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Introduction: ATF3, a stress-induced transcription factor, has been implicated in the injury processes of various cell types, including 
neurons. It is recognized as a common marker for neuronal damage following neurotrauma. However, its role in other types of glial 
cells, particularly astrocytes, in response to ischemic injury remains unclear. Mitochondrial dysfunction is a key factor in the 
pathogenesis of ischemic stroke, and impaired mitochondrial function in astrocytes is associated with astrocyte activation. This 
study aimed to explore the relationship between mitochondrial damage and ischemic stroke and to investigate how ATF3 regulates 
mitochondrial dysfunction and astrocyte activation in the context of ischemic injury.
Methods: In a transient middle cerebral artery occlusion (tMCAO) mouse model, we knocked down ATF3 and assessed infarct size, 
motor deficits, astrocyte activation, and mitochondrial damage. In vitro, we used oxygen-glucose deprivation and reoxygenation 
(OGD-R) to simulate ischemia and evaluated the impact of ATF3 knockdown on astrocyte activation and mitochondrial function.
Results: ATF3 knockdown exacerbated infarct size, motor deficits, and astrocyte activation in vivo, with increased mitochondrial 
damage. In vitro, ATF3 depletion worsened mitochondrial dysfunction and astrocyte activation. ATF3 interacted with Drp1 via Akt2, 
inhibiting mitochondrial fission and protecting astrocytes.
Conclusion: ATF3 regulates mitochondrial fission and protects astrocytes in ischemic stroke, highlighting its potential as 
a therapeutic target for stroke recovery.
Keywords: activating transcription factor 3, ATF3, acute ischemic stroke, AIS, astrocytes, mitochondrial dysfunction, dynamics- 
related protein 1, Drp1, threonine/serine kinase 2, Akt2

Introduction
Stroke is a condition distinguished by cerebral hemorrhagic injury or ischemia, primarily manifests as acute ischemic 
stroke (AIS), which is the prevailing form.1 AIS, a neurological condition, stands as a significant contributor to 
permanent morbidity and disability on a global scale.2 Currently, tissue plasminogen activator (tPA) remains the sole 
beneficial treatment for AIS patients,3 yet only 5% of patients effectively respond to tPA.4 Despite prior research efforts 
focusing on rescuing brain neurons from irreversible damage, these interventions, while promising in experimental stroke 
models, have not translated into significant clinical benefits.5 To explore new therapeutic avenues, it is crucial to consider 
treatments that target a broader range of cell types. Notably, astrocytes, the most abundant cells in the nervous system, 
have garnered attention in our research endeavors. These cells play a vital role in maintaining normal brain function 
through their interactions with and influence on parenchymal cells.6,7 Recent studies have shown that activated astrocytes 
can enhance the secretion of inflammatory factors, leading to a worsening of the local inflammatory response.8,9 
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Interestingly, there is a lack of obvious neuronal death in the initial stages of ischemic injury, with an observed increase 
in glial fibrillary acidic protein (GFAP) expression under these conditions.10 Furthermore, it has been demonstrated that 
treatments aimed at reducing infarct size often result in a decrease in astrocyte responses.11,12 As a result, targeting 
specific pathways that either enhance the beneficial effects or reduce the detrimental functions of astrocytes could serve 
as promising therapeutic strategies for stroke.

According to the sequencing map, certain studies have identified potential molecular targets of AIS through 
bioinformatics analysis. One of the genes that shows significant differential expression is the activating transcription 
factor 3 (ATF3), which belongs to the ATF/cAMP response element-binding protein transcription factor family.13 While 
ATF3 is typically minimally expressed under normal conditions, it shows a rapid increase in expression during the early 
stages of inflammation when induced by stress factors like ischemia, endotoxin, and cytokines, particularly in the brain. 
ATF3 also serves as a neuronal marker for nerve damage.14,15 After permanent cerebral ischemia, studies indicate that 
there is an initial, temporary increase in the expression of ATF3 in the core region of ischemia. Conversely, a delayed, 
sustained, and lower level of induction is noted in the penumbra region.16 Furthermore, studies indicate that the 
immunoreactivity of ATF3 overlaps with damage-induced neuronal endopeptidase, which can enhance antioxidant 
activity and potentially act as a neuroprotective agent under ischemic injury.17 Additionally, bioinformatics analysis 
has indicated that ATF3 could potentially offer a protective effect against ischemic stroke.18,19 However, the precise 
molecular mechanisms that underlie ATF3-related signaling pathways in ischemic stroke are not well elucidated. 
Therefore, investigating the influence of ATF3 on astrocyte activation during ischemic stroke could have significant 
implications.

