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ABSTRACT: Astrocytes play a crucial role in maintaining brain homeostasis by regulating synaptic activity, 

providing metabolic support to neurons, and modulating immune responses in the central nervous system (CNS). 

During aging, astrocytes undergo senescence with various changes that affect their function and frequently lead to 

neurodegeneration. This study presents the first evidence of senescent astrocytes derived from human pluripotent 

stem cells (hPSCs). These senescent hPSC-derived astrocytes exhibited altered cellular and nuclear morphologies, 

along with increased expression of senescence-associated markers. Additionally, nuclear localization of NFκB, 

telomere shortening, and frequent signs of DNA damage were observed in these cells. Furthermore, senescent 

astrocytes showed defects in various critical functions necessary for maintaining a healthy CNS environment, 

including a reduced ability to support neuronal survival and clear neurotransmitters, synaptic debris, and toxic 

protein aggregates. Altered structural dynamics and reduced mitochondrial function were also observed in senescent 

astrocytes. Notably, treating hPSC-derived senescent astrocytes with chemicals targeting reactive oxygen species or 

an enzyme that regulates mitochondrial function can reverse senescence phenotypes. Thus, this study offers a valuable 

cellular model that can be utilized to investigate the mechanisms of brain aging and may present new avenues for 

discovering innovative therapeutic approaches for neurodegenerative diseases.  

 

Key words: astrocytes, human pluripotent stem cells, cellular senescence, mitochondria, neurodegeneration, a 

cellular model of senescence 

 

 
INTRODUCTION 

 

Astrocytes are the most abundant glial cells in the central 

nervous system (CNS) and provide support to and 

regulate neurons and oligodendrocytes. These cells help 

maintain CNS homeostasis by controlling extracellular 

ions, removing and releasing neurotransmitters, and 

participating in energy metabolism through carbohydrate 

and lipid storage and release processes. Working closely 

with microglia, immune cells in the CNS, astrocytes also 

contribute to the immune response by releasing cytokines 

and engaging in the phagocytosis of potential pathogens 

[1]. Astrocytes undergo significant changes in cellular 

structure and function as the brain ages. They exhibit 

reduced structural complexity, increased expression of 

genes associated with chronic inflammation, diminished 
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ability to clear waste and neurotransmitters, and decreased 

support for neuronal function [2]. While certain 

characteristics are shared with the cells of tissues outside 

the CNS, others are unique to senescent astrocytes, often 

described as “astrosenescence” [3]. Notably, gene 

expression alterations in aging astrocytes are even more 

pronounced than in aging neurons [4]. These changes 

significantly affect the functions of neurons and 

oligodendrocytes and may underlie the age-related 

decline in cognitive and motor abilities seen in 

neurodegenerative diseases, such as Parkinson's and 

Alzheimer's disease (AD) [5, 6]. 

Developing cellular models for studying astrocyte 

senescence is crucial for various biomedical applications 

and valuable insights into age-related cognitive decline 

and neurodegenerative diseases. More importantly, it 

provides a unique platform for developing therapeutics 

for neurodegenerative diseases associated with aging. 

Traditionally, long-term in vitro cultures of acutely 

isolated cells or stimulation of primary cells with 

senescence-inducing cues such as oxidative stressors and 

proteasome inhibitors have been used to generate 

senescent astrocytes [7]. Recently, transgenic mouse 

models expressing senescence markers were developed to 

explore the effect of aging on cellular functions [8]. 

Single-cell RNA sequencing (RNAseq) has also assisted 

in identifying age-related changes in gene expression 

within astrocytes [8, 9]. However, these approaches 

mainly rely on animal systems, and the observed 

senescence phenotypes frequently lack consistency and 

are confined by the nature of the stimuli used [10]. 

Advancements in human pluripotent stem cell (hPSC) 

differentiation technology, encompassing both embryonic 

stem cells (ESCs) and induced pluripotent stem cells 

(iPSCs), have enabled the creation of models based on 

human astrocytes [11]. Due to the inherent immaturity of 

hPSC-derived cells, which poses challenges in using them 

as a cellular model for age-related diseases, significant 

efforts have been directed towards maturing them to a 

stage where disease-related phenotypes begin to emerge. 

Previous studies have focused on inducing cell aging by 

modifying genes associated with progeria onset or by 

manipulating the signaling pathways involved in aging 

[12]. For instance, a recent study successfully established 

a cellular platform to study the mechanisms underlying 

neurodegenerative diseases by utilizing a combination of 

small molecules that induce neuronal senescence [13]. In 

another recent study, astrocytes derived from fibroblasts 

of an aged donor displayed several senescence-related 

cellular features compared with those of a young donor 

[14]. However, this approach, which is currently the only 

study to generate human senescent astrocytes without 

genetic modifications or cell signal manipulations, is 

limited because the degree of senescence phenotypes 

observed in this method may vary depending on the age 

of the fibroblast donors, making it less ideal as a 

standardized platform for studying the cellular 

mechanisms of astrocyte senescence. 

To overcome the numerous shortcomings of existing 

senescent astrocyte models, the present study introduces a 

novel senescence astrocyte model generated from hPSCs. 

Based on a robust and rapid differentiation paradigm for 

generating highly functional astrocytes [15], senescent 

astrocytes were induced without artificial genetic 

modification or manipulation of signaling pathways. The 

induced astrocytes exhibited conventional senescence 

phenotypes commonly seen in other cell types and 

displayed several key functional defects observed in 

astrocytes in aged human brains or brains of individuals 

with age-related diseases. Furthermore, this study 

demonstrates the potential of this model for use in 

identifying therapeutics that alleviate or delay astrocytic 

senescence. Given the diverse applications of hPSCs in 

biomedical sciences and the pivotal role of astrocytes in 

numerous age-related neurological diseases, this study 

provides a valuable cellular model for studying the 

biological mechanisms of astrocyte senescence and for 

developing therapies that mitigate age-related cognitive 

decline and neurodegenerative diseases. 

 

MATERIALS AND METHODS 

 

The culture and neural differentiation of hPSCs 

 

This study used a human iPSC line (NL1) [15] and a 

human ESC line (WA01, also known as H1; WiCell, WI, 

USA). Most data presented here were obtained from the 

iPSC line unless specifically stated otherwise. hPSCs 

were cultivated in StemMACS™ iPS-Brew XF medium 

(Miltenyi Biotec, North Rhine-Westphalia, Germany) in 

Matrigel (Corning, NY, USA)-coated 6-well plates. 

Enzymatic passaging was used to expand the cells, which 

were supplemented with Y27632 (10 μM) (Millipore 

Sigma, MO, USA) to prevent cell death during passaging. 

Differentiation of hPSCs into neural precursor cells 

(NPCs) was performed using the dual-SMAD inhibition 

strategy as previously outlined with minor modifications 

[15]. Briefly, hPSCs were dissociated into individual cells 

and plated at 1 × 104 cells/cm2 on Matrigel-coated plates 

in StemMACS™ iPS-Brew XF medium containing 10 

μM Y27632. On the first day of NPC differentiation, the 

cells were cultured in StemMACS™ iPS-Brew XF 

medium containing 500 nM LDN193189 (Selleck 

Chemicals, TX, USA) and 10 μM SB431542 (Millipore 

Sigma); this culture condition was maintained for 10 days. 

Upon achieving >80% of total cells positive for SOX1 by 

day 10–11, the cells were identified as NPCs and 
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employed for further differentiation into astrocytes or 

cryopreserved in liquid nitrogen for subsequent use. 

 

Production of lentivirus 

 

Plasmids containing rtTA (Addgene catalog number 

20342, MA, USA) or nuclear factor I B (NFIB) [15] were 

introduced into 293 FT cells with packaging vector 

pMDLg/pRRE, pRSV-Rev, and envelope pMD2.G 

(Addgene catalog numbers 12251, 1225, and 12,259, 

respectively) using Lipofectamine® 3000 (Thermo Fisher 

Scientific, MA, USA) following the manufacturer's 

instructions. At 72 h post-transfection, the culture 

medium containing viral components was collected and 

concentrated using a Lenti-X concentrator (Takara, 

Kusatsu, Japan). Following titration, the concentrated 

viral particle suspension was divided into aliquots and 

preserved by freezing at -80 °C for future use. For 

consistent astrocyte production, an external service 

provider (VectorBuilder Inc., IL, USA) was also engaged 

in producing lentiviruses for NFIB overexpression in 

larger quantities. 

 

Differentiation of astrocytes from hPSC-derived NPCs 

 

To induce astrocyte differentiation from NPCs, a 

previously described protocol was used with slight 

adjustments [15]. Briefly, newly differentiated NPCs 

were seeded onto a Matrigel-coated 6-well plate at 3 × 105 

cells/cm2 in NPC medium (DMEM/F12 medium 

supplemented with 1 × N2 and 1 × B27; Thermo Fisher 

Scientific) containing 20 ng/mL basic fibroblast growth 

factor (bFGF) (Prospec, Ness-Ziona, Israel). The next 

day, the cells were exposed to viruses and 1 μg/mL 

polybrene at a multiplicity of infection (MOI) of 1.0 in 

fresh NPC medium supplemented with 20 ng/mL bFGF. 

