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Abstract

Brain aging is an inevitable process characterized by structural and functional changes and is a major risk factor for neurodegen-
erative diseases. Most brain aging studies are focused on neurons and less on astrocytes which are the most abundant cells in
the brain known to be in charge of various functions including the maintenance of brain physical formation, ion homeostasis, and
secretion of various extracellular matrix proteins. Altered mitochondrial dynamics, defective mitophagy or mitochondrial damages
are causative factors of mitochondrial dysfunction, which is linked to age-related disorders. Etoposide is an anti-cancer reagent
which can induce DNA stress and cellular senescence of cancer cell lines. In this study, we investigated whether etoposide induc-
es senescence and functional alterations in cultured rat astrocytes. Senescence-associated p-galactosidase (SA-B-gal) activity
was used as a cellular senescence marker. The results indicated that etoposide-treated astrocytes showed cellular senescence
phenotypes including increased SA-B-gal-positive cells number, increased nuclear size and increased senescence-associated
secretory phenotypes (SASP) such as IL-6. We also observed a decreased expression of cell cycle markers, including Phospho-
Histone H3/Histone H3 and CDK2, and dysregulation of cellular functions based on wound-healing, neuronal protection, and
phagocytosis assays. Finally, mitochondrial dysfunction was noted through the determination of mitochondrial membrane potential
using tetramethylrhodamine methyl ester (TMRM) and the measurement of mitochondrial oxygen consumption rate (OCR). These
data suggest that etoposide can induce cellular senescence and mitochondrial dysfunction in astrocytes which may have implica-
tions in brain aging and neurodegenerative conditions.
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INTRODUCTION environment (Dossi et al., 2018).
The maintenance of neural environment by the astrocytes

Astrocytes are the most abundant cells in the brain and requires a continuous and efficient supply of energy, and mito-
serve various functions including the maintenance of brain chondria are crucial for this function (Voloboueva et al., 2007).
physical formation, ion homeostasis, and secretion of various Cellular damage and reduction of energy production through
extracellular matrix proteins (Burda et al., 2016). Astrocytes increased reactive oxygen species during the aging process
act as helpers to surrounding neurons and aids for cell growth are linked to the mitochondria, which may underlie the age-
and survival by secretion of extracellular matrix and neuro- related degenerative changes in the brain. However, mecha-
trophic factors. They are also involved in the signal transduc- nistic studies on astrocytic mitochondrial dysfunction related
tion of neurons through the regulation of ion and neurotrans- to aging are scarce compared to neurons.
mitter concentrations including glutamate (Fiacco et al., 2009). In the brains of Alzheimer’s disease patients as well as
Astrocytes, along with microglia, regulate the brain immune in aged subjects, increased expression of senescent astro-
system and maintain the function of the blood-brain barrier cytes as well as changes in astrocyte morphology has been
(BBB) (Abbott, 2002). Through these roles, any dysfunction of reported (Bhat et al., 2012). Aged astrocytes are known to in-
astrocytes can affect various brain cells and the overall brain crease the number of SA-B-gal-positive cells with a flattened
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morphology according to a previous report (Bhat et al., 2012).
However, cellular senescence phenotypes vary depending
on cell types and the methods inducing cellular senescence.
Cellular senescence is the most well-characterized and stud-
ied area in cancer cell biology. Cancer cells show changes in
senescence-associated secretory phenotypes (SASP) under
cellular senescence conditions. Similarly, aged astrocytes can
also alter the expression of dozens of SASP factors including
TNF-a, IL-1pB, IL-6 and HMGB1 (Enokido et al., 2008; Campu-
zano et al., 2009; Campisi et al., 2011; Salminen et al., 2011;
Bhat et al., 2012; Hou et al., 2018). Despite the obvious impor-
tance of the aging process of astrocytes in the brain, relatively
few studies have been conducted on astrocyte senescence
compared to neuronal senescence.

To induce cellular senescence, various methods have been
adopted by researchers. One of the commonly used methods
is the use of chemicals, such as etoposide and doxorubicin,
which can induce cellular senescence. Etoposide is an anti-
cancer drug against various types of cancer and is known to
induce senescence by DNA damage (te Poele et al., 2002;
Nasrin Ghassemi and Shokrzadeh, 2018). Etoposide is a DNA
topoisomerase inhibitor that breaks the DNA double-stranded
structure and blocks repair by topoisomerase IlI-binding (Pom-
mier et al., 2010). In this study, we induced cellular senes-
cence in astrocytes by etoposide treatment and investigated
any specific changes in astrocytic function or morphology. We
also identified the alteration of mitochondrial function in se-
nescent astrocytes. The dysfunction of energy homeostasis in
astrocytes may act as a key determinant of the aged pheno-
types of the brain.

