke.

In the present study, we tested the hypothesis that
high concentrations of zinc cause mitochondrial dys-
function, leading to excess mitochondria-derived ROS
production, which promotes brain cell death during
ischemia. To investigate the interaction between zinc
and mitochondria-derived ROS at early phase of
ischemic stroke, ROS production was measured fol-
lowing 3 h of hypoxia with or without zinc addition.
We also investigated whether decreasing ROS level by
ROS scavenger, mitochondria-targeted ROS inhibitor,
or NADPH oxidase inhibitor would reduce the total
ROS level and astrocytic death after hypoxic treat-
ment. Moreover, we investigated whether zinc addi-
tion causes mitochondrial dysfunction and ROS
generation.

RESULTS

Astrocytes protect neurons against the toxicity
of zinc under hypoxic condition

Studies show that following ischemic stroke, astrocytic
death occurs prior to neuronal death (Liu et al. 1999;
Ouyang et al. 2007). Hypoxia is the hallmark of ischemic
stroke. Astrocytes and neurons were cocultured to
investigate the effects of hypoxia on them. As shown in
Fig. 1, the neuronal death rate was much higher than
astrocytic death rate under normoxia condition. How-
ever, astrocytic death rate was markedly higher than
neuronal death rate under hypoxia condition. It sug-
gests that astrocytes are more vulnerable by hypoxia
and neurons have been protected by astrocytes under
hypoxia.

Zinc augments hypoxia-induced ROS generation

Our results suggest that the death of astrocytes protects
neurons. Thus, investigating the mechanism of zinc-
induced astrocytes death is important to understand the
mechanism of ischemic stroke-induced injury. ROS is a
major effector in ischemic cell death. Moreover, we
recently reported a significant increase in level of ROS,
which colocalized with accumulated zinc in ischemic
rats’ brain. Furthermore, suppressing the production of
mitochondrial-derived ROS significantly reduced brain
damage at 6 h following the onset of ischemic stroke
(Zhao et al. 2018b). Thus, we wanted to know whether
ROS is involved in zinc-induced astrocytic death in
hypoxia. ROS level was first measured under different
conditions using immuno-spin trapping. Immuno-spin
trapping is a sensitive and specific method to detect
macromolecule derived radicals (Ramirez and Mason
2005; Towner et al. 2012). Here we used DMPO as the
spin trap for ROS. The ROS level slightly increased after
3 h of treatment with hypoxia or with 100 lmol/L zinc
alone, while combination of these two factors dramati-
cally increased ROS generation (Fig. 2). It indicates that
zinc promotes hypoxia-induced ROS generation. Nota-
bly, chelation of zinc by its specific chelator, N,N,N0,N0-
Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN,
1 lmol/L), significantly blocked ROS generation. These
data suggest that zinc promotes ROS generation in
hypoxic astrocytes.

Mitochondria are a major source of ROS
generation in zinc-treated hypoxic astrocytes

To investigate the sources of ROS generation in zinc-
treated hypoxic cells, cell permeable SOD mimetic
MnTMPyP (100 lmol/L), NADPH oxidase inhibitor DPI
(10 lmol/L) and mitochondrial-target antioxidant PPD
(1 mmol/L) were used to inhibit different sources of
ROS generation. We found that as expected, MnTMPyP
reduced the production of ROS most significantly, since
MnTMPyP removes ROS that are generated from all
sources. Importantly, PPD decreased ROS generation
more than DPI (Fig. 3), indicating that mitochondria
served as a main source of zinc-augmented ROS gen-
eration in astrocytes during hypoxia.

ROS is involved in zinc-induced astrocytic death

Next, we used ROS scavengers to further investigate the
role of ROS in zinc-mediated hypoxic astrocytes death.
MnTMPyP decreased cellular death in hypoxic

RESEARCH ARTICLE R. Pan et al.

210 | August 2019 | Volume 5 | Issue 4 � The Author(s) 2019



astrocytes with zinc treatment (Fig. 4), confirming that
ROS participates in the zinc-induced astrocytic death in
hypoxia. Moreover, DPI and PPD were used to block
different sources of ROS. As shown in Fig. 4, PPD was
more effective in presenting zinc-induced hypoxic
astrocytic death than DPI. These findings indicate that
mitochondria-initialed ROS, a major source of ROS
generation, contributes more than NADPH oxidase
generated ROS to zinc-induced hypoxic astrocytic death.