To enhance the transduction efficiency, spin infection was 

performed by centrifugation at 1000 × g for 1 h at room 

temperature. Following an 18-h incubation, the viral 

medium was replaced with fresh NPC medium containing 

2.5 μg/mL doxycycline (DOX) to initiate NFIB 

expression. The addition of DOX marked the beginning 

of astrocyte differentiation, and the subsequent days were 

counted relative to this point. DOX was administered for 

14 d. On day 1, the medium was replaced with NPC 

medium containing 10 ng/mL ciliary neurotrophic factor 

(CNTF) and 10 ng/mL bone morphogenetic protein 4 

(BMP4) (both from PeproTech, NJ, USA). By day 3, the 

NPC medium was replaced with commercially available 

astrocyte medium (ScienCell, CA, USA), which was 

continued until day 14. Selection of cells infected by 

viruses was performed from days 1 to 14, utilizing 1.25 

μg/mL puromycin (Thermo Fisher Scientific). At day 14, 

the cells were transferred to Matrigel-coated 6-well or 4-

well plates at 3 × 104 cells/cm2, and maintained in the 

astrocyte maturation medium (a mixture of DMEM/F12 

and Neurobasal media (1:1) supplemented with 1 × N2, 

1 × GlutaMAX™ supplement [Thermo Fisher Scientific], 

1 mM sodium pyruvate [Thermo Fisher Scientific], 5 

µg/mL heparin-binding epidermal growth factor-like 

growth factor [PeproTech], 0.5 mg/mL dibutyryl-cAMP 

[Millipore Sigma], 10 ng/mL BMP4, and 10 ng/mL 

CNTF) for an additional week, completing a standard 3-

week differentiation period. For extended cultivation, 

astrocytes in the third week were grown under the same 

conditions for an additional 3 weeks or more without 

passaging. To assess their response to a mixture of 

inflammatory cytokines, astrocytes at the third and sixth 

weeks were exposed to 30 ng/mL tumor necrosis factor α 

(TNFα) (Cell Signaling Technology, MA, USA), 3 ng/mL 

interleukin-1α (IL-1α) (PeproTech), and 400 ng/mL 

Complement component 1q (C1q) (Millipore Sigma) for 

72 h. In certain experiments, astrocytes between the fifth 

and sixth weeks were treated with an antioxidant cocktail 

(10 nM MitoTEMPOL [MT; Cayman Chemical, MI, 

USA] and 30 uM N-acetyl cysteine [NAC; Millipore 

Sigma]) for 1 week or with 10 uM SRT2104 

(MedChemExpress, NJ, USA) for 3 days. 

 

Preparation of astrocyte-conditioned medium  

 

At a given time point, the astrocytes were thoroughly 

washed with phosphate-buffered saline (PBS) (Thermo 

Fisher Scientific) and cultured in trophic factor-free 

conversion medium 2 (see below) for 24 h. Subsequently, 

the conditioned medium was collected and treated with 

cOmplete™ Mini Protease Inhibitor Cocktail (Roche, 

Basel, Switzerland). Cell debris was removed using a 0.45 

μm syringe filter, and the medium was concentrated using 

30 kDa Pierce™ Protein Concentrators (Thermo Fisher 

Scientific). The conditioned medium was aliquoted and 

stored at -80 °C for further use. 

 

Differentiation of hPSC-derived neurons  

 

To differentiate hPSC-derived neurons from NPCs, 

NGN2 was overexpressed as described previously with 

minor modifications [15]. Briefly, freshly differentiated 

NPCs were plated on a Matrigel-coated 6-well plate at 

3 × 105 cells/cm² in NPC medium containing 20 ng/mL 

bFGF. The following day, the cells were infected with 

NGN2 viruses and 1 μg/mL polybrene at an MOI of 1.0 

in fresh NPC medium containing 20 ng/mL bFGF. After 

18 h of incubation, the virus-containing medium was 

replaced with conversion medium 1 (DMEM/F12 

medium supplemented with 1 × N2 and 1 × NEAA) 

containing 10 ng/mL brain-derived neurotrophic factor 

(BDNF), 10 ng/mL glial cell-derived neurotrophic factor 
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(GDNF) (both from Prospec), and 2.5 μg/mL DOX to 

induce NGN2 expression. The day on which DOX was 

added was designated as day 0. From day 1 onwards, 

conversion medium 2 (Neurobasal medium supplemented 

with 1 × B27 and 1 × GlutaMAX™) containing 10 ng/mL 

BDNF, 10 ng/mL GDNF, 2.5 μg/mL DOX, and 1.25 

μg/mL puromycin was used. Positive selection for virus-

infected cells was performed from days 1 to 5. On day 3, 

the cells were passaged onto Matrigel-coated 4-well plates 

at 3 × 104 cells/cm². Finally, for 2 days, DOX, puromycin, 

BDNF, and GDNF were removed, and the cells were 

treated with astrocyte-conditioned medium at 50 μg/mL 

to assess its effects. 

 

Cell viability assays 

 

Cell viability assays were performed using the Chromo-

CK™ Cell viability assay kit (Monobio, Gyeonggi-do, 

Korea) according to the manufacturer's instructions. 

Briefly, the solution was added at 10% of the medium 

volume and incubated at 37 °C for 1 h. Subsequently, the 

culture medium was transferred to a 96-well plate and the 

absorbance was measured at 450 nm using a Multi-

Detection Microplate Reader (HIDEX, Turku, Finland). 

Cells were cultured up to the eighth week, and the analysis 

was conducted weekly from the third to the eighth week. 

 

RNA isolation and real-time PCR 

 

Total RNA was extracted using TRIzol® (Thermo Fisher 

Scientific) according to the manufacturer's instructions. 

Total RNA (1 µg) was used for cDNA synthesis using the 

PrimeScript® RT Master Mix (Takara). Subsequently, 

quantitative PCR (qPCR) was performed using the Power 

SYBR® Green Master Mix (Thermo Fisher Scientific) on 

the StepOnePlus® Real-Time PCR System (Thermo 

Fisher Scientific). Quantification was performed using the 

2-ΔΔCt method, where Ct represents the cycle value 

exceeding the detection threshold. The Ct values of 

specific marker genes were collected and normalized to β-

actin levels. The expression levels in the experimental 

group were then compared to those in the control group 

and reported as 'relative expression'. The primer 

sequences used in this study are listed in Supplementary 

Table 1. 

 

Telomere length measurement 

 

DNA from the astrocytes in the third and sixth weeks of 

culture was extracted using the G-DEX™ IIc Genomic 

DNA Extraction Kit (iNtRON Biotechnology, Gyeonggi-

do, Korea) following the manufacturer's instructions. 

Telomere length was measured using a Relative Human 

Telomere Length Quantification qPCR Assay Kit 

(ScienCell) according to the manufacturer's instructions. 

A single-copy reference primer set targeting a 100 bp 

region of human chromosome 17 was used for data 

normalization. qPCR was performed using Fast SYBR® 

Green Master Mix (Thermo Fisher Scientific) on a 

StepOnePlus® Real-Time PCR System (Thermo Fisher 

Scientific). Quantification was performed using the 2-ΔCt 

method, following the manufacturer’s recommendation. 

 

Glutamate uptake assay 

 

At a given time point, astrocytes were thoroughly washed 

twice with HBSS (Thermo Fisher Scientific) and 

incubated in HBSS containing 100 μM glutamate for 2 h. 

Following incubation, the medium from the samples was 

collected and analyzed using a glutamate assay kit 

(Abcam, Cambridge, UK) according to the manufacturer's 

instructions. 

 

Synaptosome purification and in vitro engulfment assay 

 

Synaptosomes were purified from mouse hippocampal 

tissues at postnatal day 1 using Syn-PER® Synaptic 

Protein Extraction Reagent (Thermo Fisher Scientific) 

and labeled with pHrodo™ Red Microscale Labeling Kit 

(Thermo Fisher Scientific) following the manufacturer's 

instructions. At the third and sixth weeks, astrocytes were 

cultured with 0.35 μL of pHrodo-labeled synaptosomes 

for 24 h. After 1 day, a minimum of five images per well 

were captured from random areas of a 4-well plate. The 

normalized area of the pHrodo-labeled synaptosomes 

(fluorescent signal) was measured to calculate the extent 

of phagocytosis relative to the cell number. 

 

Amyloid beta (Aβ) oligomer uptake and degradation 

 

The Aβ oligomers were generated using human Aβ (1–42) 

monomers (AnaSpec, CA, USA), as previously described 

[16]. Briefly, the Aβ monomers were dissolved in DMSO 

at 5 mM. To induce oligomerization, the peptide was 

added to DMEM/F12 medium to achieve a final 

concentration of 100 μM and then incubated at 4 °C for 

24 h. The Aβ oligomers were subsequently added to 

astrocytes at a final concentration of 0.5 μM and incubated 

for 24 h to assess the astrocyte uptake capacity. For the 

degradation analysis, the cells were washed twice after 24 

h of incubation and subsequently cultured for an 

additional 72 h. 

 

SA-β-gal staining 

 

Senescence-associated-β-galactosidase (SA-β-gal) 

staining was performed as previously described [17]. 