Reactive astrocytes in AIS exhibit an imbalance in mitochondrial energy metabolism, leading to an inflammatory 
response that exacerbates ischemic injury.20 Mitochondria are essential for preserving cellular homeostasis as they 
regulate numerous metabolic processes and stress response mechanisms.21,22 Following ischemia-reperfusion, mitochon
drial fission in astrocytes emerges as an early trigger for neuronal death post-cerebral ischemia.23 Recent studies have 
revealed that transient global ischemia activates mitochondrial dynamics-related protein 1 (Drp1) in rat brain tissue, 
promoting mitochondrial fission.24 Phosphorylation of Drp1 (p-Drp1) is a key mechanism for regulating excessive 
mitochondrial fission.25 This overactive fission indicates mitochondrial impairment, marked by increased levels of 
reactive oxygen species (ROS) and the opening of mitochondrial permeability transition pores, which results in 
dysfunctional mitochondria.26 However, the molecular signals received by mitochondria during astrocyte activation 
and the regulatory mechanisms involved remain unclear. Given that ATF3 is upregulated during early inflammation, we 
hypothesized that mitochondria function might contribute to the physiological function of ATF3 in AIS.

Therefore, in this study, we hypothesize that ATF3 in astrocytes of AIS plays a role in reducing astrocyte activation 
by suppressing mitochondrial fission, ultimately slowing down the progression of AIS-induced damage. Investigating 
these mechanisms will enhance our understanding of the pathogenesis of AIS and identify promising therapeutic 
strategies.

Methods and Materials
Animals
Animal experiments were conducted in compliance with laws regarding the use and care of laboratory animals, the 
animal protocol was approved by Sun Yat-sen Memorial Hospital, Sun Yat-sen University Laboratory Animal Research 
Platform (AP20240052). The procedure for creating an animal model of acute ischemic stroke (AIS) involved subjecting 
male C57BL/6 mice (8–12 weeks old) to transient middle cerebral arterial occlusion (tMCAO) surgery, as described in 
previous studies.27 In summary, the mice were anesthetized and kept under 2% isoflurane in 60% oxygen, with the 
surgery carried out using a stereomicroscope. A midline skin incision measuring 2 cm in length was made in the neck 
region to expose and carefully dissect the right common carotid artery (CCA), external carotid artery (ECA), and internal 
carotid artery (ICA) from the surrounding nerves. The distal ECA was tied off with a 6–0 suture after temporarily 
clamping the CCA. Subsequently, a 0.22–0.23 mm nylon suture was inserted into the ECA and advanced 9–10 mm 
through the ICA to the middle cerebral artery origin. After 60 minutes of occlusion, the nylon suture was removed and 
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blood flow was restored by releasing the CCA clamp. The control group, represented by sham-operated mice, underwent 
the same procedure without vessel occlusion. Throughout the procedure, the mice were kept warm using a thermal 
blanket to maintain their body temperature.

Microinjection of ATF3 shRNA Lentivirus
The Con and ATF3 shRNA-GFP lentiviruses were injected into the left lateral ventricle of eight-week-old C57BL/6J 
mice at specific coordinates. The injection was done using 1 μL of 1×109 viral genomes/µL. The coordinates for the 
microinjection were as follows: anteroposterior, −0.3 mm; lateral, 1.0 mm; and ventral, 2.2 mm. Two weeks following 
the lentivirus microinjection, the mice were split into four groups to assess the impact of shRNA ATF3 in the tMCAO 
model: shRNA Con + Sham; shRNA ATF3 + Sham; shRNA Con + tMCAO; and shRNA ATF3 + tMCAO.

Measurements of Neurological Deficit and Rotarod Tests
The neurological deficit was evaluated 24 hours post tMCAO using the mNSS method, which assesses motor function, 
sensory perception, and reflex issues.28 This scoring system ranges from 0 to 18, with higher scores indicating more 
severe injuries. Specifically, a score of 13 to 18 indicates severe injury, 7 to 12 indicates moderate injury, and 0 to 6 
indicates mild injury. Each point on the scale reflects the inability to perform a test or the absence of a reflex, 
emphasizing the correlation between score and injury severity. This method provides a comprehensive assessment of 
neurological deficits post tMCAO, offering valuable insights into the extent of brain damage and potential functional 
impairments.

Mice were subjected to a motor coordination assessment by being placed on an accelerated rotary bar (Harvard 
Apparatus, MA, USA) for five minutes. The rod speed ranged from 4 to 40 rpm. The time taken for each mouse to 
descend from the rotarod to the plate was recorded. Prior to the formal test on the third day, all mice underwent training 
for three days, five times a day.

