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Background: Neonatal hypoxic-ischemic encephalopathy (HIE) is a leading cause of neurological disability and mortality in 
newborns, with limited therapeutic options beyond hypothermia. Bromodomain and extra-terminal domain (BET) proteins function 
as epigenetic readers that regulate gene expression by recognizing acetylated lysine residues on histones. Among BET inhibitors, (+)- 
JQ1 (JQ1) has recently garnered attention due to its potent anti-inflammatory and antioxidant properties. This study aims to investigate 
the neuroprotective effects of JQ1 and elucidate the underlying mechanisms in the context of HIE brain injury.
Methods: We established an in vivo model via the modified Rice-Vannucci method, alongside an in vitro model using oxygen-glucose 
deprivation (OGD) in HT22 cells. Transcriptomic changes in cortical tissues during the acute phase after HIE were profiled through 
RNA sequencing. Western blot, immunofluorescence, immunohistochemistry, and transmission electron microscopy were employed to 
measure the levels of neuroinflammation and ferroptosis. Furthermore, SIRT3-knockdown HT22 cells under OGD conditions were 
used to validate the JQ1-mediated protective mechanisms.
Results: JQ1 treatment significantly reduced cerebral infarction, edema, and neuronal loss, while improving emotional behavior and 
cognitive functions after HIE. It inhibited the cGAS-STING pathway, and alleviated ferroptosis by restoring GPX4 and system Xc⁻ 
activity while reducing iron overload. These effects were reversed by the SIRT3 inhibitor 3-TYP or SIRT3 siRNA.
Conclusion: JQ1 exerts neuroprotective effects in neonatal hypoxic-ischemic encephalopathy by attenuating neuroinflammation and 
suppressing ferroptosis. We demonstrate that SIRT3 upregulation in the brain underlies the neuroprotective role of JQ1.
Keywords: hypoxic-ischemic encephalopathy, JQ1, SIRT3, ferroptosis, cGAS-STING pathway, oxidative stress

Introduction
Hypoxic-ischemic encephalopathy (HIE) is a brain injury from perinatal asphyxia, occurring in 1–8 per 1000 births in 
developed nations but with higher mortality in developing regions.1,2 The condition often leads to irreversible neurolo
gical deficits, including intellectual disability and epilepsy. Despite therapeutic hypothermia being the sole proven 
treatment,3,4 its narrow time window necessitates new strategies to improve long-term outcomes.

Epigenetic mechanisms, particularly chemical modifications that modulate gene expression without altering DNA 
sequence, plays a significant role in the pathogenesis of HIE. The Bromodomain and Extra-Terminal (BET) family 
(including BRD2, BRD3, BRD4, and BRDT) constitutes crucial epigenetic regulators. Among them, BRD4 is widely 
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expressed in the brain and has been extensively studied. It acts as an epigenetic “reader” by recognizing acetylated 
histones and recruiting transcriptional complexes.5 (+)-JQ-1 (hereinafter referred to as JQ1) is a BRD4-specific inhibitor 
with excellent blood-brain barrier penetration and cell membrane permeability.6 While JQ1 is known for its anti- 
inflammatory and glial cell-modulating effects in other diseases,7–9 its direct neuroprotective potential and therapeutic 
value in HIE remain unexplored.

Hypoxic-ischemic (HI) injury induces severe mitochondrial dysfunction, disrupts energy metabolism, and triggers 
excessive production of reactive oxygen species (ROS), ultimately results in neuronal death. Mitochondria are both 
a major source of ROS and a sensitive target of oxidative damage.10 Excessive ROS accumulation further impairs 
mitochondrial integrity, creating a vicious cycle. This process exacerbates oxidative stress and promotes ferroptosis—an 
iron-dependent form of cell death driven by lipid peroxidation.11–13 Ferroptosis is closely associated with dysfunction of 
the cystine/glutamate antiporter system (system xc⁻), which leads to glutathione (GSH) depletion and glutathione 
peroxidase 4 (GPX4) inactivation, thereby impairing the clearance of lipid peroxides.

Furthermore, mitochondrial damage can cause leakage of mitochondrial DNA (mtDNA) into the cytoplasm, where it 
activates the cGAS-STING innate immune pathway. Subsequent TANK-binding kinase 1 (TBK1) phosphorylation and 
Interferon regulatory factor 3 (IRF3) translocation drive transcription of type I interferons (IFNs) and pro-inflammatory 
cytokines, exacerbating neuroinflammation.14 Following HIE, the cGAS–STING pathway has been demonstrated to be 
significantly upregulated.15–17 Notably, JQ1 demonstrates the capacity to suppress cGAS–STING pathway activation and 
attenuate neuroinflammatory responses.18 Additionally, it may mitigate oxidative stress and inhibit ferroptosis,19 thereby 
promoting the restoration of mitochondrial function. These mechanisms collectively highlight the potential of JQ1 as 
a promising neuroprotective strategy for HIE.

Sirtuins are a class of NAD+-dependent deacetylases that regulate protein activity by removing acetyl groups from 
lysine residues. Sirtuin 3 (SIRT3), the primary mitochondrial deacetylase, plays a central role in maintaining mitochon
drial homeostasis.20,21 This includes regulating energy metabolism, biogenesis, dynamics, and oxidative stress responses. 
Research indicates that SIRT3 deficiency leads to elevated acetylation of mitochondrial proteins, reduced activity of 
various enzymes and protein complexes, and ultimately impaired oxidative phosphorylation. Intriguingly, recent studies 
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suggest that BET inhibition may enhance the accessibility of acetylated histone sites to sirtuin-mediated deacetylation, 
thereby upregulating SIRT activity.22,23 Based on their potential interplay in gene regulation, we propose that JQ1 may 
mitigate neuronal injury after HIE by concurrently targeting BET proteins and SIRT3.