Briefly, cells cultured in a 4-well plate were washed twice 
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with PBS. Then, each well was treated with 500 μL of 2% 

paraformaldehyde and 0.2% glutaraldehyde in PBS for 5 

min to perform fixation. Subsequently, 500 μL of SA-β-

gal staining solution (X-gal) (Bioneer Inc, Daejeon, 

Korea) in dimethylformamide at 1 mg/mL, citric 

acid/sodium phosphate buffer (pH = 6.0) at 40 mM, 

potassium ferrocyanide at 5 mM, potassium ferricyanide 

at 5 mM, sodium chloride at 150 mM, and magnesium 

chloride at 2 mM, was added to each well. The plate was 

sealed with parafilm to prevent evaporation and incubated 

at 37 °C for 12 h in a CO2-free dry incubator. After 

washing the samples with PBS, they were incubated with 

4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI) 

(Roche) at 1 μg/mL in PBS for 5 min at room temperature 

to quantify the cell number. The images were captured 

using an inverted microscope (IX73) equipped with a 

digital camera (DP73) (both from Olympus, Tokyo, 

Japan). 

 

Reactive oxygen species (ROS) measurement 

 

Total cellular ROS was measured using 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA) 

(Thermo Fisher Scientific), according to the 

manufacturer's instructions. Briefly, adherent cells were 

detached by treatment with Accutase (Thermo Fisher 

Scientific) and suspended. The suspended cells were then 

incubated with a final concentration of 10 μM H2DCFDA 

in PBS at 37 °C for 30 min. Similarly, to assess 

mitochondrial ROS levels, MitoSOX™ Mitochondrial 

Superoxide Indicators (Thermo Fisher Scientific) were 

utilized. The suspended cells were incubated with a final 

concentration of 5 μM MitoSOXTM in Dulbecco’s PBS at 

37 °C for 15 min. After labeling, the cells were washed 

once and resuspended in PBS for flow cytometric analysis 

using a FACSymphony A1 instrument (BD Biosciences, 

NJ, USA). In total, 10,000 events were examined under 

each experimental condition. 

 

Measurement of mitochondrial membrane potential  

 

To assess the mitochondrial membrane potential, JC-1 

dye (MedChemExpress) was used. Briefly, the suspended 

cells were exposed to astrocyte maturation medium 

containing a final concentration of 200 μM JC-1 and 

incubated at 37 °C for 15 min. After labeling, the cells 

were washed once and resuspended in PBS for flow 

cytometric analysis using a FACSymphony A1 

instrument. In total, 10,000 events were examined under 

each experimental condition. 

 

Analysis of mitochondrial morphology 

 

Mitochondrial morphology was analyzed based on images 

of live cells stained with MitoTrackerTM (Thermo Fisher 

Scientific) to visualize the mitochondria. The staining 

solution was prepared by adding a final concentration of 

200 nM MitoTrackerTM probe to the astrocyte maturation 

medium. Cells cultured in a 4-well plate had their media 

removed, and a pre-warmed (37 °C) staining solution was 

added to the wells. The cells were then incubated at 37 °C 

for 45 min. After staining, the cells were washed and fresh 

prewarmed astrocyte maturation medium was added. The 

images were captured using a fluorescence microscope 

(IX73) equipped with a digital camera (DP73). 

Subsequently, the acquired images were segmented at the 

cellular level and the mitochondrial network was 

quantified using the Mitochondria Analyzer plugin in 

ImageJ-Fiji (National Institutes of Health, MD, USA). 

 

Immunocytochemistry and lipid droplet staining 

 

The cells were cultured in 4-well plates and fixed with 4% 

paraformaldehyde in PBS at room temperature for 15 min. 

After fixation, the cells were washed with PBS. If 

necessary, permeabilization was achieved using 0.05% 

Triton® X-100 in PBS for 10 min. Subsequently, the cells 

were blocked with 2% bovine serum albumin in PBS for 

at least 1 h. Following the blocking step, the cells were 

incubated with primary antibodies overnight at 4 °C. After 

thorough washing with PBS, the samples were treated 

with appropriate secondary antibodies conjugated with 

fluorescent dyes (Alexa Fluor® 488 or 568; Thermo Fisher 

Scientific) at room temperature for 30 min. Finally, the 

cells were exposed to DAPI at 1 μg/mL in PBS for 5 min 

to quantify the cell number. Isotype controls were utilized 

to distinguish background signals from specific staining. 

The images were captured using a fluorescence 

microscope (IX73) equipped with a digital camera 

(DP73). Primary antibodies used in this study were as 

follows: GFAP (rabbit, 1:1000; Dako, Glostrup, 

Denmark), S100β (mouse, 1:1000; Millipore Sigma), 

CD44 (rat, 1:100; Thermo Fisher Scientific), VIMENTIN 

(rabbit, 1:500; Cell Signaling Technology), LAMIN-B1 

(LMNB1; rabbit, 1:1000; Abcam), p65 (rabbit, 1:1000; 

Abcam), γH2AX (rabbit, 1:1000; Cell Signaling 

Technology), β-amyloid (1–42) (rabbit, 1:1000; Thermo 

Fisher Scientific), cleaved caspase-3 (CC-3; rabbit, 1:400; 

Cell Signaling Technology), KI67 (rabbit, 1:2000; Leica 

Biosystems, , IL, USA), MAP2 (rabbit, 1:1000; Millipore 

Sigma) and Tuj1 (mouse, 1:1000; BioLegend, CA, USA). 

Antibody catalog numbers used in this study are listed in 

Supplementary Table 2. For lipid droplet (LD) staining, 

the procedure followed the same steps as those of 

immunocytochemistry, including the blocking process. 

After blocking, the cells were stained with phalloidin 

(Alexa Fluor® 568; Thermo Fisher Scientific) for 45 min 
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according to the manufacturer's instructions. Following 

phalloidin staining, the cells were washed with PBS and 

then incubated with BODIPY 493/503 (Thermo Fisher 

Scientific) at a final concentration of 1 μM in PBS at 37 

°C for 15 min. 

 

Western blotting 

 

Astrocyte lysates were prepared using RIPA lysis buffer 

containing a cocktail of protease and phosphatase 

inhibitors. Lysates containing equal amounts of protein 

(25 μg) were separated on 16.5% Mini-protean Tris-

tricine Gels (Bio-Rad, CA, USA) and transferred onto 

polyvinylidene fluoride membranes (Millipore Sigma) 

using a Mini-PROTEAN III apparatus (Bio-Rad). The 

antibodies used were anti-p16INK4a (mouse, 1:1000; 

Thermo Fisher Scientific) and anti-β-actin (mouse, 

1:1000; Santa Cruz Biotechnology, TX, USA). The 

secondary antibody used was horseradish peroxidase-

conjugated anti-mouse Immunoglobulin G (1:2000; Cell 

Signaling Technology). Protein bands were detected 

using an enhanced chemiluminescence reagent (ATTO, 

NY, USA). 

 

RNAseq and enrichment analysis of transcriptomic data 

 

RNAseq was performed according to established 

protocols [15]. Briefly, the total RNA was submitted to E-

Biogen Inc. (Seoul, Korea) for QuantSeq 3′ mRNA 

sequencing, targeting 10 million reads. Raw FASTQ files 

were trimmed using BBDuk (v38.92) [18] and transcript 

quantification was performed using Salmon (v0.6.0) [19] 

with the GENCODE v32 reference transcript. Matrices 

were generated from the quantified transcripts and 

imported into DESeq2 (v1.32.0), edgeR (v3.34.1), and 

limma (v3.48.3) for subsequent analysis using a standard 

pipeline [20-22]. A correlation plot and heatmap were 

created using ggplot2 (v3.3.0) and pheatmap (v1.0.0), 

respectively. Metascape analyses and Protein-Protein 

Interaction (PPI) network analyses were conducted using 

Metascape [23]. Gene expression comparisons related to 

glutamate uptake were conducted using the DESeq2 

plotCounts function with the R-HAS-210455 gene set. 

Additionally, gene set enrichment analysis (GSEA) was 

performed using fgsea (v1.16.0) [24]. 

 

Imaging analysis 

 

Image analysis was conducted using ImageJ software 

(National Institutes of Health). The surface area of 

astrocytes was quantified after staining them with 

phalloidin. Using ImageJ, we obtained the total signal 

area (phalloidin-positive), which was then divided by the 

number of cells to determine the mean area of cells in each 

microscopic field. Each dot in the Figures represents the 

mean surface area of cells within a specific field. The 

quantification of NFκB p65 translocation involved 

defining nuclear regions of interest (ROIs) using DAPI 

staining masks. Meanwhile, staining masks for NFκB p65 

were generated by subtracting the DAPI mask from the 

NFκB p65 mask to outline cytoplasmic ROIs. The nuclear 

localization of NFκB p65 was assessed by comparing 

fluorescence intensities between the nucleus and 

cytoplasm. The quantification of Aβ oligomer uptake and 

degradation analysis employed the astrocyte marker 

S100β to delineate internalized Aβ oligomers. The signal 

was quantified as the mean integrated density, which is 

the product of the area and mean intensity. 