TTC Staining and Measurement of Cerebral Infarction
The volume of the infarction was assessed 24 hours following tMCAO. Anesthetizing mice was done with 5% isoflurane 
before perfusing intracardially with 0.9% saline solution. Following the removal of the brains, they were coronally sliced 
into sections that were 2mm thick, and then immersed in a 1% TTC solution (MP Biomedicals, California) for 15 minutes 
at 37°C in the absence of light. Following this, the sections were fixed in a phosphate buffer with 4% PFA for a duration 
of 30 minutes. Healthy brain tissues appeared red, while infarcted tissues remained unstained (white). The TTC-stained 
brain sections were then captured in photographs, which were later analyzed using ImageJ software. The calculation of 
infarct volume was done through the integration of the infarcted areas found in all slices from each brain.29

Transmission Electron Microscopy
Brain tissues were freshly collected and then fixed with a solution of 2.5% glutaraldehyde in 0.1 M phosphate buffer. 
After the fixation process, a 1% osmium tetroxide solution in 0.1 M phosphate buffer was used. Dehydration of the 
tissues was achieved using ethanol, followed by infiltration with propylene oxide. Thin sections were prepared with an 
ultramicrotome, followed by staining with uranyl acetate and lead citrate. Mitochondria visualization was achieved 
through transmission electron microscopy (Tecnai G 20 TWIN). Digital images were captured to facilitate the quanti
tative analysis of the mitochondrial area, perimeter, and roundness.

Immunofluorescence
To visualize the expression of target proteins within mouse brain tissues, immunostaining was performed. The brain 
tissue samples were harvested and then fixed in a 4% paraformaldehyde solution for a duration of 24 hours. After 
fixation, the tissues were embedded in paraffin, and subsequently, paraffin blocks were sectioned into 4 μm slices for the 
immunostaining process. For the immunofluorescence technique, sections and cell slides were prepared, after which 
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were applied to highlight specific primary antibody 
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bindings. A laser scanning confocal microscope (Olympus FluoView™ FV1000, Tokyo, Japan) was used to observe the 
stained sections and cell slides, and images were obtained for subsequent statistical analysis.

Cell Culture and Stable Cell Lines
Mouse astrocytes (C8-D1A cells) used in this study were procured from Wuhan Procell Life Science and Technology 
Company, located in China. At 37 °C and 5% CO2, the cells were grown in DMEM (Gibco, Grand Island, NY, USA) 
with 10% FBS and 1% P/S solution (penicillin/streptomycin).

C8-D1A cells were subjected to transfection using lentivirus particles that either carried ATF3-specific shRNA or an 
unrelated shRNA as a negative control. These particles were sourced from GZSCBIO (Guangzhou, China). This 
procedure aimed to generate stable cell lines with reduced ATF3 protein expression. For the knockdown of ATF3, the 
shRNA sequence used was GCATCCTTTGTCTCACCAATT.

Oxygen–Glucose Deprivation/Reoxygenation Model
The oxygen-glucose deprivation/reoxygenation (OGD/R) model was performed according to a methodology described in 
a prior publication.30 Cells were subjected to OGD by culturing them in deoxygenated DMEM without glucose and FBS. 
Subsequently, the cells were exposed to a gas mixture of 95% nitrogen and 5% carbon dioxide in an incubator for 
3 hours. Following this, the cells were transferred to an incubator containing 95% air and 5% carbon dioxide, and the 
glucose-free DMEM was exchanged for a complete medium. In contrast, the control cells were maintained in standard 
DMEM supplemented with 10% FBS for the same duration.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) analysis was conducted utilizing the Chromatin Immunoprecipitation Assay Kit 
(GZSCBIO, Guangzhou, China) and protocols recommended by the manufacturer. C8-D1A cells underwent OGD/R 
treatment, then were fixed with 1% formaldehyde at 37°C for 10 minutes. Subsequently, cell lysates were obtained and 
sonicated to produce DNA fragments ranging from 500 to 100 base pairs in length. Immunoprecipitation was carried out 
with rabbit anti-ATF (Abcam, Cat# ab207434), rabbit anti-H3 (Abcam, Cat# ab4729), and rabbit anti-IgG antibodies. 
After immunoprecipitation, DNA was isolated, purified, and subjected to quantitative PCR analysis using specific primers 
targeting the promoter regions of ATF3 and GAPDH (control). Normal immunoglobulin G served as a negative control, 
whereas anti-histone H3 was utilized as a positive control. The total input was derived from the supernatant of the no- 
antibody control.