MATERIALS AND METHODS

Materials

The materials and their manufacturers’ information used in
this study are the following: Dulbecco’s modified Eagle me-
dium (DMEM)/F12, Penicillin-Streptomycin (P/S), 0.25% tryp-
sin-EDTA and 10% Fetal Bovine Serum (FBS) from Gibco BRL
(Grand Island, NY, USA); dimethyl sulfoxide from Invitrogen
(Carlsbad, CA, USA); Tween® 20 and ECLTM Western blot-
ting detection reagent from Amersham Life Science (Arlington
Heights, IL, USA); etoposide from Selleckchem.com (Hous-
ton, TX, USA); anti-B Actin from Sigma (St. Louis, MO, USA);
anti-Phospho-Histone H3 and anti-Histone H3 from Cell Sig-
naling Technology (MA, USA); anti-CDK2 and anti-CDK4 from
Santa Cruz Biotechnology; anti-GFAP from EMD Millipore
(MA, USA); senescence detection kit from Abcam; Agilent
Seahorse XF Cell Mito Test Kit from Agilent Technology (CA,
USA); Doxorubicin from Sigma; Alexa Fluor® 594 conjugated
Escherichia coli (K-12 strain) BioParticles® from Thermo Fish-
er Scientific (MA, USA); Tetramethylrhodamine Methyl Ester
(TMRM) from Thermo Fisher Scientific.

Astrocytes culture

Animal experiment procedures were carried out following
the protocols approved by the Institutional Animal Care and
Use Committee (IACUC) of Konkuk University (KU18050).
Sprague-Dawley (SD) rats were bought from Samtako, Inc
(Gyeonggi, Korea). Astrocytes were cultured from the brain
cortex of postnatal day 2 (P2) SD rats as described previously
(Kim et al., 2013). Briefly, brain cortices were isolated and me-
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chanically triturated into single cells. Cells were seeded on
the poly-D-lysine-coated plate (20 pg/ml) and maintained in
DMEM/F12 with 100 U/ml of penicillin, 100 mg/ml of strepto-
mycin, and 10% heat-inactivated FBS in a 95% CO, incubator
at 37°C. The medium of the cultured astrocyte was changed
every 4 days. After 2 weeks, the confluent cells were washed
twice with serum-free medium and detached by 0.25% trypsin-
EDTA. The isolated astrocytes were sub-cultured by re-plating
in 6, 12, 24, or 96-well plates. The sub-cultured astrocytes
were positive for GFAP and the astrocyte purity was more
than 95%.

Neuron culture

Sprague-Dawley (SD) rats were purchased from ORIENT
(Gyeonggi, Korea). The primary cortical neurons were iso-
lated from the cerebral cortex of embryonic day 17 (E17) SD
rats. The isolated cortical neurons were seeded on the poly-
D-lysine-coated plate (50 pg/ml) and incubated in NBM with
B27 and L-glutamine in a 95% CO, incubator at 37°C for 10
days and the media were half-replaced with fresh ones every
3 days.

Etoposide treatment

The cultured astrocytes were treated with either 1 or 10 uM
etoposide for 24 h. The vehicle group was treated with 0.1%
DMSO. In wound scratch assay, 10 uM of etoposide was treat-
ed and examined for 72 h. In these experiments, no cellular
toxicity was observed by PI (propidium iodide) staining (data
not shown).

Senescence-associated-B-galactosidase (SA-B-gal)
staining

SA-B-gal staining was performed using Senescence Detec-
tion Kit (Abcam, Cambridge, UK) to detect SA-B-gal activity in
cultured cells. The experimental procedures were performed
following the manufacturer’s instructions (Dimri et al., 1995).
Astrocytes were seeded in 12-well plates at 2.5%105 cells/well.
After 4 days, the confluent cells were used in the experiments.
The SA-B-gal-positive cells were observed with bright-field mi-
croscopy.

Nuclear staining

The cultured cells were grown on a poly-D-lysine-coated
coverslip and fixed by 4% paraformaldehyde (PFA) for 10 min
at 37°C. After then, the cells were permeabilized with 0.1% Tri-
ton X-100 for 20 min at room temperature and washed 3 times
with PBS. The fixed cells were stained for 10 min at room tem-
perature with DAPI. After then, the cells were mounted and
visualized by a digital microscope (CELENA, Logos Biosys-
tems, Gyeonggi, Korea). The nuclear size was measured us-
ing the Image J software (NIH, MD, USA).