 

Statistical analysis 

 

Experiments were conducted in triplicate or more, and the 

data are presented as the mean ± standard error of the 

mean. Normality was determined using the Shapiro-Wilk 

test for samples with n < 30 and the Kolmogorov-Smirnov 

test for samples with n ≥ 30. Normally distributed data 

were analyzed using the Student’s t-test for comparisons 

between two groups or one-way analysis of variance 

followed by Tukey’s post-hoc test for comparisons 

involving more than two groups. Non-normally 

distributed data were analyzed using the Mann-Whitney 

U test for comparisons between two groups or Kruskal-

Wallis test of variance followed by Dunn’s post-hoc test 

for comparisons involving more than two groups. 

Statistical significance was set at p<0.05. All details of the 

statistical analysis are summarized in Supplementary 

Table 3. 

 

RESULTS 

 

Extended culture of hPSC-derived astrocytes led to 

proliferation cessation and morphological changes 

resembling cellular senescence 

 

Our differentiation method based on the overexpression 

of NFIB in hPSC-derived NPCs consistently generated a 

cell population that was highly enriched with those 

expressing conventional astrocyte makers, including 

GFAP, S100β, VIMENTIN, and CD44 in 3 weeks (98.57 

± 0.5% for GFAP, 98.70 ± 0.1% for S100β, 100% for 

VIMENTIN, and 99.56 ± 0.4% for CD44; Fig. 1A–H). To 

assess the long-term sustainability of the culture, the cells 

were grown under the same culture conditions (Materials 

and Methods) for 8 weeks without passaging. The 

colorimetric assay performed over eight weeks showed 

that the number of cells increased by the sixth week, after 

which growth was gradually retarded (Supplementary 

Fig. 1A). Throughout the extended culture period, most 
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cells appeared healthy, and there was no significant 

difference in the percentage of apoptotic cells between the 

third and sixth weeks, as assessed by immunostaining for 

CC-3 (Supplementary Fig. 1B). Most cells strongly 

displayed immunoreactivity for astrocyte markers by the 

sixth week (99.0 ± 0.5% for GFAP, 98.3 ± 1.7% for 

S100β, 99.5 ± 0.5% for VIMENTIN, and almost 100% for 

CD44; Fig. 1A–H). Functionally, the cells exhibited 

preserved responsiveness to an inflammatory cytokine 

cocktail that induces reactive astrocytes [25]. The 6-week-

old and 3-week-old astrocytes upregulated the expression 

of numerous reactive markers in response to the 

inflammatory cytokines to a similar extent, with the 

exception of Complement component 3 (C3; 

Supplementary Fig. 1C–G). These findings indicate that 

an extended culture period of >6 weeks does not result in 

the loss of astrocytic characteristics. Instead, it leads to the 

proliferation cessation without causing significant cell 

death. 

 
Figure 1. Morphological changes in hPSC-derived astrocytes after extended 

culture. (A–D) Representative immunofluorescence images of astrocytes for GFAP, 

S100β, VIMENTIN, and CD44 at the third and sixth weeks of differentiation. Scale 

bar, 10 µm. (E–H) Quantification of marker-positive cells at each culture time point. 

Each dot represents the mean percentage of positive cells in each batch of 

differentiation. Quantification was based on fifteen fluorescent images from three 

batches of differentiation, with five images per batch. (I–J) Comparison of the 

number of processes and surface area between the third and sixth weeks. 

Quantification was based on ten (I) to fifteen (F) fluorescent images obtained from 

three batches of differentiation. 3W Ast: 3-week-old astrocytes, 6W Ast: 6-week-old 

astrocytes. ns: not significant, ***p<0.001, and ****p<0.0001. 
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Figure 2. Transcriptomic changes in 

astrocytes cultured for an extended 

period. (A) Volcano plot displaying 

DEGs between astrocytes in the third 

and sixth weeks (|log2Foldchange|>1, 

adj.p<0.05). (B) The results of the 

Metascape analysis conducted on the 

upregulated DEGs primarily indicated 

associations with ECM composition and 

immune responses (highlighted in 

green). GO terms associated with aging 

were also identified (highlighted in 

blue). (C) The results of the Metascape 

analysis conducted on the 

downregulated DEGs primarily 

indicated associations with cell cycle 

(highlighted in red). (D) Gene Set 

Enrichment Analysis results using 

MSigDB Hallmark Gene Sets (q<0.02). 

The referred gene set in the manuscript 

is highlighted in red. 

 

However, in the immunostaining images, a dramatic 

change in cellular morphology was noted with increased 

intensity of immunoreactivity for astrocyte markers 

between the third and sixth weeks. Furthermore, while the 

astrocytes at the third week displayed a typical 

morphology of astrocytes with star-shaped soma and 

multiple processes, those at the sixth week had flat and 

larger cell bodies with much fewer processes, a typical 

morphology of senescent astrocytes [26] (Fig. 1I–J). 

Similar morphological changes were also observed in 

cultures of astrocytes differentiated from human ESCs 

(Supplementary Fig. 2), suggesting that the 

morphological changes were not restricted to the human 

iPSC-derived astrocytes tested. In conjunction with the 

observed decelerated growth rate, these findings suggest 

that astrocytes may undergo a gradual transition towards 

cellular senescence during extended culture. 

Consequently, a series of experiments was designed to 

investigate whether extended culture induces senescence 

in hPSC-derived astrocytes. 
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Figure 3. hPSC-derived astrocytes cultured for an extended period exhibit senescent 

phenotypes. (A–B) The culture of astrocytes at the sixth week of differentiation showed an 

increased number of SA-β-Gal -positive cells compared with that at the third week. Twelve 

microscopic fields from three independent batches of differentiation were randomly chosen from 

each group for image capture and quantification. Each dot represents the mean percentage of 

positive cells per image. Scale bar, 50 µm. (C) Western blot shows the increased expression of 

p16lnk4a protein in astrocytes at the sixth week compared with those at the third week. (D) 

Normalized quantitation of p16lnk4a protein expression shown in (C). The protein samples were 

obtained from three independent differentiations. (E) Representative immunofluorescence images 

of astrocytes for LMNB1 at the third and sixth weeks of differentiation. Arrowheads indicate nuclei 

with invagination. High magnification images of nuclei are shown in the insets. Scale bar, 10 µm. 

(F–I) Quantification and comparison of morphological parameters in astrocyte nuclei between the 

third and sixth weeks of differentiation. Each dot in (F)–(H) represents a value measured in a single 

cell, and the numbers of nuclei used in the assessment are indicated in each graph. Dots in (I) 

indicate the number of nuclei with invagination in each immunofluorescent image captured from 

three independent differentiations. Quantification in (F)–(I) was performed using at least ten 

images captured from immunofluorescent samples from three independent batches of 

differentiation. **p<0.01, ****p<0.0001.  
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Extended-culture astrocytes exhibited altered gene 

expression patterns indicative of cellular senescence 

 

To investigate the molecular changes underlying the 

observed morphological alterations and growth arrest in 

astrocytes undergoing extended culture, RNAseq analyses 

were performed on samples from 3-week-old and 6-week-

old astrocytes. The samples exhibited distinct clustering 

based on the culture duration, as evident from principal 

component analysis (PCA). A heatmap using the 

Euclidean distance matrix between replicates also 

displayed hierarchical gene clustering for each sample 

(Supplementary Fig. 3A–B). These analyses verified 

sample robustness and underscored the distinct effect of 

culture duration on the astrocyte transcriptome. 

Examining differentially expressed genes (DEGs) 

between the 3-week and 6-week time points, 317 

upregulated and 255 downregulated genes 

(|log2Foldchange|>1, adj. p <0.05) were identified (Fig. 

2A). Metascape analysis revealed that the upregulated 

gene sets were predominantly associated with 

extracellular matrix (ECM) composition and immune 

responses. Notably, the analysis revealed enrichment of 

genes associated with aging (GO:0007658: aging) among 

the upregulated DEGs (indicated in blue, Fig. 2B). 

Conversely, the downregulated genes were mainly 

associated with cell division and cell cycle processes, 

which aligned well with the growth arrest observed after 

week 6 (Fig. 2C). When the upregulated DEGs underwent 

PPI network analysis, two distinct networks emerged: one 

related to immune responses and the other related to 

collagen biosynthesis. Similarly, the downregulated 

DEGs brought about networks mostly involved in cell 

division and mitosis (Supplementary Fig. 3C–E). 

Consistent with these findings, GSEA revealed 

significant enrichment of gene sets associated with 

changes in cellular structure, such as tissue 

morphogenesis and wound healing, and stress responses. 

In contrast, gene sets associated with cell division, cell 

cycle progression, fatty acid metabolism, and oxidative 

phosphorylation were notably downregulated (Fig. 2D). 

These collective results, highlighting the significant 

downregulation of gene sets linked to cell cycle 

progression and the concurrent upregulation of genes 

associated with stress response, cellular structural 

changes, and ECM components, strongly indicate that 

astrocytes underwent phenotypic changes indicative of 

senescence during extended culture. 