Western Blot and Co-Immunoprecipitation Assays
Mouse tissues or C8-D1A cells underwent lysis using a RIPA buffer that was enhanced with a 1% protease and 
phosphatase inhibitor cocktail. Post-lysis, the samples were subjected to separation via SDS-PAGE and subsequently 
transferred onto polyvinylidene fluoride membranes through electro-transfer. These membranes were then blocked using 
a 5% non-fat dry milk solution for one hour at room temperature. Following the blocking step, they were incubated 
overnight at 4°C with primary antibodies, then washed, and further incubated in a blocking solution containing the 
appropriate HRP-conjugated secondary antibody for 2 hours at room temperature. To determine protein expression 
levels, the electrochemiluminescence detection system from Tanon, China, was employed. The specific antibodies 
utilized for Western blotting in this study included ATF3 from Abcam (Catalog #ab207434), Phospho-Drp1 (Ser637) 
from Cell Signaling Technology (Catalog #4867), GFAP from Cell Signaling Technology (Catalog #3670), Drp1 from 
Cell Signaling Technology (Catalog #8570), Akt2 from Proteintech (Catalog #28113-1-AP), and Beta-actin from 
Proteintech (Catalog #66009-1-Ig).

Protein interactions were examined using co-immunoprecipitation assays. The C8-D1A cells subjected to OGD/R 
treatment were collected and lysed using the specified lysis buffer. The lysates were then incubated with Protein A/G 
PLUS agarose beads that were conjugated with either an anti-Akt2 antibody (Proteintech, Cat# 28113-1-AP) or an IgG 
isotype control antibody at 4°C overnight. Subsequently, Western blot analysis was carried out with an anti-DRP1 
antibody (Cell Signaling Technology, Cat# 8570) to identify the target protein.
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Mitochondrial Membrane Potential and ROS Production
The C8-D1A cells were used for the analysis of mitochondrial membrane potential (ΔΨm) using a JC-1 dye kit obtained 
from Beyotime Biotechnology, Shanghai, China, according to the manufacturer’s instructions. Post-treatments, cells were 
harvested from 6-well plates. Changes in ΔΨm were evaluated by measuring the emission of red or green fluorescence, 
corresponding to the J-aggregates or monomers of JC-1, respectively. Flow cytometry was used to quantify the reduction 
in ΔΨm specifically in early apoptotic cells.

To determine the levels of ROS in C8-D1A cells, an assay kit for ROS from Beyotime Biotechnology in Shanghai, 
China was used. In brief, intracellular ROS oxidized the probe 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA), 
leading to the production of fluorescent DCF.The fluorescence emitted by DCF was measured with a fluorescence 
spectrophotometer (CytoFLEX LX) to evaluate the ROS levels.

Statistics
The mean ± standard error of the mean (SEM) was used to express the data. Student’s t-tests were used for two-group 
comparisons, and comparisons involving three or more groups employed ANOVA followed by Holm-Sidak tests. 
Statistical significance was determined as p < 0.05. Statistical analysis and graphical representation were performed 
using GraphPad Prism.

Results
ATF3 Upregulation Associated with Mitochondrial Damage and Astrocyte Activation 
in the tMCAO Model
After establishing the tMCAO model in mice, we performed immunofluorescence staining and observed a significant increase in 
the expression of ATF3 and GFAP (astrocyte markers) in the brain tissue (Figure 1A). Concurrently, using transmission electron 
microscopy, we identified distinct alterations in mitochondrial morphology and cristae structure. In the Sham, elongated 
mitochondria with intact mitochondrial cristae were observed, whereas the tMCAO model mice exhibited fragmented mito
chondria, characterized by shortened rods or spherical shapes, and disrupted mitochondrial cristae (Figure 1B). Furthermore, 
morphometric analysis of the electron micrograph images revealed notable reductions in mitochondrial area, perimeter, and 
roundness in tMCAO mice compared to the Sham (Figure 1C–E). Western blot analysis of tMCAO mice brain tissue indicated 
changes in the expression of the phosphorylated form of the mitochondrial fission-related protein Drp1 at Ser637. Specifically, 
there was a decrease in the levels of p-Drp1 (Ser637), accompanied by a significant upregulation of ATF3 and GFAP expression 
in tMCAO mice when compared to the Sham (Figure 1F–H). Combined, the results present convincing proof that the tMCAO 
model induces increased expression of ATF3 and GFAP in the brain tissue, accompanied by mitochondrial damage and astrocyte 
activation.