Reverse transcription-polymerase chain reaction (RT-PCR)
The expression of selected mMRNAs in astrocytes such as
IL-1B, IL-6, TNFa, iNOS, p21, p16, p53, and GAPDH were
detected using RT-PCR. The RNA was extracted with TRIzol
reagent (Invitrogen) and the concentration was measured us-
ing a spectrophotometer (Nanodrop Technologies, Wilming-
ton, DE, USA). cDNA synthesis was performed using RNA
and RT reaction mixture with RevertAid Reverse transcriptase
reaction buffer (Thermo Fisher Scientific) and dNTP (Prome-
ga, WI, USA). A total of 0.5 ul of cDNA samples were utilized
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for PCR amplification under the following cycle parameters:
[94°C, 30 s; 60°C, 1 min; 72°C, 30 s]x30 cycles, then 72°C
for 10 min to detect IL-1p, IL-6, TNFa, iNOS, p21, p16 and
p53; and [94°C, 30 s; 60°C, 1 min; 72°C, 30 s]x23 cycles,
then 72°C for 10 min to detect GAPDH. The primers were de-
signed for the following: IL-1B (sense: 5-AAAATG CCT CGT
GCT GTC TG-3'/ antisense: 5-CTATGT CCC GAC CAT TGC
TG-3’), IL-6 (sense: 5-TTG TGC AAT GGC AAT TCT GA-3'/
antisense: 5-TGG AAG TTG GGG TAG GAA GG-3’), TNFa
(sense: 5-TAG CCC ACG TCG TAG CAAAC-3'/ antisense: 5'-
GGA GGC TGACTT TCT CCT GG-3’), iNOS (sense: 5'- CTG
GCT GCC TTG TTC AGC TA-3'/ antisense: 5-AGT GTA GCG
TTT CGG GAT CT-3’), p21 (sense: 5-GGA CAG TGA GCA
GTT GAG CC-3'/ antisense: 5'-ACACGC TCC CAGACG TAG
TT-3’), p16 (sense: 5-ATC TCC GAG AGG AAG GCG AAC
TCG-3'/ antisense: 5-TCT GTC CCT CCC TCC CTC TGC
TAA C-3’), p53 (sense: 5-TAT GAG CCA CCT GAG GTC GG-
3’/ antisense: 5-TCT CCC AGG ACA GGC ACA AA-3’), and
GAPDH (sense: 5-GTG AAG GTC GGT GTGAAC GGATTT-
3’/ antisense: 5-CAC AGT CTT CTG AGT GGC AGT GAT-3’).
The PCR products were electrophoresed with 1.2% agarose
gel and visualized with ethidium bromide (Sigma). The bands
were measured using the Image J software (NIH). Each band
intensity was normalized using GAPDH mRNA.

Western blot analysis

Western blot analysis was performed following a published
protocol described previously (Bang et al., 2018). Briefly, the
cells were harvested with radioimmunoprecipitation assay
(RIPA) buffer consisting of 2 mM EDTA, 0.1% (w/v) SDS, 50
mM Tris-HCI, 150 mM sodium chloride, 1% Triton X-100, and
1% (w/v) sodium deoxycholate. The extracted proteins were
quantified by BCA assay kit (Thermo Fisher Scientific) and
boiled for 5 min at 100°C. The SDS-PAGE was conducted for
120 min at 100 V. The electrophoresed samples were trans-
ferred to nitrocellulose membranes for 90 min and the pro-
teins were blocked with 1 pg/ml polyvinyl alcohol for 5 min at
room temperature and then washed with Tris-buffered saline
and 0.1% Tween 20 (TBS-T). Afterward, the samples were
incubated with their designated primary antibodies for 16 h
at 4°C. The samples were again washed and incubated with
horseradish peroxidase-conjugated secondary antibody (Life
Technologies, Carlsbad, CA, USA) at room temperature for 60
min. The protein blots were detected by a chemiluminescence
detection system (Amersham, Buckinghamshire, UK) and
quantified using Image-J software (NIH). B-Actin was used as
the loading control.

Wound closure assay

To analyze wound closure, astrocytes were seeded on po-
ly-D-lysine-coated 96-well plates at a density of 2.5x10° cells/
ml and incubated for 4 days until they reached confluence. Af-
ter then, a 700 nm-wide scratch was made in each well using
a certified Essen Biosciences automated 96-wound-maker™
(Essen Biosciences, Hertfordshire, UK). Wound closure was
measured using the IncuCyte ZOOM system (Essen Biosci-
ence) by imaging each well every 3 h for 72 h. The wound
width and relative wound density data were analyzed using
the IncuCyte ZOOM microscope software 2015A (Essen Bio-
science). The relative wound density was defined as the cell
density in the wound area relative to the cell density outside
of the wound area over time. This metric was normalized for
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changes in cell density by proliferation and/or pharmacologi-
cal effects.