 

Extended-culture astrocytes display senescence-

related phenotypes 

 

The SA-β-gal assay is widely used for detecting and 

measuring senescence in multiple cell types, including 

astrocytes [27]. The number of SA-β-gal-positive cells 

drastically increased from 18.2 ± 2.1% to 90.0 ± 1.3% 

among total cells when compared between the third and 

sixth weeks (Fig. 3A–B). A similar increase in the number 

of SA-β-gal-positive cells was observed in the cultures of 

human ESC-derived astrocytes (Supplementary Fig. 4). 

This finding suggests that astrocytes harboring 

endogenous lysosomal β-galactosidase accumulated 

during extended culture, demonstrating the prevalence of 

senescence in the culture. Consistent with this result, 

western blotting demonstrated that the protein level of 

p16INK4a, a tumor suppressor protein linked to cellular 

aging and senescence [28, 29] was significantly increased 

in the sixth week compared to that in the third week (Fig. 

3C–D). The results of these conventional senescence 

assays provide strong evidence that most astrocytes 

undergo senescence during extended culture. 

Interestingly, both human ESC and iPSC-derived 

astrocytes showed a comparable level of positivity for 

SA-β-gal staining, suggesting that any potential 

epigenetic memory harbored by iPSCs was unlikely to be 

a significant contributing factor to the observed 

senescence-like phenotypes. Instead, it is plausible that 

the observed phenotypic changes were primarily driven 

by common molecular alterations during extended 

culture. 

The nuclear lamina, a dense protein network critical 

for the structure and function of the nucleus, disintegrates 

with cellular aging, causing defective nuclear morphology 

[30-32]. Numerous studies demonstrated that the loss of 

LAMIN-B1(LMNB1), a major component of the nuclear 

lamina, is a critical contributor to defective nuclear 

morphology and is a hallmark of senescent cells, 

including astrocytes [33, 34]. To examine whether this 

phenomenon occurred during extended culture, the nuclei 

were visualized by immunofluorescence staining with an 

antibody against LMNB1. The nuclei of 6-week-old 

astrocytes were significantly larger and less spherical than 

those of 3-week-old astrocytes (Fig. 3E–G). The intensity 

of LMNB1 immunoreactivity was significantly lower in 

6-week-old astrocytes than in 3-week-old astrocytes, 

indicating the downregulation of LMNB1 (Fig. 3E and 

H). Furthermore, the astrocyte culture in the sixth week 

showed more aberrant and invaginated nuclei than those 

in the third week (Fig. 3E and I). Collectively, astrocytes 

cultured for an extended period exhibited defective 

nuclear morphology typical of senescent astrocytes, and 

this defect was likely due to LMNB1 downregulation. 

Previous studies have demonstrated that senescent 

cells notably increase the expression of genes encoding 

inflammatory molecules and enzymes that degrade or 

remodel the ECM; this is known as the senescence-

associated secretory phenotype (SASP) [35]. This 

phenotype implicates senescent astrocytes in chronic 
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neuroinflammation and neurodegeneration in the aged 

brain [36, 37]. Quantitative gene expression analysis 

revealed that the astrocytes at the sixth week upregulated 

several genes encoding both cytokines (IL-1β, IL-8) and 

metalloproteases (MMP-3, MMP-9), compared to those at 

the third week (Fig. 4A–D). Previous studies 

demonstrated that cellular signaling mediated by NFκB 

acts on the upstream of SASP [38-40]. Indeed, the 

immunoreactivity for NFκB p65 was more localized in the 

nuclei of 6-week-old astrocytes than in those of 3-week-

old astrocytes (Fig. 4E–F).  

 
Figure 4. Extended-culture astrocytes display senescence-related phenotypes. (A–D) Quantitative gene 

expression analysis for SASP genes. Data were obtained from three to four batches of differentiation. (E) 

Representative immunofluorescence images for NFκB p65 and DAPI in astrocytes at the third and sixth weeks. 

Scale bar, 10 μm. (F) Quantification of NFκB p65 nuclear localization. The value was measured by dividing the 

integrated fluorescence intensity masked to DAPI by the total fluorescence intensity of NFκB p65, as described 

by a previous report [98]. Forty immunofluorescent images from four batches of differentiation were used for 
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quantification. Each dot represents the value obtained from each image. (G) The relative telomere length of 

astrocytes at the third and sixth weeks. The length was measured using quantitative PCR with a primer set 

targeting telomere, and the data are presented as 2-ΔCt. Data were obtained from five batches of differentiation. 

(H) Measurement of total cellular ROS in astrocytes at the third and sixth weeks using H2DCFDA. (I) 

Measurement of mitochondrial ROS in astrocytes at the third and sixth weeks using MitoSOXTM. The assays in 

(H)-(I) were performed in triplicate using three independent differentiations. MFI: mean fluorescence intensity. 

(J) Representative immunofluorescence images for γH2AX in astrocytes at the third and sixth weeks. Scale bar, 

10 μm. (K) Quantification of γH2AX-positive cells in astrocytes at the third and sixth weeks. Forty 

immunofluorescent images obtained from four independent differentiations were utilized for quantification. Each 

dot represents the percentage of positive cells in each image. ns: not significant, *p<0.05, **p<0.01, ***p<0.001, 

and ****p<0.0001.  

 

Senescence of mammalian cells in primary culture is 

typically attributed to telomere attrition, because somatic 

cells lack active telomerase, which can replenish the 

shortened telomeres that occur with each cell division [41, 

42]. Thus, the possibility that astrocytes undergo 

senescence due to telomere shortening during extended 

culture was investigated. As shown in Fig. 4G, the PCR-

based measurement demonstrates a substantial reduction 

(30%) in telomere length in the 6-week-old astrocytes 

compared to their 3-week-old counterparts. This finding 

suggests that telomere attrition contributes to the 

manifestation of senescent phenotypes in 6-week-old 

astrocytes. 

Oxidative stress caused by ROS has long been 

associated with cellular senescence [43]. Previous studies 

have demonstrated that senescence can be induced by 

treating astrocytes with chemical agents that cause ROS 

(e.g., H2O2), and the sensitivity of astrocytes to ROS-

inducing agents is even greater than that of fibroblasts [7]. 

Thus, we examined whether the levels of cellular and 

mitochondrial ROS were associated with differences in 

senescence-related phenotypes observed between 3-

week-old and 6-week-old astrocytes. Labeling with 

H2DCFDA, a chemically reduced form of fluorescein, 

and MitoSOXTM, a mitochondria-targeted superoxide 

indicator, were used to measure the levels of cellular and 

mitochondrial ROS, respectively. The results showed 

significant increases in both cellular and mitochondrial 

ROS in astrocytes at week 6 than those at week 3 (Fig. 

4H–I). Increased ROS levels can cause oxidative damage 

to various macromolecules, including DNA, in the 

context of cellular senescence [44, 45], and disintegration 

of the nuclear lamina can also cause DNA damage [46]. 

Indeed, immunofluorescence staining revealed more 

frequent γH2AX foci, an early cellular indicator of DNA 

damage [47], in 6-week-old-astrocytes than in 3-week-

old-astrocytes (Fig. 4J–K). Collectively, it is likely that 

DNA damage associated with telomere attrition, oxidative 

stress, or both underlies the observed increase in p16INK4a 

expression and SASP. These two mechanisms influence 

each other and participate in initiating and propagating 

senescence-related phenotypes [48-50]. 

 

Senescent astrocytes derived from hPSCs display 

functional defects associated with neurodegenerative 

pathology 

 

Astrocyte senescence has significant implications for 

several neurodegenerative diseases [3, 51]. As described 

above, senescent astrocytes may create an environment of 

chronic low-grade inflammation via the SASP. In addition 

to the SASP, possible functional defects in senescent 

astrocytes that may negatively impact CNS homeostasis 

were investigated. 

Senescent astrocytes have a reduced capacity to 

regulate neurotransmitter levels in the CNS, which can 

lead to imbalances in neurotransmitter concentrations, 

thereby affecting synaptic transmission and impairing 

overall brain function [52, 53]. In particular, the ability of 

astrocytes to regulate glutamate levels in the synaptic cleft 

and extracellular space is crucial for maintaining 

homeostasis in the CNS as it enables proper neuronal 

function and prevents glutamate excitotoxicity [54]. 

Studies have shown that aged astrocytes exhibit 

dysregulated expression of genes encoding glutamate 

transporters and impaired glutamate uptake [52, 55]. 

Therefore, whether the ability of astrocytes to take up 

glutamate diminishes as they become senescent was 

investigated. As shown in Fig. 5A, astrocytes in the sixth 

week take up approximately half the amount of glutamate 

than that of astrocytes in the third week, indicating a 

reduced ability to eliminate extracellular glutamate. 

Consistent with this result, the levels of transcripts 

encoding various proteins related to glutamate uptake and 

metabolism were lower in the 6-week-old astrocytes than 

in the 3-week-old astrocytes (Supplementary Fig. 5). The 

observed impairment in the ability to take up glutamate 

further supports the idea that senescent astrocytes may 

contribute to the glutamate imbalance observed in aged 

brains [56]. 