Knockdown of ATF3 Expression Aggravates Cerebral Ischemia in Mice
To investigate the role of ATF3 in the pathogenesis of stroke, ATF3 lentivirus was microinjected into the lateral ventricle of mice 
(Figure 2A). Lentiviral transfection efficacy was confirmed in vivo by widespread GFP detection in the cortex (Figure 2B). 
Following two weeks post lentivirus injection, the mice underwent tMCAO surgery. Infarct size and brain damage severity were 
assessed 24 hours post-surgery using TTC staining. Knocking down ATF3 resulted in a larger brain obstruction area in mice 
subjected to tMCAO, indicating more severe damage (Figure 2C and D). Behavioral assessments were conducted to support the 
aforementioned observations. Mice in the ATF3-shRNA group showed a significant decrease in neurological deficit scores 
compared to the Con-shRNA group after tMCAO surgery (Figure 2E). Moreover, the time spent on the rotarod by mice in the 
tMCAO group decreased significantly after ATF3 knockdown, indicating a decline in their exercise ability (Figure 2F). These 
results collectively suggest that downregulation of ATF3 exacerbates brain infarction and injury, leading to neurological deficits 
and impaired motor abilities in mice following stroke.
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Figure 1 ATF3 upregulation associated with mitochondrial damage and astrocyte activation in the tMCAO model. (A) Immunofluorescence for GFAP and ATF3 expression 
in the brain of SHAM and Transient middle cerebral arterial occlusion (tMCAO)-operated mice. Red, GFAP; Green, ATF3; Blue, DAPI. Scale bars: 20 μm. (B-E) 
Representative transmission electron micrographs of the ultrastructure of mouse brain obtained from SHAM and tMCAO mice (the arrows indicate the elongated 
mitochondria in SHAM mice and the shots and fragments of damaged mitochondria in tMCAO mice), and quantification of mitochondrial area, perimeter, and roundness by 
morphometric analysis. Scale bars: 500 nm. (n=3, * p < 0.05) (F-H) Western blot and densitometric analysis of ATF3, GFAP, and mitochondria dynamic proteins in the brain 
of sham and tMCAO mice. (n=3, * p < 0.05).
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Figure 2 Knockdown of ATF3 expression aggravates cerebral ischemia in mice. (A) Schematic diagram illustrating the experimental process. (B) Representative images are 
shown of the distribution of ATF3-GFP lentivirus shRNA in the cerebral cortex following microinjection of lentivirus. The microinjection of ATF3 shRNA into the lateral 
ventricle was performed, and the images were captured 2 weeks post-microinjection. Scale bars: 20 μm. (C-D) Representative images of TTC-stained brain slices. After 
lentivirus microinjection, the mice were subjected to tMCAO for 60 min and reperfusion for 24 h. (n=6, * p < 0.05 compared with Con-shRNA + SHAM group, # p < 0.05 
compared with Con-shRNA + tMCAO group) (E) The effects of lentivirus-mediated ATF3 shRNA on the neurological deficit score were assessed at 24 hours after 
reperfusion. (n=12, * p < 0.05 compared with Con-shRNA + SHAM group, # p < 0.05 compared with Con-shRNA + tMCAO group) (F) Motor coordination and balance 
were assessed by rotarod tests in the ATF3-shRNA treated at 24 hours after reperfusion. (n=12, * p < 0.05 compared with Con-shRNA + SHAM group, # p < 0.05 
compared with Con-shRNA + tMCAO group).
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Knockdown of ATF3 Expression Aggravates Mitochondrial Damage and Astrocyte 
Activation in vivo
Our study aimed to investigate the regulatory pathways associated with ATF3 in stroke, building upon previous research 
that has shown a significant correlation between ATF3 and mitochondrial damage as well as astrocyte activation.31,32 

Consistent with these findings, we observed mitochondrial damage and astrocyte activation in the tMCAO model. 
Building on this, our study utilized a tMCAO model to investigate the impact of ATF3 in stroke. Initially, ATF3 was 
knocked down in brain tissue followed by the establishment of the tMCAO model. Transmission electron microscopy 
analysis revealed severe mitochondrial damage in ATF3-shRNA mice compared to Con-shRNA mice following tMCAO 
surgery. Mitochondrial cristae structures were almost absent, indicating pronounced disruption (Figure 3A). Subsequent 
morphometric analysis of electron micrograph images indicated a significant reduction in the area, perimeter, and 
roundness of mitochondria in the brain tissue of mice with ATF3 knockdown (Figure 3B–D). Immunofluorescence 
staining of brain sections showed elevated GFAP expression, indicating astrocyte activation, in ATF3-shRNA mice after 
tMCAO, while ATF3 expression was virtually undetectable (Figure 3E). To investigate the role of ATF3 in mitochondrial 
damage in tMCAO mice, we analyzed the expression of p-Drp1 (Ser637). Western blot analysis revealed that the ATF3- 
shRNA group in tMCAO mice exhibited significantly lower levels of p-Drp1 (Ser637) compared to the Con-shRNA 
group. Additionally, the expression of GFAP was consistent with the immunofluorescence results (Figure 3F–H). These 
findings suggest that the downregulation of ATF3 leads to astrocyte activation and mitochondrial damage through the 
promotion of mitochondrial fission.