Zinc accumulation at mitochondria in hypoxic
astrocytes

The above results demonstrate that zinc promotes ROS
generation mainly through mitochondria. Therefore, we
next wanted to determine how zinc increases

mitochondria-derived ROS generation. The specific
probes for zinc (Fluorzin-3) and mitochondria
(Mito-tracker) were utilized to localize zinc and mito-
chondria in the cells. Our results show that mitochon-
dria concentrated around the nucleus, colocalizing with
high concentration of zinc in the zinc-treated hypoxic
astrocytes (Fig. 5). The colocalization of zinc and mito-
chondria suggests that zinc and mitochondria may
interact with each other. To further confirm that zinc
interacts with mitochondria, mitochondria were isolated
from normoxic and hypoxic astrocytes. Then, zinc was
stained with FluoZin-3 zinc probe. Zinc levels in mito-
chondria were assessed by calculating the density of
FluoZin-3 signal through fluorescence spectrometer. As
shown in Fig. 6, zinc level significantly increased after
hypoxia plus zinc treatment, while there was hardly any

0

Fig. 1 Astrocyte protected
neuronal against zinc under
hypoxia. Primary astrocytes
were seeded on the inserts
and neurons were plated on
wells. After the neurons had
adhered to the wells, the
inserts with astrocytes were
placed into the wells and
exposed to 3-h hypoxia or
normoxia with indicated
concentration of zinc.
A Astrocytes on the cell
culture inserts were stained
by GFAP antibody while
neurons on the wells were
stained by NeuN antibody.
Scale bar 200 lm. B Cell death
rates (n = 3). Data were
presented as mean ± SEM.
*p\ 0.05 versus the
normoxia group with same
zinc concentration; #p\ 0.05
versus the same group
(normoxia or hypoxia)
without zinc treatment
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uptake of zinc by mitochondria under normoxia. These
results demonstrate that hypoxia promotes mitochon-
dria to uptake zinc and that zinc only accumulates in
mitochondria of hypoxic but not normoxic astrocytes.

Zinc accumulation causes mitochondria
dysfunction

The loss of mitochondrial membrane potential is the
reason for ROS release from mitochondria (Martinez-
Reyes et al. 2016). The vital mitochondrial dye JC-1,
undergoing a reversible change in fluorescence emission
from red to green as mitochondrial membrane potential
decreases, has been used to measure mitochondrial
function. As shown in Fig. 7, under the condition of
hypoxia with zinc overload, mitochondrial membrane
potential decreased markedly. Mitochondria morphology
was changed from thread to round. These results suggest
that mitochondrial membrane potential has been altered
by zinc under hypoxic condition, leading to excess ROS
release and further causes hypoxic astrocytic death.

DISCUSSION

The present study investigated the interaction between
zinc and ROS in acute hypoxic astrocytes, and explored
the relationship of zinc accumulation and mitochondria
dysfunction. We demonstrated that mitochondrial-
derived ROS is a major source of ROS generation in
acute (3 h) hypoxic astrocytes. Notably, zinc accumula-
tion in mitochondria caused mitochondrial dysfunction,
which is a major reason for ROS over-generation in
hypoxic astrocytes.

Following ischemic stroke, zinc releases from gluta-
matergic terminal into surrounding milieu and is then
taken up by neighboring cells (Galasso and Dyck 2007).
Other researchers and our group clearly demonstrate
that intracellular zinc accumulation contributes signifi-
cantly to brain injury after ischemia (Filipiak et al. 2010;
Hamatake et al. 2000; Pan et al. 2013, 2015; Zhao et al.
2014). Thus, understanding the mechanism of zinc-
induced ischemic cell death is critical for ischemic
stroke research. Besides zinc, ROS generation has been

Fig. 2 Zinc-augmented ROS
generation in hypoxic
astrocytes. Primary astrocytes
were exposed to 3-h hypoxia
or normoxia with or without
zinc treatment (100 lmol/L).
Zinc chelate TPEN (1 lmol/L)
was used to investigate the
role of zinc. A DMPO bound
macromolecular radical levels
in astrocytes were measured
by immuno-spin trapping
(green), while nucleus was
stained by DAPI (blue). Scale
bar 30 lm. B Immune-spin
trapping fluorescence (n = 3).
Data were presented as
mean ± SEM. *p\0.05,
**p\ 0.01 versus the
normoxia group; ##p\0.01
versus the hypoxia and zinc
treatment group
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recognized as a key factor, leading to brain cell death in
ischemic stroke (Piantadosi and Zhang 1996). Our data
showed that zinc promotes ROS production in hypoxic
astrocytes. Notably, although 100 lmol/L zinc or 3 h
hypoxia alone did not induce significant ROS generation,
the synergism of these two treatments dramatically
increased ROS generation (Fig. 2), which contributes to
increased astrocytic death under hypoxic conditions
(Fig. 4). Then, the chelation of zinc by its specific
chelator TPEN significantly decreased ROS generation in
astrocytes after 3 h hypoxia exposure (Fig. 2), which
confirms that zinc accumulation is the cause of ROS
generation in hypoxic astrocytes. Moreover, we found
that the removal of ROS remarkably decreased zinc-
induced hypoxic astrocytic death (Fig. 4). Ischemic
stroke causes decreased blood flow, resulting in reduc-
tion of tissue oxygenation. Our previous in vivo electron
paramagnetic resonance (EPR) study showed that
cerebral tissue oxygenation decreased from 33.4 ± 6.0
to 1.2 ± 0.7 mmHg in the ischemic core region, which