Astrocytes exhibit phagocytic activity in synapses, 

which contributes to neuronal circuit refinement [57]. A 

previous study showed that this ability was decreased in 

the brains of aged Drosophila because of the reduced level 

of a key protein necessary for this ability (i.e., Draper) 
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[58]. A similar functional decline in astrocytes may occur 

in the aged mammalian brain, contributing to impaired 

synaptic homeostasis [57]. To test whether astrocytes lose 

their phagocytic activity in synapses, they were fed 

synaptosomes isolated from postnatal mouse brains 

conjugated with pHrodoTM Red, a pH-sensitive 

fluorescent indicator that emits a red color only when 

phagocytosed. The results showed a significantly 

decreased number of phagocytic astrocytes in the sixth 

week compared to that in the third week (Fig. 5B), 

indicating a decrease in phagocytic activity, which is 

another important implication of senescent astrocytes in 

disturbing CNS homeostasis. 

 
Figure 5. Senescent hPSC-derived astrocytes exhibit functional impairments associated with 

neurodegeneration. (A) The astrocytes at the sixth week took up significantly less glutamate than those at the 

third week. Data were obtained from six independent batches of differentiation. A.U.: arbitrary unit. (B) The 

ability of astrocytes to phagocytose pHrodo-Red conjugated synaptosomes was significantly decreased at the 
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sixth week compared with at the third week. Quantification was conducted using over thirty 

immunofluorescent images obtained from four independent differentiations. Each dot represents the value from 

an individual image. (C–D) Supportive activity of astrocytes for neuronal differentiation and survival was 

significantly decreased at the sixth week compared to that at the third week. hPSC-derived neurons were 

cultured in a medium devoid of trophic factors or the conditioned medium obtained from 3-week-old or 6-

week-old astrocytes. Neuronal differentiation rate was assessed by calculating the ratio of MAP2-positive cells 

among the total cells (DAPI-positive), while the survival rate was determined by the percentage of CC-3-

positive cells among TUJ1-positive cells. Quantification was based on thirty immunofluorescent images 

obtained from three batches of differentiation. Each dot in (C)-(D) represents the mean percentage of positive 

cells in each image. ACM: astrocyte conditioned medium. (E) Representative images of LDs in astrocytes. 

LDs were labeled with BODIPY 493/503, and the cytoplasm of each astrocyte was identified by staining actin 

filaments with Phalloidin. Scale bar, 10 μm. (F–G) The astrocytes at the sixth week contained more numerous 

and larger LDs in their cytoplasm than those at the third week. Sixty immunofluorescent images, twenty from 

each of three batches of differentiation, were used for quantification. Each dot in (F)-(G) represents the mean 

value measured in each image. (H) Representative images of Aβ aggregate deposits in the astrocytes at the 

third and sixth weeks after treatment with 0.5 μM Aβ aggregates for 24 h. Scale bar, 10 μm. (I) Quantification 

of Aβ deposits revealed that less Aβ aggregates were found in the cytoplasm of 6-week-old astrocytes than in 

that of 3-week-old astrocytes. (J) The ability to internalize and degrade Aβ aggregates was significantly 

reduced in 6-week-old astrocytes compared with 3-week-old astrocytes. Astrocytes were treated with 0.5 μM 

of Aβ aggregates for 24 h and further incubated for 3 days after thorough washing. Quantification in (I)-(J) 

was conducted using twenty-seven to thirty immunofluorescent images obtained from three independent 

differentiations, respectively. Each dot represents the mean value measured in each image. ns: not significant, 

*p<0.05, **p<0.01, and ****p<0.0001.  

The ability to support neuronal differentiation and 

survival is a well-known function of astrocytes, which is 

performed through various means including neurotrophic 

factor production, nutrient and metabolic support, waste 

clearance, and structural support [59, 60]. Previous 

studies have demonstrated that this function declines with 

aging [61]. Thus, to examine whether astrocytes lose the 

ability to support neuronal differentiation and survival as 

they undergo senescence, conditioned media were 

obtained from astrocytes in the third and sixth weeks and 

used to culture neurons differentiated from hPSCs by 

NGN2 overexpression [62]. The culture of neurons in 

medium devoid of any trophic factor (control group) had 

35.9 ± 2.2% and 51.6 ± 1.7% of MAP2- and CC-3-

positive cells, respectively (Fig. 5C–D), indicating that a 

substantial portion of neurons underwent spontaneous 

apoptosis in the absence of trophic support. When the 

neurons were cultured in the conditioned medium 

obtained from 3-week-old astrocytes, the number of CC-

3-positive cells significantly decreased to 36.1 ± 2.3% 

among total cells, while that of MAP2-positive cells 

significantly increased by 73.4 ± 2.3% among total cells 

(Fig. 5C–D). The increased number of MAP2-positive 

cells was unlikely to be due to an increase in cell 

proliferation because the majority of them were post-

mitotic cells (data not shown) [62], thus likely due to less 

apoptotic cell death and/or promotion of neuronal 

differentiation by the action of the astrocyte-conditioned 

medium. In contrast, neuron cultivation in the conditioned 

medium of 6-week-old astrocytes showed a significantly 

higher number of CC-3-positive cells than that of 3-week-

old astrocytes, and the number of CC-3-positive cells was 

similar to that in the control group (Fig. 5C–D). Notably, 

cultivation with conditioned medium from 6-week-old 

astrocytes did not cause further apoptotic cell death 

compared to the control culture condition, which may 

imply that there is no neurotoxic effect in the 6-week-old 

astrocyte-conditioned medium. Taken together, these 

results suggest that 6-week-old astrocytes lost the ability 

to support neuronal differentiation and survival that they 

might have in the third week, and the loss was likely a 

result of cellular senescence. 

LDs are subcellular components encased by a lipid 

monolayer that mainly stores triacylglycerols and steryl 

esters for energy production and membrane biosynthesis 

[63]. Previous studies have demonstrated the 

accumulation of LDs in senescent cells, either because of 

altered lipid metabolism accompanying the aging process 

or as a protective mechanism for aged cells against 

cellular stress [64, 65]. The accumulation of LDs in 

microglia induces aging-associated neuropathology [66]. 

However, the role of LD accumulation in senescent 

astrocytes remains unclear. Thus, to examine LD 

accumulation within astrocytes, BODIPY labeling, a 

fluorescence-tagged compound that specifically marks 

LDs, was employed. The number and size of the LDs 

present in astrocytes during the third and sixth weeks were 

quantified. By the third week, astrocytes had numerous 

BODIPY-positive LDs dispersed throughout the 

cytoplasm. However, LDs within 6-week-old astrocytes 

were noticeably more abundant and larger than those 

found in their 3-week-old counterparts (Fig. 5E–G). The 

pronounced LD accumulation in 6-week-old astrocytes 

could arise from the heightened uptake and biosynthesis 

of triglycerides [67, 68] or impaired lipid metabolism, as 

evidenced by the downregulation of a gene set associated 
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with fatty acid metabolism and adipogenesis in the week 

6 astrocytes (Fig. 2D). Recent studies have established a 

connection between impaired mitochondrial oxidative 

phosphorylation and LD accumulation [69]. Thus, this 

could also be associated with compromised mitochondrial 

function, given the downregulation of a gene set linked to 

oxidative phosphorylation (Fig. 2D). While the precise 

mechanisms underlying LD accumulation in senescent 

astrocytes and their functional implications require 

meticulous exploration, our findings offer initial evidence 

of significant LD buildup in aging astrocytes, implying 

disruptions in the dynamics of lipid metabolites. 

The accumulation of extracellular Aβ has been 

strongly implicated in the initiation and progression of 

AD. Numerous studies have demonstrated that astrocytes 

are essential in controlling extracellular Aβ levels through 

various mechanisms, including the secretion of Aβ-

degrading enzymes or extracellular chaperones and 

phagocytic clearance [70]. Of these, astrocytes 

phagocytose or eliminate extracellular aggregates of Aβ 

peptides in both murine and human systems [71, 72]. In 

addition, reactive astrocytes have consistently been 

observed in close proximity or direct contact with amyloid 

plaques, containing remnants of amyloid plaque debris in 

their cytosol [73, 74]. These findings underscore the 

pivotal role of astrocytic phagocytosis in preserving CNS 

health and preventing neurodegeneration due to 

accumulated Aβ aggregates. Because aging is the most 

critical cause of AD, it is likely that the age-dependent 

decline in astrocytic clearance of Aβ contributes to the 

development of AD. To verify this, 3-week-old and 6-

week-old astrocytes were exposed to 0.5 µM of Aβ (1–42) 

oligomers for 24 h, followed by immunofluorescent 

staining and quantification for Aβ in cytosol of astrocytes. 