Phagocytosis

Alexa Fluor™ 594 conjugated Escherichia coli (K-12 strain)
BioParticles™ were used for confirming phagocytosis activ-
ity in astrocytes. The astrocytes were incubated with E. coli
BioParticles for 12 h in a 95% CO; incubator at 37°C. We mea-
sured the red fluorescence using the IncuCyte ZOOM system
(Essen Bioscience) by imaging each well every 10 min for 12
h, and then analyzed by the IncuCyte ZOOM microscope soft-
ware 2015A (Essen Bioscience).

Determination of mitochondrial membrane potential

The mitochondrial function was identified by membrane po-
tential fluorescence staining using TMRM. TMRM is a dye that
penetrates into the cells and accumulates in the mitochondria
which have active membrane potentials. If cells are healthy
and functioning, signals will shine brightly, while if the mem-
brane potential is decreased, signals will reduce or disappear.
Astrocytes were incubated with 100 nM TMRM for 30 min in
a 95% CO, incubator and light protection condition at 37°C.
After then, the samples were washed with phosphate-buffered
saline (PBS) and visualized by digital microscope (CELENA,
Logos Biosystems).

Mitochondrial oxygen consumption rate (OCR)
The mitochondrial OCR of cells was determined following
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Fig. 1. Morphological changes of etoposide-treated astrocytes
in vitro. (A) Astrocytes were stained to determine the activity of
senescence-associated beta-galactosidase (SA-B-gal). Astrocytes
were treated with DMSO (vehicle) or 10 uM etoposide for 24 h.
Stained astrocytes were taken at 100x magnification and black
triangles indicate SA-B-gal-positive cells. The graph represents the
fold change in SA-B-gal-positive cell number in 10 uM etoposide-
treated astrocytes. (B) Astrocytes were stained to determine the
nuclear size. The graph presents the percent of nuclear size com-
pared to control. The bars represent the mean + SEM. * indicates
p<0.05 and, ** indicates p<0.01 vs. vehicle group.



the Agilent Seahorse XF Cell Mito Test Kit user guide (Agilent
Technology). Briefly, we hydrated the cartridge with a calibrant
buffer in a non-CO, incubator at 37°C, overnight before the
assay. A mixture of 1.0 uM oligomycin, 1.0 uM FCCP, and 0.5
uM rotenone/0.5 uM antimycin A was added into the cartridge
port A to C, respectively. The cell culture growth medium was
changed into 1 mM pyruvate, 2 mM glutamine, and 10 mM
glucose-containing Seahorse XF Base Medium and was in-
cubated for 45 min to 1 h prior to the assay. The experiments
were conducted using Agilent Seahorse XFe96 Analyzer
(Agilent Technology). The results were exported using Wave
Desktop 2.6 software (Agilent Technology) and calculated us-
ing the Agilent Seahorse XF Cell Mito Test Kit user guide (Agi-
lent Technology).

MTT assay

To confirm the neuronal cell-protection ability of astrocytes
under cell death condition, we performed an MTT assay in
primary cultured neurons within the astrocyte conditioned
medium (ACM). Neurons were treated with ACM for 48 h at
day-in-vitro 7 (DIV7). And then, a 0.1 mg/ml MTT solution was
treated in the medium of primary cultured neurons for 1 hiin a
95% CO, incubator and light-protection condition at 37°C. The
incubated medium was changed to DMSO before the absor-
bance was measured at OD=570 nm.

Bang etal. Etoposide Induces Astrocyte Senescence

Statistical analysis

All the experimental results were expressed as the mean +
SEM and the statistical analyses were performed using Graph-
Pad Prism 5 software (GraphPad Software Inc., CA, USA).
The data comparisons were performed using two-way ANOVA
followed by Bonferroni’s post-test in comparing grouped sam-
ples. Three-sample analyses were performed with one-way
ANOVA, and two-sample analyses were done with unpaired
t-test. A p-value of <0.05 was considered significant.

RESULTS

Etoposide induces SA-B-gal activity and increases the
nuclear size in cultured rat astrocytes

We performed SA-B-gal staining to determine whether et-
oposide-treated astrocytes induce cellular senescence. The
increased activity of SA-B-gal, a typical aging marker, shows
blue granules in the cytosol. When astrocytes were treated
with 10 uM of etoposide for 24 h, the number of SA-p-gal
positive cells was significantly increased to about 3 folds com-
pared to the vehicle group (black triangles, Fig. 1A). Based on
the reports of nuclear enlargement in senescent cells (Yoon et
al., 2016), we determined any change of nuclear size by DAPI
staining assay in etoposide-treated astrocytes. Treatment with
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Fig. 2. Expression of inflammatory and cell cycle markers in etoposide-treated astrocytes in vitro. Rat primary cultured astrocytes were
treated with DMSO (vehicle), etoposide 1 uM, or etoposide 10 uM for 24 h. (A) The expression level of senescence-related genes was
measured by reverse transcription PCR (RT-PCR). The graph represents the mRNA expression levels. Values were normalized based on
GAPDH. (B) The expression level of senescence-related proteins was measured by Western blot. Densitometry analysis of the protein ex-
pression levels. The graph represents the protein expression levels and the values were normalized to the Actin expression. The bars rep-
resent the mean + SEM. * indicates p<0.05 and ** indicates p<0.01 vs. vehicle group.