clearly indicates that ischemic tissue is a hypoxic envi-
ronment (Liu et al. 2004). As a main feature of ischemic
stroke, hypoxia plays a fundamental role in ischemic
stroke-caused mortality (Semenza et al. 2000). Our data
demonstrate that zinc-induced ROS production is
involved in the hypoxic brain cell death in the early
ischemic stroke.

In the traditional view, NADPH oxidase is the major
source of neuronal ROS generation, causing cell death in
hypoglycemia, as well as in anoxia and reoxygenation
(Abramov et al. 2007; Suh et al. 2007). However, our
results show that mitochondria-derived ROS production
is a major source of ROS at the first 3-h hypoxic in the
present of zinc (Fig. 3). Furthermore, our results show
that mitochondrial-target antioxidant decreased zinc-
induced hypoxic primary astrocytic death while NADPH-
oxidase inhibitor had much lesser effect in preventing
zinc-induced cell death (Fig. 4). These findings imply
that mitochondria-derived, but not NADPH-initiated
ROS production is a major source of ROS generation in

Fig. 3 The sources of ROS
generation in hypoxic
astrocyte after zinc treatment.
Astrocytes were exposed to
3-h hypoxia following
100 lmol/L zinc and
MnTMPyP (100 lmol/L), DPI
(10 lmol/L) or PPD (1 mmol/L)
treatment. A DMPO bound
macromolecular radical levels
in astrocytes were measured
by immuno-spin trapping
(green). Nucleus was stained
by DAPI (blue). Scale bar
30 lm. B Immune-spin
trapping fluorescence (n = 3).
Data were presented as
mean ± SEM. **p\0.01
versus the hypoxia and zinc
treatment group
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early ischemia, and thus is a major contributing factor to
the brain damage during early ischemic stroke. This is
consistent with our recent report that mitochondrial
ROS production is dominant at 6 h after reperfusion in
stroke rats (Zhao et al. 2018b). Interestingly, our pub-
lished study has also shown that NADPH-initiated ROS
is the major source of ischemia/reperfusion-induced
ROS, especially after 24 h reperfusion, which corrobo-
rates the traditional view (Zhao et al. 2018b). Together,
these diverse findings reveal that the major sources of
ROS production, whether NADPH, mitochondrial or
others, are dependent on the ischemic and/or reperfu-
sion time.

Mitochondria generating massive of ATP and limiting
the production of ROS are necessary for maintaining
cellular homeostasis and function. However, mitochon-
dria can promote cellular death by releasing pro-
apoptotic factors such as cytochrome C and apoptosis
inducing factor (AIF) under stress. Mitochondrial dis-
order is thought as a key incident in numerous neu-
rodegenerative diseases, including stroke (Nicholls and
Budd 2000; Zamzami and Kroemer 2001). It was proved
that zinc blocks the cellular energy generation through
disruption of mitochondria function (Dineley et al.
2003). One report shows that zinc may concentrate at
the bc1 complex and inhibit electron transport there
(Berry et al. 2000). However, the relationship between
zinc and mitochondria after ischemia is unclear. We first
noticed, in this study, that zinc and mitochondria are
colocalized in hypoxic astrocytes (Fig. 5). By measuring
zinc level in the isolated mitochondria, we demon-
strated that zinc is accumulated in mitochondria
(Fig. 6), which provides direct evidence on the interac-
tion of zinc and mitochondria in acute hypoxic astro-
cytes. Although our earlier reports have shown that zinc
accumulates intracellularly in hypoxic astrocytes (Pan
et al. 2013; Pan and Liu 2016), the present study
zoomed in on mitochondria, and found that the zinc
accumulation is intra-mitochondrial. This is the first
evidence for locating the accumulated intracellular zinc
at an organelle in the hypoxic astrocytes, which helps us
to better understand how zinc causes hypoxic cellular
damage. Furthermore, by assessing the membrane
potential of mitochondria, we found zinc significantly
decreased membrane potential and altered the