Aβ oligomer treatment for 24 h did not cause significant 

apoptotic death or astrocyte proliferation (Supplementary 

Fig. 6). However, significantly lower Aβ 

immunoreactivity was detected in the cytosol of 6-week-

old astrocytes compared to that in 3-week-old astrocytes 

(Fig. 5H–I). This reduction may be attributed to the 

decreased ability of 6-week-old astrocytes to take up 

extracellular Aβ oligomers or to more rapidly degrade 

after internalization. Thus, to further evaluate the capacity 

of astrocytes to degrade Aβ taken up in the cytosol, 3- and 

6-week-old astrocytes were incubated with Aβ oligomers 

for 24 h, followed by thorough washing and an additional 

72 h of culture. The results demonstrated that, while 3-

week-old astrocytes exhibited a significant decrease in the 

level of Aβ immunoreactivity after 72 h, 6-week-old 

astrocytes maintained a similar level of Aβ 

immunoreactivity compared to before the additional 

culture period (Fig. 5J). Moreover, a significant reduction 

was observed in the absolute numbers of Aβ oligomers 

remaining in the cytosol when compared between the 3- 

and 6-week-old astrocyte groups. These observations 

collectively suggest that astrocytes not only lose the 

ability to take up extracellular Aβ oligomers but also 

experience a diminished capacity to degrade them after 

internalization as they become senescent. Evidently, this 

evidence provides insights into how Aβ aggregates 

accumulate in the aged brain, even without mutations in 

known genes involved in the onset of AD, and why the 

risk of Aβ pathology increases with age. 

 

Targeting structural and functional defects in 

mitochondria of senescent astrocytes alleviates 

senescence-related phenotypes 

 

Mitochondrial alterations within senescent cells 

contribute to a decline in cellular function and are 

believed to play a role in the aging process. Consequently, 

they have become the main targets for mechanistic studies 

of senescence and aging [75]. Consistently, our RNAseq 

analysis revealed that astrocytes in the sixth week 

exhibited a downregulation of gene sets related to 

oxidative phosphorylation (Fig. 2D). The data also 

demonstrate a notably higher level of mitochondrial ROS 

in 6-week-old astrocytes than in their 3-week-old 

counterparts (Fig. 4I). Both changes are closely linked to 

alterations in mitochondrial membrane potential [76]. 

Indeed, the mitochondrial membrane potential of 6-week-

old astrocytes was significantly lower than that of their 3-

week-old counterparts (Fig. 6A). As mitochondrial 

function is interlinked with mitochondrial structure and 

dynamics [77], we examined and compared various 

morphological parameters of mitochondria using ImageJ-

Fiji software after staining astrocytes at the third and sixth 

weeks with MitoTrackerTM Red. As shown in Fig. 6B-G, 

the mitochondria of 6-week-old astrocytes exhibit 

increased parameters for both size (mean area, mean 

perimeter, and mean aspect ratio) and complexity (mean 

form factor and mean branch length) compared with 3-

week-old astrocytes, indicating that senescent astrocytes 

have significantly larger and more branched 

mitochondrial complexes. Previous studies have 

demonstrated that mitochondrial dynamics are 

dysregulated in senescent cells due to impaired clearance 

of damaged mitochondria, which is attributed to altered 

mitophagy [78, 79]. Other studies have associated 

disturbances in mitochondrial fission and fusion with 

mitochondrial elongation in senescent cells [80, 81]. 

While intriguing and warranting further mechanistic 

investigation, our data collectively suggest that 6-week-

old astrocytes exhibit functional and morphological 

alterations in their mitochondria, hallmarks of cellular 

senescence [82]. 

Because alterations in mitochondrial function and 

structure in senescent astrocytes were observed, whether 
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targeting the mitochondria counteracted astrocyte 

senescence was investigated. To test whether reducing 

mitochondrial ROS levels can prevent astrocytes from 

becoming senescent, 5-week-old astrocytes were treated 

with a combination of MT, a mitochondria-targeted 

antioxidant, and NAC, a well-known antioxidant that has 

been used to reduce mitochondrial ROS [83, 84]. 

Treatment of astrocytes with this antioxidant cocktail for 

1 week significantly elevated the mitochondrial 

membrane potential at the sixth week (Fig. 7A). In 

addition, the cellular and mitochondrial ROS levels 

decreased, although the differences were not statistically 

significant (Fig. 7B–C).  Treatment with MT and NAC for 

1 week did not fully reverse the morphological alteration 

of the mitochondria (Fig. 7D–I). Nevertheless, SA-β-gal 

staining revealed approximately half the number of 

positive astrocytes among those treated with MT and 

NAC compared to untreated cells (Fig. 7J). Furthermore, 

the Aβ aggregate uptake assay demonstrated that MT and 

NAC-treated astrocytes exhibited significantly enhanced 

ability to uptake Aβ aggregates (Fig. 7K). These findings 

suggest that oxidative stress significantly contributes to 

astrocyte senescence and functional decline.  

 
Figure 6. Senescent hPSC-derived astrocytes exhibit pronounced alteration in mitochondrial function 

and structure. (A) Astrocytes at the sixth week had reduced mitochondrial membrane potential compared 

to those at the third week. The experiment was performed in quadruplicate using four independent 

differentiations. (B) Representative fluorescent images of astrocytes stained with a mitochondria-specific 

fluorescent probe MitoTrackerTM Red. Scale bar, 10 µm. (C–G) Quantification and comparison of various 

morphological aspects in mitochondria between 3-week-old and 6-week-old astrocytes: mean area (C), mean 

perimeter (D), mean aspect ratio (E), mean form factor (F), mean branch length (G). The results show that 

mitochondria in 6-week-old astrocytes were significantly longer, thicker, and more hyperfused than those in 

3-week-old astrocytes. Quantification in (C)-(G) was conducted using thirty immunofluorescent images 

obtained from three independent differentiations. Each dot represents the mean value measured in each 

image. *p<0.05 and ****p<0.0001.  
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Figure 7. Treatment with antioxidants or SIRT1 activator alleviates senescence phenotypes in hPSC-

derived astrocytes. (A) Treatment of hPSC-derived astrocytes with antioxidant cocktail (MitoTEMPOL, MT 

and N-acetyl cysteine, NAC) for a week or SIRT1 activator (SRT2104) for 72 h significantly increased 

mitochondrial membrane potential. (B) Total ROS level was not significantly changed by the treatments, 

although there was a decrement tendency in the antioxidant cocktail-treated group. (C) Mitochondrial ROS 

level was not significantly affected when comparing the control group with the treatment groups. Each dot in 

(A)-(C) represents the value measured in each batch of differentiation. MFI: mean fluorescence intensity. The 

values are expressed relative to the MFI of untreated 6-week-old astrocytes (6W Ctrl). (D) Representative 

fluorescent images of astrocytes stained with MitoTrackerTM Red. Scale bar, 10 µm. (E–I) Quantification and 

comparison of various morphological parameters of mitochondria between 6-week-old astrocytes (control 

group) and those that received treatments: mean area (E), mean perimeter (F), mean aspect ratio (G), mean 

form factor (H), mean branch length (I). The treatment with SRT2104 significantly impacted all the parameters 
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measured while that of an antioxidant cocktail showed no significant effect. Quantification in (E)-(I) was 

conducted using thirty immunofluorescent images obtained from three independent differentiations. Each dot 

represents the value of an individual cell, and the number of cells used in the assessment is indicated in each 

graph. (J) Treatment with either an antioxidant cocktail or SRT2104 significantly reduced the number of SA-

β-Gal-positive cells compared with that of the non-treated control group. Quantification was based on twelve 

immunofluorescent images acquired from three batches of differentiation. Each dot represents the mean 

percentage of positive cells within an image. (K) Astrocytes treated with the antioxidant cocktail for a week or 

with the SIRT1 activator for 72 hours exhibited a significant increase in their ability to uptake Aβ aggregates 

compared to untreated 6-week-old astrocytes. Data were obtained from seven batches of differentiation. Each 

dot represents the value measured in an image, and the number of images used in the measurement is indicated 

in each graph. ns: not significant, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.  

As another strategy for targeting the mitochondria, 

the activity of SRT2104, a small-molecule activator of 

SIRT1, was tested. The involvement of SIRT1-mediated 

signaling and the therapeutic effects of SIRT1 activators 

in preventing cellular senescence have been extensively 

studied, and their potential in multiple aging-related 

diseases has been summarized in recent studies [85]. 

Among the many small molecules that activate SIRT1, 

SRT2104 was selected for this study because its 

pharmacodynamics and blood-brain barrier-penetrating 

activity have been relatively well characterized and tested 

in several animal experiments and clinical trials [86]. 

After testing various dosages for cytotoxicity, 5.5-week-

old astrocytes were treated with 10 µM SRT2104 for 72 

h. Similar to treatment with MT and NAC, SRT2104 

significantly increased mitochondrial membrane potential 

but did not significantly affect total cellular or 

mitochondrial ROS levels (Fig. 7A–C), indicating that 

SRT2104 activity may not directly involve a reduction in 

ROS levels. Surprisingly, however, SRT2104 treatment 

had a considerable impact on mitochondrial morphology; 

all parameters of mitochondrial morphology that were 

tested at the sixth week were significantly decreased 

compared to those of untreated 6-week-old astrocytes 

(Fig. 7D–I). These results indicate that increased 

mitochondrial size and complexity due to senescence 

were reversed by treatment with SRT2104. Remarkably, 

SA-β-gal staining revealed significantly fewer positive 

cells in the SRT2104-treated group compared to the 

untreated 6-week-old control group (Fig. 7J). 

Additionally, astrocytes treated with SRT2104 for 72 

hours exhibited a notable increase in their ability to uptake 

Aβ aggregates compared to untreated 6-week-old 

astrocytes (Fig. 7K). These findings, coupled with the 

results of the SA-β-Gal assay, provide strong evidence for 

mitochondrial involvement in astrocyte senescence and 

their impaired function. 