533

www.biomolther.org



Biomol Ther 27(6), 530-539 (2019)

10 uM etoposide in astrocytes for 24 h increased the size of
stained DAPI for about 15 percent compared to the vehicle
group (Fig. 1B). These results suggest that the etoposide-
treated senescent astrocytes show morphological features
similar to that of senescent cells.

Etoposide modulates the gene expression of immune and
cell cycle-related factors in astrocytes

To confirm whether the etoposide-treated astrocytes ex-
hibit molecular features of senescent cells, we examined
their expression of senescent cell-related factors. In the 10
uM etoposide-treated astrocytes, IL-6 mMRNA expression was
increased for about 4 folds (Fig. 2A). In addition, the West-
ern blot analysis revealed that the protein level of Phospho-
Histone H3/Histone H3 and CDK2, which are related to the
regulation of cell cycle progression, were dose-dependently
decreased. Moreover, the highest concentration of etoposide
treatment reduced the protein expression of Phospho-Histone
H3/Histone H3 and CDK2 for about 60 percent (Fig. 2B).

Etoposide dysregulates wound-healing ability and
phagocytosis in astrocytes
We further examined other functional changes of senescent

astrocytes. First, we performed wound-scratch assay to mea-
sure any changes in their wound-healing ability. In the early
stage, all the treatment conditions of astrocytes have similar
wound closure ability. Interestingly, differences were observed
after 30 to 33 h when the etoposide-treated astrocytes dis-
played a reduction in wound-healing ability (Fig. 3A), wider
wound width (Fig. 3B), and lower wound density (Fig. 3C).
Relative wound density was defined as the cell density in the
wound area relative to the cell density outside of the wound
area over time. This metric was normalized for changes in cell
density by proliferation and/or pharmacological effects.

Furthermore, changes in phagocytosis capacity in etopo-
side-treated astrocytes were confirmed using E. coli BioPar-
ticles (Fig. 3D). Etoposide-treated astrocytes showed a de-
creased red fluorescence between 8 h and 20 min to 50 min
(Fig. 3E). The total fluorescence intensity was significantly de-
creased in the etoposide-treated astrocytes between 5 h and
30 min to 8 h and 20 min (Fig. 3F), but not afterward.

Etoposide-treated astrocytes exhibited mitochondrial
dysregulation phenotypes

To check any changes in the mitochondrial function of se-
nescent astrocytes by etoposide treatment, we measured the
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Fig. 3. Cellular functional changes of etoposide-treated astrocytes in vitro. Scratch wound assay (A-D). The monolayer of rat primary cul-
tured astrocytes were treated with DMSO (vehicle) or 10 uM etoposide for 72 h. (A) Representative images of astrocytes in the wound-heal-
ing assay. Blue lines indicate the initial scratch-wound area. Red lines show wound closure at each time-point. Images and data obtained
using IncuCyte (Essen Bioscience) under the 10x object. (B) Cell migration every 3 h into the wound area, represented by wound width (um)
in the modified scratch-wound assay analysis. (C) The percentage of relative wound density in the scratch wound area was determined. (D)
Etoposide-treated cells were assessed for its phagocytosis ability using E. coli BioParticles. Astrocytes were treated with DMSO (vehicle)
or 10 uM etoposide for 12 h. (E) The graph shows total red object area per well (um®/well) every 10 min for 12 h. (F) The representative
graph shows the total red object integrated intensity (RCU x pm?/image) every 10 min for 12 h. Lines represent the mean + SEM. * indicates
p<0.05, ** indicates p<0.01, and *** indicates p<0.001 vs. vehicle group.
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membrane potential of astrocytes using a fluorescence indi-
cator. Etoposide-treated astrocytes were observed using the
TMRM dye staining (Fig. 4A). In this study, astrocytes were
treated with etoposide for 24 h. The TMRM dye shows a red
stain object and the etoposide-treated astrocytes show sig-
nificantly decreased total red object integrated intensity (Fig.
4B), and total red object area than the vehicle group after
24 h treatment (Fig. 4C). Doxorubicin was used as a posi-
tive control. Similarly, we detected the mitochondrial oxygen
consumption rate using Agilent Seahorse XFe96 Analyzer
(Agilent Technology) to determine whether etoposide-induced
astrocyte senescence affects mitochondrial function (Fig. 4D).
Oligomycin, FCCP, and rotenone/antimycin A were sequen-
tially treated to astrocytes to determine their ATP production,
maximal respiration, and non-mitochondrial respiration, re-
spectively. Consequently, the etoposide-treated astrocytes ex-
hibited down-regulated basal respiration and decreased ATP
production (Fig. 4E, 4F). These values of basal respiration and
decreased ATP production are used for calculating proton leak
and spare respiratory capacity. We also confirmed that the
spare respiratory capacity was decreased in the etoposide-
induced senescent astrocytes (Fig. 4E, 4F).