Knockdown of ATF3 Expression Aggravates Mitochondrial Damage and Astrocyte 
Activation in vitro
To investigate the ATF3-mediated regulation of mitochondrial damage, we conducted in vitro experiments using C8-D1A 
cells transfected with Con-shRNA or ATF3-shRNA, followed by treatment with OGD-R. Consistent with our in vivo 
observations, following treatment of C8-D1A cells with OGD-R, a decrease in p-Drp1 (Ser637) protein expression was 
observed upon knocking down ATF3, along with an increase in GFAP protein expression (Figure 4A–C). 
Immunofluorescence staining was performed to assess the cellular localization and expression of ATF3, GFAP, and 
p-Drp1 (Ser637) in OGD-R-treated cells. The staining revealed an increase in the fluorescence intensity of ATF3 and 
GFAP (Figure 4D), we further quantified the number of GFAP-positive cells and observed an increasing trend in the 
GFAP positivity rate. (Figure 4E). The fluorescence intensity of p-Drp1 (Ser637) was attenuated (Figure 4F). Notably, 
ATF3 knockdown further augmented the fluorescence intensity of GFAP and significantly diminished that of p-Drp1 
(Ser637). To elucidate the link between ATF3 and mitochondrial damage, we evaluated cellular levels of ROS 
(Figure 4G) and mitochondrial membrane potential (Figure 4H) as indicators of mitochondrial function. Our results 
demonstrated an elevation in ROS levels and a decline in mitochondrial membrane potential in C8-D1A cells following 
OGD-R treatment. Remarkably, the knockdown of ATF3 exacerbated the rise in ROS levels and further compromised the 
mitochondrial membrane potential. In summary, our experiments conducted in vitro offer more proof that ATF3 is 
involved in controlling mitochondrial impairment and triggering astrocyte activation during a stroke.

ATF3 Activation of Akt2 Induces Mitochondrial Damage and Astrocyte Activation
To further elucidate the mechanism by which ATF3 regulates mitochondrial damage, we identified potential target genes 
of ATF3 through the UCSC. Among these, threonine/serine kinase 2 (Akt2) has been shown to be involved in the 
phosphorylation of the mitochondrial fission protein Drp1. We speculate that Akt2, as a target gene of ATF3, plays 
a crucial role in the regulation of mitochondrial damage. To investigate this hypothesis, we initially conducted a ChIP 
experiment, which revealed a strong affinity of ATF3 for the promoter region of Akt2, with site 2 showing the most 
significant association (Figure 5A). Subsequent co-IP experiments (Figure 5B) demonstrated an interaction between Akt2 
and drp1 proteins in astrocytes under OGD-R conditions. To further confirm the involvement of Akt in the ATF3- 
mediated mechanism of stroke, we performed immunofluorescence staining (Figure 5C) and observed a significant 
enhancement of Akt2 fluorescence signal in astrocytes treatment with OGD-R. However, knockdown of ATF3, the signal 
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Figure 3 Knockdown of ATF3 expression aggravates mitochondrial damage and astrocyte activation in vivo. (A-D) Representative transmission electron micrographs of the 
ultrastructure of the mouse brain. Mice were treated with tMCAO at 2 weeks after ATF3-shRNA lentivirus microinjection. (The arrows indicate that mitochondrial integrity 
was compromised by the knockdown of ATF3), and quantification of mitochondrial area, perimeter, and roundness by morphometric analysis. Scale bars: 500 nm. (n=3, * p < 
0.05 compared with Con-shRNA + SHAM group, # p < 0.05 compared with Con-shRNA + tMCAO group) (E) Immunofluorescence for the visualization of GFAP and ATF3 
expressions in the brain slices. Red, GFAP; Green, ATF3; Blue, DAPI. Scale bars: 20 μm. (F-H) Western blot and densitometric analysis of ATF3, GFAP, and mitochondria 
dynamic proteins in the brain. (n=3, * p < 0.05 compared with Con-shRNA + SHAM group, # p < 0.05 compared with Con-shRNA + tMCAO group).
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Figure 4 Knockdown of ATF3 expression aggravates mitochondrial damage and astrocyte activation in vitro. C8-D1A astrocyte cells were transfected by Con-shRNA or 
ATF3-shRNA and were treated with OGD-R (OGD for 3 h and reperfusion for 3h). (A-C) Western blot and densitometric analysis of ATF3, GFAP, and mitochondria dynamic 
proteins in C8-D1A astrocyte cells. (n=3, * p < 0.05 compared with Con-shRNA + Control group, # p < 0.05 compared with Con-shRNA + OGD-R group) (D) 
Immunofluorescence for the visualization of GFAP and ATF3 expressions in C8-D1A astrocyte cells. Red, GFAP; Green, ATF3; Blue, DAPI. Scale bars: 20 μm. (E) The % 
GFAP positive cells using Image J software. (n=3, * p < 0.05 compared with Con-shRNA + Control group, # p < 0.05 compared with Con-shRNA + OGD-R group) (F) 
Immunofluorescence for p-Drp1 (Ser637) expression in C8-D1A astrocyte cells. Red, p-Drp1 (Ser637); Blue, DAPI. Scale bars: 20 μm. (G) Intracellular reactive oxygen species 
(ROS) generation. (n=3, * p < 0.05 compared with Con-shRNA + Control group, # p < 0.05 compared with Con-shRNA + OGD-R group) (H) Mitochondrial membrane 
potential was determined by JC-1 fluorescence. (n=3, * p < 0.05 compared with Con-shRNA + Control group, # p < 0.05 compared with Con-shRNA + OGD-R group).
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Figure 5 ATF3 activation of Akt2 induces mitochondrial damage and astrocyte activation. (A) The interaction between ATF3 and Akt2 promoter region was determined by ChIP assay, 
site-2 is the most bound. (B) co-immunoprecipitation assay for Akt2 and Drp1 interaction. (C) Immunofluorescence for p-Drp1 (Ser637) expression in C8-D1A astrocyte cells were 
transfected by Con-shRNA or ATF3-shRNA and treated with OGD-R. Red, Akt2; Blue, DAPI. Scale bars: 20 μm. (D and E) intracellular protein expressions of Akt2 in C8-D1A 
astrocyte cells (n=3, * p < 0.05 compared with Con-shRNA + Control group, # p < 0.05 compared with Con-shRNA + OGD-R group) (F) Immunofluorescence for the visualization of 
Akt2 expressions in the brain slices. Mice were treated with tMCAO at 2 weeks after ATF3-shRNA lentivirus microinjection. Red, Akt2; Blue, DAPI. Scale bars: 20 μm. (G and H) 
Western blot and densitometric analysis of Akt2 in the brain. (n=3, * p < 0.05 compared with Con-shRNA + SHAM group, Δ p < 0.05 compared with Con-shRNA + tMCAO group).
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of Akt2 noticeably weakened. Concurrently, Western blotting results (Figure 5D–E) substantiated an evident increase in 
Akt protein levels in the OGD-R group, which significantly decreased upon ATF3 knockdown. Lastly, our in vivo 
experiments provided validation, as both immunofluorescence and Western blotting analyses (Figure 5F–H) consistently 
indicated a notable rise in Akt2 levels within the Con-shRNA group when compared to the tMCAO and Sham groups. 
However, Akt2 expression significantly decreased upon ATF3 knockdown. Our findings suggest that ATF3 regulates 
mitochondrial fission through the activation of the target gene Akt2, thereby contributing to stroke-induced damage.