Prior studies have established a link between the 

activation of SIRT1 signaling and mitophagy in the 

context of cellular senescence [87, 88]. Thus, to uncover 

the potential mechanism underlying the beneficial effect 

of SRT2104 on alleviating cellular senescence, a 

comparative analysis of mitophagy levels between the 

control (untreated 6-week-old astrocytes) and SRT2104-

treatment groups was conducted using the mito-SRAI 

system, a fluorescence-based mitophagic reporter [89]. 

The application of SRT2104 to 5.5-week-old astrocytes 

for 72 h led to a significant increase in mitophagy 

(Supplementary Fig. 7). This enhancement was likely 

related to the observed reversal of abnormal 

mitochondrial morphology in astrocytes treated with 

SRT2104 (Fig. 7E–I). This result strongly implied that the 

anti-senescence effect of SRT2104 on astrocytes involved 

restoring mitochondrial dynamics by promoting the 

degradation of impaired mitochondria. 

Collectively, these results highlight the important role 

of normal mitochondrial function and high ROS levels in 

astrocytic senescence. The findings also suggest that 

targeting the two key molecular mechanisms involved in 

modulation of mitochondrial function is effective for 

delaying or reversing the cellular senescence of 

astrocytes. 

 

DISCUSSION 

 

This study provides evidence of cellular senescence in 

hPSC-derived astrocytes. Astrocytes cultured for an 

extended period (3 weeks) exhibit numerous cellular 

features that are commonly observed in other senescent 

cells. These features included altered cellular and nuclear 

morphology, increased SA-β-gal expression and p16INK4a 

proteins, and the upregulation of the gene sets related to 

SASP. Furthermore, hPSC-derived senescent astrocytes 

displayed various functional defects associated with the 

pathology of several neurodegenerative diseases, 

including reduced neuronal support, altered lipid 

accumulation, and loss of the ability to take up glutamate 

and synaptic vesicles. Most importantly, their impaired 

ability to internalize and degrade extracellular Aβ 

oligomers suggest the potential contribution of senescent 

astrocytes to the age-dependent onset and progression of 

AD. The altered function and morphology of 

mitochondria observed in senescent astrocytes, and the 

mitigation of senescence phenotypes through strategies 

that reduce ROS and restore mitochondrial function, 
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strongly indicate the involvement of mitochondria in the 

senescence mechanisms of astrocytes.  

Remarkably, a wide range of senescence phenotypes 

were induced within 3 weeks, which is significantly 

shorter than the timeframes reported in previous studies 

with primary rodent astrocytes [59]. This prompts 

intriguing questions about the underlying molecular 

mechanisms responsible for the rapid and extensive 

senescence observed in our current study. When 

astrocytes were cultured for longer than 6 weeks, the 

growth rate was retarded without significant cell death. 

Growth arrest was also accompanied by reduced telomere 

length. These findings may indicate that senescence arises 

from a simple decline in the replicative activity of cells, 

which is specifically referred to as replicative senescence. 

However, it is important to note that, by the third week, 

only a small proportion of astrocytes were proliferative 

(<25% of total cells were KI67-positive) [15], and that the 

cells were not sub-cultured over an extended duration. 

This suggests that, while replicative senescence 

contributes to the proportion of proliferating cells, it is 

unlikely to be the primary cause of the substantial 

senescence observed. Secondly, the observation of 

accumulated cellular and mitochondrial ROS 

accompanied with frequent heterochromatic foci and 

nuclear localization of NFκB raised a possibility of the 

stress-induced premature senescence. Because the culture 

medium lacked any additional antioxidant additives 

beyond the basic ingredients contained in basal media 

(DMEM/F12 and Neurobasal media) and N2 supplement, 

it is possible that endogenous ROS might autonomously 

act as a senescence-causing stressor. This idea is 

reinforced by the observation that the addition of NAC 

and MT to the culture medium significantly reduced the 

number of senescent astrocytes almost by 50%. Finally, 

the acceleration of cellular senescence may be linked to 

ECM remodeling, particularly by the accumulation of 

collagen. This possibility is based on RNAseq analysis 

demonstrating a significant increase in gene sets 

associated with collagen biosynthesis and formation in 6-

week-old astrocytes (Supplementary Fig. 3D–E). 

Additional assessment using quantitative gene expression 

analysis with gene sets associated with collagen 

biosynthesis revealed a significant upregulation in 6-

week-old astrocytes compared to their 3-week-old 

counterparts (Supplementary Fig. 8). The accumulation of 

fibrillar collagen or the concurrent upregulation of 

collagen genes is fundamental to the ECM remodeling of 

fibrotic tissue [90]. This altered tissue is typically stiffer 

than healthy tissue, which can be sensed by neighboring 

cells, leading to abnormal cellular responses, including 

senescence [91]. Therefore, it is conceivable that collagen 

secreted by emerging senescent astrocytes during 

extended culture gradually accumulates and transforms 

the cellular environment into a fibrotic milieu. This may 

potentially facilitate the senescence of a larger number of 

cells. While this hypothesis is plausible, it is imperative to 

undertake further investigations into the shifts in ECM 

composition following an extended culture of astrocytes 

to substantiate this proposition. 

Considering the wide range of senescence traits 

triggered by various causes within a brief timeframe, it is 

likely that the abovementioned factors appear to be 

interconnected and cooperatively drive the cell towards 

senescence. Then, through senescence-stabilizing or 

propagating mechanisms, such as the NFκB signal-

mediated SASP, it may spread to neighboring cells during 

the culture periods. This idea is consistent with a previous 

proposal that defines cellular senescence as a cellular 

response to a wide range of stresses and suggests that 

these stresses are mechanistically interlinked in the 

context of generating senescence phenotypes [92]. In this 

regard, our system provides a superior cellular model for 

astrocyte senescence compared with previous models. 

Rather than inducing senescence with a known cue, which 

primarily elicits cellular responses dependent on the 

nature of the stimulation, our cellular model represents a 

wide range of senescence phenotypes resulting from 

various causes and their cooperative actions. This may 

more accurately mimic the events that occur in senescent 

cells or cells during senescence.  

This study investigated the impact of SRT2104 on 

astrocyte senescence. SRT2104 is one of the latest 

synthetic SIRT1 activators that has been tested in animal 

models for age-related diseases including osteoporosis 

and Huntington’s disease [86, 93]. Subsequent clinical 

studies demonstrated its safety, tolerability, and 

bioavailability in humans [94, 95]. It is also important to 

note that SRT2104 displays an ability to penetrate the 

brain [86], highlighting the potential applications of 

SRT2104 in treating neurodegenerative diseases. 

Recently, a seminal study demonstrated that the 

elimination of senescent astrocytes, either through genetic 

or pharmacological means, prevented tau-dependent 

pathology and improved cognitive function in an AD 

mouse model [96]. This study underscored the potential 

of targeting senescent astrocytes as a therapeutic approach 

for AD. Considering all evidence presented by previous 

studies and ours, it may be feasible to utilize SRT2104 in 

the treatment of neurodegenerative diseases, including 

AD. However, further investigation is required to 

accomplish this, as follows. First, it is crucial to determine 

the precise molecular mechanisms underlying how 

SRT2104 attenuates astrocytic senescence. Second, it is 

important to investigate whether attenuating astrocyte 

senescence, rather than eliminating already senescent 

astrocytes, can yield beneficial effects in the context of 

neurodegeneration. Third, it is essential to determine how 
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other types of CNS cells, such as various neuronal 

subtypes, oligodendrocytes, and microglia, respond to 

SRT2104, as treatment outcomes may be influenced by 

non-astrocyte-specific functions. Importantly, many of 

these examinations can be performed using hPSC-based 

platforms including ours, as exemplified by our 

observation that SRT2104 enhances mitophagy in 

senescent astrocytes. Thus, the results obtained with 

SRT2104 provide a proof of concept that senescent 

astrocytes can serve as a cellular platform for screening 

chemical compounds that can alter the phenotypes of 

senescent astrocytes into non-deleterious states 

(senomorphics) or eliminate senescent astrocytes 

(senolytics). This is important because these two classes 

of drugs, collectively referred to as senotherapeutics, have 

recently garnered considerable attention as new 

alternatives for anti-cancer and anti-aging strategies and 

novel interventions for neurodegenerative diseases [97]. 

Despite the prevailing conception that hPSC-derived 

cells are immature and unsuitable for modeling or 

studying age-related diseases, the present study provides 

a novel cellular platform comprising senescent astrocytes 

derived from hPSCs. These astrocytes exhibit a broad 

spectrum of senescence phenotypes and reproduce key 

functional defects associated with the onset and 

progression of neurodegenerative diseases. Consequently, 

hPSC-derived senescent astrocytes provide an 

unparalleled opportunity to investigate the pathology of 

numerous neurodegenerative diseases and to screen drugs 

that can modulate senescence in human astrocytes. The 

development of such therapeutics holds promise in 

addressing the growing threat posed by the rapidly 

increasing population of individuals affected by 

intractable neurodegenerative diseases. 
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