Bang etal. Etoposide Induces Astrocyte Senescence

Conditioned media of etoposide-treated astrocytes
adversely affect neuronal function

Astrocytes were treated with etoposide for 48 h followed by
incubation for another 48 h, after washing, to obtain senescent
astrocyte conditioned media (ACM) without etoposide. ACM
was applied to neurons to confirm changes in cellular support-
ive functions of senescent astrocytes. After ACM treatment,
the neurons were given 100 uM H,O, to stimulate oxidative
stress. There was no difference in the cell viability of neurons
in the fresh media-treated group (No ACM), vehicle-treated
ACM group (Veh-ACM) and etoposide-treated ACM group
(Eto-ACM) without H.O, treatment. However, when treated
with 100 uM H,O,, the cell viability of No ACM and Eto-ACM
group was decreased to about 55% while the Veh-ACM condi-
tion slightly prevented this observed decrease. In addition, the
Eto-ACM condition has slightly further reduced the cell viabil-
ity of neurons in the H,O, challenge, suggesting absence of
any protective effect may result in the loss of neuroprotective
function in astrocytes treated with etoposide (Fig. 5A).

To determine the mitochondrial functional changes of neu-
rons by ACM treatment, we measured the mitochondrial OCR
in neurons treated with No ACM, Veh-ACM, or Eto-ACM (Fig.
5B). Eto-ACM treated neurons showed decreased basal res-
piration and ATP production than Veh-ACM (Fig. 5C, 5D). The
measured values were further calculated for proton leak and
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Fig. 4. Functional changes of mitochondria in etoposide-treated astrocytes. Astrocytes were treated with DMSO (vehicle) or 10 uM etopo-
side for 24 h. (A) Cultured astrocytes were detected for mitochondrial membrane potential by fluorescence staining of TMRM. Representa-
tive images were visualized by the IncuCyte ZOOM microscope software 2015A (Essen Bioscience) under the 20x object. The data were
calculated by IncuCyte software (Essen Bioscience). (B) The representative graph indicates the total TMRM object integrated intensity (RCU
x um?/image). (C) The graph shows the total TMRM object area (um?image) in astrocytes. Bars represent the mean + SEM. ** indicates
p<0.01, and *** indicates p<0.001 vs. vehicle group. (D) The mitochondrial oxygen consumption rate (OCR) of astrocytes was measured
using Cell Mito Test Kit (Agilent Technology) and Agilent Seahorse XFe96 Analyzer (Agilent Technology). The representative graph was
obtained using Wave Desktop 2.6 software (Agilent Technology). (E) and (F) graphs show the basal level, spare respiratory capacity, proton

leak, and ATP production level.
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Fig. 5. Effects on neuronal mitochondrial respiration and cell viability by culture-conditioned medium from senescent astrocytes. (A) The
cell viability of ACM-treated neurons after H,O, stimulation was determined by MTT assay. Values are expressed as the mean + SEM. *
indicates p<0.05, and *** indicates p<0.001 vs. no ACM group. (B) Mitochondrial oxygen consumption rate (OCR) was measured in astro-
cytes by Cell Mito Test Kit (Agilent Technology) and Agilent Seahorse XFe96 Analyzer (Agilent Technology). The representative graph was
obtained using Wave Desktop 2.6 software (Agilent Technology). (C, D) The basal level, spare respiratory capacity, proton leak, and ATP

production level in neurons treated with ACM from senescent astrocytes.

spare respiratory capacity to which the proton leak was not
changed while the spare respiratory capacity was decreased
in Eto-ACM treated neurons (Fig. 5C, 5D).

DISCUSSION

Maijority of studies about cellular senescence were focused
on the cancer cells, and the neuroscience field of aging is
mainly concentrated on neurons with a little progress. In this
study, we focused our investigation on the effects of senes-
cent astrocytes in the modulation of functional integrity and
viability of neurons. We induced astrocyte-senescence using
etoposide and confirmed the cellular changes through positive
SA-B-gal stains, increased nuclear size and SASP expression
such as IL-6, as well as cell cycle dysregulation.