Discussion
Our study revealed that ATF3 was upregulated in brain tissue, accompanied by mitochondrial damage and astrocyte 
activation. Knocking down ATF3 exacerbated mitochondrial damage and astrocyte activation, resulting in increased 
infarct size, brain damage, and neurological deficits in mice. In vitro experiments also showed that ATF3 knockdown 
worsened activation and mitochondrial damage in astrocytes treated with OGD-R. Furthermore, the study suggested that 
ATF3 may inhibit mitochondrial fission through the activation of Akt2.

ATF3, an essential gene in response to stress, is involved in multiple cellular functions including stress response, 
healing wounds, immune response, cancer development, and signaling transduction pathways.33–35 In a recent study,36 

ATF3 was found to be significantly overexpressed in cerebral ischemia and its deletion exacerbated brain damage and 
inflammatory response. Upregulation of ATF3 expression in astrocytes has been shown to effectively alleviate their pro- 

Figure 6 The deduced schematic illustration of ATF3 regulating astrocyte activation in stroke. Schematic representation of ATF3 regulation in stroke progression. As 
depicted in the dashed box above, upregulated ATF3 activates Akt2, promoting the activity of p-Drp1 (Ser637), reducing mitochondrial damage, inhibiting astrocyte 
activation, and improving cerebral infarction. In the dashed box below, knocking down ATF3 inhibits Akt2 activity and downregulates p-Drp1 (Ser637), which leads to 
mitochondrial damage, promoting astrocyte activation, and consequently cerebral infarction.
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inflammatory state and limit excessive inflammation.37 Additionally, studies have indicated that the size of the infarct 
area in brain tissue is associated with astrocytes, and a reduction in astrocyte reactivity is often observed in therapies 
aimed at reducing infarcted tissue.11 This study identified astrocyte activation in the brain tissue of tMCAO mice. 
Knocking down ATF3 in the brain tissue resulted in significantly enhanced astrocyte activation, exacerbating brain tissue 
infarction, neurological deficits, and motor impairments in mice. In vitro, astrocyte activation was also increased with 
ATF3 knockdown. To the best of our knowledge, this report presents the first evidence that downregulation of ATF3 
enhances OGD-R-induced astrocyte activation, revealing a novel function of ATF3 in regulating astrocyte activation.