Fig. 6 Zinc concentration detection in mitochondria. Primary
astrocytes were exposed to 3-h hypoxia or normoxia in the
presence or absent of 100 lmol/L zinc. Then mitochondria were
isolated by Mitochondria Isolation Kit for Cultured Cells. The level
of zinc in mitochondria was measured by mixing with FluoZin-3
fluorescence probe and reading the fluorescence intensity.
*p\ 0.05 versus the normoxia group

Fig. 4 Effects of ROS on zinc-induced cell death. Before exposure
to hypoxia/normoxia, primary astrocytes were pretreated with
MnTMPyP (100 lmol/L), DPI (10 lmol/L) or PPD (1 mmol/L)
with or without 100 lmol/L zinc for 1 h. Cell viability was
assayed after 3-h exposure. *p\0.05, **p\0.01 compared with
the normoxia group; #p\ 0.05, ##p\ 0.01 compared with the
hypoxia and zinc treatment group

Fig. 5 Co-localization of zinc and mitochondria. Primary astro-
cytes were exposed to hypoxia or normoxia for 3 h with or
without zinc treatment (100 lmol/L). The intracellular-free zinc
was visualized using FluoZin-3 (green). Mitochondria were
stained by Mito-tracker (red). Scale bar 30 lm
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morphology (Fig. 7) of mitochondria in hypoxic astro-
cytes. Since mitochondrial membrane potential depres-
sion is the reason of ROS release from mitochondria, our
results suggest that ROS in acute hypoxic astrocytes is
caused by zinc-induced mitochondria dysfunction.
Findings from the present study and our reports reveal
a mechanism of ischemic stroke-induced brain damage
that ischemia induces an increase of intracellular zinc,
which causes mitochondrial dysfunction, leading to ROS
generation and brain damage. This zinc-mitochondria-
ROS pathway is likely a key mechanism of zinc-induced
astrocytic death following ischemia.

MATERIALS AND METHODS

Materials

Dulbecco’s-modified Eagle’s medium (DMEM),
antibiotic–antimycotic solution, fetal bovine serum
(FBS), were purchased from Thermo Fisher.
Diphenyleneiodonium chloride (DPI), pramipexole
dihydrochloride (PPD), manganese (III) tetrakis (1-
methyl-4-pyridyl) porphyrin (MnTMPyP), and zinc
chloride were purchased from Sigma-Aldrich.

Methods

Primary culture of cortical astrocytes

Nowadays, astrocytic injury and death after ischemic
brain has gained more and more attention. Reports
show that astrocytes can dead before neurons (Liu
et al. 1999; Petito et al. 1998). Primary astrocytes were
collected from the Sprague–Dawley rats’ cortices as
described previously (Kim et al. 2010). Briefly, the
brains of postnatal day 1 rats were immediately iso-
lated after decapitation. After removing blood vessels
and meninges, the forebrains were placed and chopped
in DMEM (Thermo Fisher Scientific, USA). After that,
the minced tissue was trypsinized in 0.05% trypsin
(Thermo Fisher Scientific, USA) at 37 �C for 30 min,
which was stopped by adding 10% (v/v) FBS (Thermo
Fisher Scientific, USA) in DMEM. Astrocytes were iso-
lated by passing the dissociated tissue through a
40 lmol/L strainer. At last, astrocytes were seeded at a
density of 1.5 9 105 cells/cm2 in growth medium
(90% Dulbecco’s Modified Eagle medium containing
10% FBS, and 4.5 g/L glucose). The astrocytes were
cultured in incubator at 37 �C with 95% air/5% CO2.
Somewhere in this manuscript, you need to justify why
you used astrocytes, not neurons, to conduct this
study.

Coculture of primary astrocytes and neurons

Primary astrocytes were cultured on cell culture inserts
(BD Biosciences. San Jose, CA) with 0.4 lm pores. Pri-
mary neurons were isolated from the cortices of E18
Sprague–Dawley rats as previously described (Xu et al.
2012) and cultured on 12 well culture plates. Culture
medium of neurons was neurobasal with B27 supple-
ment and 0.5 mmol/L glutamine solution. The insert
with astrocytes was placed into the wells after the
neurons had adhered to the wells. Cells were cultured at
37 �C with 95% air/5% CO2.