Not all senescent cells show nuclear enlargement, except
in specific cell types such as CNS cells and human diploid
fibroblasts. In our etoposide-treated astrocytes, the increase
in nuclear size could be related to the inhibition of cell division.
Etoposide is an intercalating agent that inhibits topoisomer-
ase Il by altering the interface between topoisomerase Il and
DNA. Accordingly, DNA repair is blocked and the cell cycle is
arrested in the G2 phase (Hu et al., 2018). When DNA replica-
tion occurs during the cell cycle, the size of the cell or nucleus
is slightly increased (Amodeo and Skotheim, 2016). Thus, it
is possible that preventing the cell cycle from entering the M
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phase could have caused the enlargement of the nucleus in
our study. Some researchers have also suggested the possi-
bility that the increase of macromolecule contents (DNA, RNA,
and proteins) as a result of aging, may have affected the cell
and nuclear growth (De Cecco et al., 2011).

The expression level or pattern of cellular senescence bio-
markers are different according to the applied methods that
induce senescence as well as the cell or tissue types adopt-
ed, but usually the reports showed increased expressions of
interleukins such as IL-1pB, IL-6, or IL-8. Also, the increased
expression of tumor suppressors such as p53, p21, and p16
have been noted (Capell et al., 2016; Meyer et al., 2017; Or-
tiz-Montero et al., 2017). In particular, the increased expres-
sion of IL-6 was observed in aged astrocytes, microglia, and
neurons. This phenomenon was also observed in the brain of
rodents, monkeys, and Alzheimer’s disease patients (Hayflick
and Moorhead, 1961; Qiu et al., 1998). There are several tran-
scription factors that regulate IL-6, of which the NF-kB binding
was observed in the aged brain in the IL-6 promoter region
(Godbout and Johnson, 2004). In this study, we observed the
increased expression of IL-6. In contrast, the expression of
tumor suppressors and iINOS were not affected by etoposide.
The increased mRNA expression of immune-related factors
may have a connection to reactive astrogliosis and astrocyte
immune-activation. The aging of astrocytes could increase the
production of cytokines (Boisvert et al., 2018; Clarke et al.,
2018). In addition, increases in IL-6 are found in brain trauma,



CNS infections, and Alzheimer’s disease (Woodroofe et al.,
1991; Kalman et al., 1997). Transgenic mice whose astrocytes
overexpress IL-6 exhibit decreased neurogenesis and devel-
oped neurological diseases (Campbell et al., 1993; Vallieres
et al., 2002). Recent studies have reported that IL-6 may in-
hibit neurogenesis in the aged brain and induces gliogenesis,
especially in Alzheimer’s disease. In addition, the N-methyl
D-aspartate (NMDA) receptor-mediated neurotoxicity was en-
hanced when chronically exposed to IL-6 (Qiu et al., 1998).
Therefore, an increased IL-6 in the aged brain may be related
to the susceptibility of developing neurological diseases or
neuronal dysfunctions.

The concept of cellular senescence was first described by
Hayflick and Moorhead (1961). A representative feature of cel-
lular senescence is cell cycle arrest, which is also observed
in aged tissues. But, astrogliosis can re-enter cell cycle and
proliferation during scar formation. p16 is an identifying factor
of cell cycle arrest, and p53 and p21 have also been stud-
ied. Cellular senescence is known to increase the expres-
sion of p16 in aged tissues (Bhat et al., 2012; Hudgins et al.,
2018). Recently, many studies have been actively conducted
to overcome cellular senescence and inhibit aging. Although
we did not observe changes in p16, p21, and p53, we ob-
served changes in the protein expression levels of some cell
cycle-related factors. At the protein level, the cell cycle-related
factors, such as phospho-Histone H3 and CDK2, were dose-
dependently decreased in etoposide-treated astrocytes (Fig.
2B). It is well known that CDK2 reduction is one of the typical
features of cellular senescence. CDK2 interacts with cyclin E
on G1 phase, which is required in transition from G1 phase to
S phase, while binding with Cyclin A proceeds through the S
phase. The reduced protein expression of CDK2 could affect
cell cycle arrest, although the relationship between CDK2 and
brain aging is still unclear.