Astrocytes, which are the most common glial cells scattered across the brain,38 react to a wide range of stresses or 
injuries by changing their expression profiles, a phenomenon known as “astrocyte activation”. Representing 20% of the 
brain’s oxygen usage, astrocytes have shown, through previous studies, changes in their metabolic pathways during 
reactions to inflammation and tissue damage.39,40 In organotypic hippocampal cultures, OGD leads to increased 
mitochondrial fission and decreased mitochondrial length, followed by mitochondrial damage in astrocytes hours after 
the onset of injury.41 Clearly, the changes in inflammatory and injury-related gene expression patterns in astrocytes are 
associated with alterations in mitochondrial dynamics.42,43 Meanwhile, in models of pulmonary fibrosis, ATF3 has been 
identified as a crucial gene in the mitophagy pathway.31 In this study, the knockdown of ATF3 significantly exacerbated 
mitochondrial injury. Through electron microscopy analysis of tMCAO mice brain tissue, we observed a significant 
reduction in mitochondrial area, perimeter, and roundness after ATF3 knockdown. In astrocytes treated with OGD-R 
in vitro, the dysfunction of mitochondrial function in astrocytes was further aggravated by ATF3 knockdown, as 
evidenced by increased levels of intracellular ROS and altered JC-1 staining. This study presents novel findings 
demonstrating that ATF3 plays a role in inducing mitochondrial damage in astrocytes under OGD-R conditions. 
Further elucidation of ATF3’s involvement in astrocyte activation may offer valuable insights for the development of 
new therapeutic approaches for diseases associated with astrocyte activation.

Mitochondria, as dynamic organelles, undergo processes of movement, fission, and fusion to maintain mitochondrial 
dynamics and ensure normal mitochondrial function.44 The recruitment of the mitochondrial fission protein Drp1 to 
mitochondria induces fission and leads to mitochondrial damage. The activation state of Drp1 is regulated by phosphor
ylation, with activation of the phosphorylation site Ser637 resulting in Drp1 inactivation and subsequent mitigation of 
mitochondrial damage.45 In this study, we observed a decrease in p-Drp1 (Ser637) levels in tMCAO mice and astrocytes 
subjected to OGD-R following knockdown of ATF3. This suggests that ATF3 may influence mitochondrial function by 
regulating the expression of p-Drp1 (Ser637). Subsequently, through genome bioinformatics analysis (http://genome. 
ucsc.edu/), we found a significant enrichment of ATF3 in the promoter region of Akt2. ChIP experiments confirmed the 
enrichment of ATF3 in the promoter region of Akt2 in astrocytes. Furthermore, literature reports have indicated that Akt2 
is able to phosphorylate Drp1 at Ser637 to prevent mitochondrial fission.46 Our coIP results confirmed the interaction 
between Akt2 and Drp1 in astrocytes under OGD-R conditions. Upon ATF3 knockdown, we observed a decrease in Akt2 
expression in both in vivo tMCAO mice and astrocytes subjected to OGD-R. This provides evidence that ATF3 activates 
p-Drp1 (Ser637) through Akt2, thus mitigating mitochondrial damage.

In conclusion, this study demonstrates that ischemic stroke significantly induces the expression of ATF3 in astrocytes, 
and ATF3 plays a crucial role in the process of astrocyte activation following stroke. Furthermore, the deficiency of ATF3 
leads to increased mitochondrial fission and exacerbates mitochondrial damage in astrocytes, which is associated with 
ATF3’s target gene, Akt2 (Figure 6). Therefore, ATF3 emerges as an important protective factor in stroke, and our 
research reveals the therapeutic potential of targeting ATF3 in the activation of astrocytes in stroke patients.

Abbreviations
AIS, acute ischemic stroke; tPA, tissue plasminogen activator; GFAP, glial fibrillary acidic protein; ATF3, activating 
transcription factor 3; Drp1, dynamics-related protein 1; p-Drp1, Phosphorylation of Drp1; ROS, reactive oxygen 
species; tMCAO, transient middle cerebral arterial occlusion; CCA, common carotid artery; ECA, external carotid 
artery; ICA, internal carotid artery; C8-D1A cells, Mouse astrocytes; OGD/R, oxygen-glucose deprivation/reoxygena
tion; ChIP, Chromatin immunoprecipitation; Akt2, threonine/serine kinase 2.
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