Fig. 7 Zinc caused mitochondria dysfunction. Mitochondrial
function was assessed by JC-1 staining, measuring the membrane
potential. A Red to green means mitochondrial membrane
potential decrease. B The rate of green and red signal intensity
(n = 3). Data were presented as mean ± SEM. *p\0.05,
**p\0.01 versus the normoxia group. Scale bar for the whole
cells is 50 lm. Scale bar for the enlarged region is 20 lm
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Hypoxic cellular model

Serum-free DMEM has been bubbled with nitrogen to
remove oxygen in the medium for 15 min. Then, the
oxygen-free medium was used to replace the cell culture
medium in a polymer hypoxic glove chamber (Coy
Laboratory Products Inc. Grass Lake, MI). The cells, in
the oxygen-free medium, were incubated in the hypoxic
glove chamber with 1% O2/99% gas mixture (5% CO2/
95% N2) at 37 �C. After 3 h hypoxic incubation, the cells
were removed from the hypoxic chamber and FBS (final
concentration 10%) was added to the cells for reoxy-
genation. Then the cells were placed in cell culture
incubator for another 12 h (5% CO2/95% air, 37 �C).

Co-staining of labile zinc with mitochondria

Astrocytes were seeded onto glass coverslips before
hypoxia/reoxygenation treatment. After the treatment,
intracellular-free zinc was stained by FluoZin-3 AM
(Thermo Fisher, USA), a cell permeable probe with
selective fluorescent to stain the labile zinc in cells.
Astrocytes were rinsed with DMEM for three times.
Then, the cells were incubated with 2.5 lmol/L FluoZin-
3 in DMEM at room temperature. After 45 min incuba-
tion, astrocytes were thoroughly washed with DMEM.
Then DMEM containing 100 nmol/L MitoTracker Red
(Thermo Fisher, USA) was used to stain the mitochon-
dria. Following a 30-min incubation, the staining solu-
tion was replaced with fresh DMEM. The coverslips
were then mounted on a glass slide. Images were
acquired using an inverted microscope (Olympus OX71,
Japan) with GFP or TRICT dichroic mirror to visualize
FluoZin-3 AM or MitoTracker fluorescence.

Immuno-spin trapping of ROS measurement

For measurement of ROS in astrocytes, 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO, Sigma-Aldrich, USA) was used
to trap the protein-bound radicals. Astrocytes were
plated onto glass coverslips. 100 mmol/L DMPO was
added into culture media before exposing the astrocytes
to hypoxia. After 3 h, astrocytes were fixed by a 15-min
incubation with 4% paraformaldehyde (PFA). Following
the wash with PBS, cells were immersed in 0.2% Triton
X-100 for 5 min for permeabilization. Then, 10% nor-
mal goat serum (Thermo Fisher, USA) was used to block
the sample. After 1 h blocking, the sample was incu-
bated with anti-DMPO antibody (Enzo Life Sciences,
USA) (10 lg/mL, overnight at 4 �C). After three washes
with PBS, the coverslips were incubated with Alexa
Fluor 488 goat anti-mouse antibody (2 lg/mL, room
temperature, ThermoFisher, USA) for 2 h. Then, the

fluorescence signal of DMPO-protein was caught by
Olympus IX71 fluorescence microscopy using a GFP
dichroic mirror.

Cytotoxicity assay

Astrocytic death was assessed by quantifying the cel-
lular lactate dehydrogenase (LDH) release, using the
Cytotox 96 non-radioactive cytotoxicity assay kit (Pro-
mega, USA). Astrocytes were sowed in 96-well plates at
the density of 5 9 103 cells/well. After the treatments,
50 lL reconstituted substrate mixture was added to
each well, incubating for 30 min. After the reaction was
stop by adding 50 lL stop solution to each well, the
absorbance at 490 nm was measured by a microplate
reader (Bio-Rad 3350, USA). Triton-X 100 treated cells
were used as 100% cell death control because it
releases all intracellular LDH by disrupting their mem-
branes. The cell death rate was calculated by using the
formula: Cell death rate (%) = (Experimental absor-
bance value - Culture medium absorbance value)/
(Triton-X 100 treated absorbance value - Culture
medium absorbance value) 9 100.

Mitochondria isolation from astrocytes

2 9 107 astrocytes were cultured in dishes. After 3 h of
hypoxia exposure, astrocytes were harvested. Mito-
chondria were isolated using Mitochondria Isolation Kit
for Cultured Cells (ThermoFisher, USA) following the
user manual.

JC-1 staining for mitochondrial membrane potential
of primary astrocytes

JC-1 was used to estimate the change of mitochondrial
membrane potential (Liu et al. 2017). Astrocytes were
plated onto glass coverslips. After 3 h of hypoxia
exposure, astrocytes were incubated with 2 mg/mL JC-1
(Thermo Fisher, USA) at 37 �C for 20 min. JC-1 green
and red were captured by Olympus IX71 fluorescence
microscopy using a GFP and TRICT dichroic mirrors.
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