In addition to the morphological and molecular features of
senescent cells, etoposide-treated astrocytes also showed a
functional change manifested by their reduced wound-healing
ability. The results are consistent with our previous reports
showing a reduction of wound healing ability in senescence-
induced astrocytes by tenovin-1 via changes in the expres-
sions of sirt1 and 2 (Bang et al., 2018). It has been reported
that aged bone marrow-derived dendritic cells reveal impaired
in vitro migration (Grolleau-Julius et al., 2008) and old teno-
cytes and satellite cells also show migration defects (Chang et
al., 2012; Collins-Hooper et al., 2012). Although the regulatory
mechanism of astrocyte migration has been related to molec-
ular factors such as matrix metalloproteinase (MMP), C3, and
CXC chemokines during brain injury orimmune-activated con-
dition, the exact mechanism regulating the astrocyte migra-
tion is not yet clear. For example, the wound-healing ability of
several cell lines, such as 92.1 and Mel 270, were decreased
through the down-regulation of MMP 9 and MMP2 (Dai et al.,
2016). However, some studies have reported an increase in
MMP and immune-related factors during cellular senescence
(McHugh and Gil, 2018). Further research is needed on the
mechanism involved in the senescent astrocyte migration and
its functional role.

In this study, we observed a decreased phagocytosis in
senescent astrocytes through E. coli BioParticles engulfment
assay. In Alzheimer’s disease, AB is known to be accumulated
outside the cells and eliminated by astrocyte phagocytosis
(Chung et al., 2015). However, as the disease progresses, Af
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is not removed smoothly, and the accumulation is known to
cause nerve damage. Astrocytes are also known to play a role
in the elimination of synapses by TGF{ through the induction
of Megf10 and MERTK during the developmental stage (Bi-
alas and Stevens, 2013). MEGF10 and MERTK phagocytic
receptors recognize the phosphatidylserine of the target de-
bris, leading to an engulfment process (Chung et al., 2013).
However, some previous studies observed that the expres-
sions of MEGF10, MERTK, and TGFp 1-3 were not altered in
astrocytes isolated from aged rats, calling for careful study of
the relevant mechanisms (Boisvert et al., 2018). These results
suggest that the regulatory mechanism of astrocytic phagocy-
tosis should be further investigated in the context of aging and
neurodegenerative diseases.

Cell damage and decreased energy production by in-
creased reactive oxygen species observed during the aging
process are expected to be closely related to the mitochon-
dria. We checked the mitochondrial function of senescent
astrocytes using TMRM. The decrease in intensity of TMRM
in senescent cells suggests a mitochondrial dysfunction
(Fig. 4B, 4C). Then, the mitochondrial OCR was measured
to identify more detailed functional changes (Fig. 4D). Cel-
lular senescence reduced the basal respiration which is re-
quired to satisfy the ATP demand from mitochondrial proton
leak (Fig. 4E). ATP production and spare respiratory capacity
were also decreased (Fig. 4E, 4F). The reduced ATP levels
enhanced the oxidative damage, increased the ROS gen-
eration, or increased the mtDNA mutation, in which all could
induce mitochondrial damage (Srivastava, 2017). Mitochon-
drial dysfunction in astrocytes could lead to abnormality in the
extracellular environment maintenance, which is expected to
directly or indirectly affect neurons. MAO-B is located in the
outer mitochondrial membrane and plays an important role in
the catabolism of neuroactive and vasoactive amines in the
central nervous system (CNS) and peripheral tissues. MAO-B
expression is specifically found in astrocytes during adulthood
CNS (Saura et al., 1992) and increases with age (Kumar and
Andersen, 2004). MAO-B creates ROS, which known to af-
fect cell damage directly (Nagatsu and Sawada, 2006) and
MAO-B is highly implicated in the pathogenesis of Alzheimer’s
disease and Parkinson’s disease (Saura et al., 1994; Malla-
josyula et al., 2009). For example, in the astrocytes of an AD
mouse model, the synthesis of GABA via activation of MAO-B
affected neuronal activity and memory ability (Jo et al., 2014).

Moving forward from this study, it is necessary to confirm
the mechanisms of mitochondrial dysregulation and MAO-B
related signals and factors. Moreover, drug screening of an-
tioxidants which could reverse aging will be of great interest.
Our data suggest that etoposide can induce mitochondrial
dysfunction and cellular senescence in astrocytes and could
provide mechanistic insights in brain aging and neurodegen-
erative diseases. Aging astrocytes are known to represent
mainly reactive or activated astrocytes, especially A1 astro-
cytes, which are recently identified as additional molecular
profiles of aged astrocytes (Liddelow et al., 2017; Boisvert et
al., 2018; Clarke et al., 2018). Changes in gene expression
profile in aging astrocytes overlap with those in reactive astro-
cytes (Boisvert et al., 2018). Thus, further studies of aged as-
trocytes in the context of the relationship between etoposide-
treated astrocytes and reactive astrocytes are an important
subject to delve.
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