In this study, we evaluate the effects of JQ1 on both brain injury and neurological recovery following HIE. By 
applying JQ1 in a rat Rice-Vannucci model and a neuronal oxygen-glucose deprivation (OGD) model, we demonstrated 
that JQ1 exerts neuroprotective effects via SIRT3 upregulation, thereby inhibiting the activation of the cGAS-STING 
signaling pathway and modulating the release of inflammatory cytokines and ferroptosis. Our findings may identify 
a novel epigenetics-based therapeutic strategy for mitigating neonatal brain injury and improving long-term neurological 
outcomes.

Materials and Methods
Animals and Treatment
Sprague-Dawley (SD) rats (200–250 g) used in this study were purchased from Zhejiang Laboratory Animal Center. The 
animals were housed under specific pathogen-free (SPF) conditions with a 12-hour light/dark cycle, provided with free 
access to food and water. All experimental procedures and protocols (Ethics Approval No: WIUCAS24020501) were 
approved by the Laboratory Animal Ethics Committee of Wenzhou Institute, University of Chinese Academy of 
Sciences. A total of 287 neonatal rats were used in this study, with a survival rate of 94.1%.

Healthy 7-day-old male neonatal rats were selected for experiments, excluding singletons and low birth weight 
individuals. After marking, the pups were randomly assigned to experimental groups. The Rice-Vannucci model was 
employed as follows: Pups were anesthetized with isoflurane, and the left common carotid artery was exposed, ligated 
and transected within 5 minutes. After regaining consciousness, the pups were returned to their dams. Two hours later, 
they were placed in a hypoxia chamber (XBS-03+, AIPU, China) maintained at 37°C with 8% oxygen concentration and 
5 L/min gas flow for 2.5 hours. Following hypoxia exposure, all pups were returned to their dams for subsequent 
experiments. The sham-operated group underwent left carotid artery exposure only, without ligation or hypoxia 
treatment.

JQ1 (purity 99.80%; CAS No. 1268524-70-4, MedChemExpress, China) was administered intraperitoneally (i.p) at 
doses of 10, 25, or 50 mg/kg24,25 at 2 hours post-hypoxia, with repeat doses every 24 hours (Figure 1A). For SIRT3 
inhibition, HIE group pups received intraperitoneal injection of 3-TYP (10 mg/kg; CAS 120241-79-4, MedChemExpress, 
China) 2 hours prior to hypoxia exposure.

Laser Speckle Blood Flow Imaging
Cerebral blood flow (CBF) was measured using the RFLSI ZW Laser Speckle Blood Flow Imaging System (RWD Life 
Technology, China). 48 hours after the surgery, rats were anesthetized with isoflurane. The skin along the midline of the 
head and neck was incised to fully expose the skull. Rats were positioned prone in a stereotaxic frame, and raw speckle 
images were captured. During acquisition, the exposed area was kept clean and the environment was maintained warm. 
Using RFLSI ANALYSIS software (RWD Life Technology, China), left cerebral hemisphere was selected as the region 
of interest (ROI) to analyze CBF changes. Following measurement, the scalp was sutured, and the pups were returned to 
their mothers.

Infarct Volume Measurement
Cerebral infarct volume was quantified using 2,3,5-triphenyltetrazolium chloride (TTC) staining. At 48 hours post- 
surgery, rats from each experimental group were anesthetized, and fresh brain tissues were harvested. Coronal sections 
(2-mm thickness) were immersed in 2% TTC solution (G3005, Solarbio, China) and incubated at 37°C for 30 minutes 
with gentle agitation every 10 minutes. Tissues were subsequently fixed in 4% paraformaldehyde for 24 hours. All 
procedures were performed under light-protected conditions. Fixed tissue slices were sequentially arranged on absorbent 
pads according to their anatomical orientation and photographed. Infarct areas were analyzed using Image J software 

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S578815                                                                                                                                                                                                                                                                                                                                                                                                       3

Yu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 1 JQ1 therapy attenuates HI-Induced neuronal damage. (A) The chemical structure of JQ1. (B) Diagrammatic illustration of the HI modeling procedure. (C) Laser 
speckle contrast image measuring CBF 48h after HIE. (D) Calculation of the difference in rCBF between the bilateral ROI (%), n=9 per group. (E) Representative images of 
TTC-stained coronal brain sections of rats in the Sham group, HI group, HI+10mg/kg JQ1 group, HI+25mg/kg JQ1 group, and HI+50mg/kg JQ1 group 48h after HIE. (F) 
Quantification of the coronal brain infarct volume (%), n=5 per group. (G) Quantification of the brain dry-wet ratio (%), n=6 per group. (H) Representative gross 
morphology of the brains from each group 7 days after HI injury. (I) Quantification of the residual brain volume (%), n=5 per group. (J) Representative image of HE staining in 
the cortex, hippocampal CA1, CA3, and DG region 7 days after HI injury. The scale bar represents 100μm. (K–N) Quantitative analysis of cell numbers in the CA1, CA3, 
and DG region and cortex in each group, n=5 per group. Data are expressed as mean ± SD independent replicates: ###P < 0.001 versus Sham group; *P < 0.05, **P < 0.01, 
***P < 0.001 versus HI+25mg/kg JQ1 group.
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(National Institutes of Health, USA). Infarct volume ratio (%) = [(contralateral normal hemispheric volume − ipsilateral 
normal hemispheric volume) / contralateral normal hemispheric volume] × 100%.

Brain Water Content Measurement
Following established protocols for cerebral edema quantification, rats from each experimental group were deeply 
anesthetized, and fresh left cerebral hemispheres were rapidly excised. Tissue specimens were immediately weighed to 
obtain wet weight (WW) using a calibrated analytical balance (±0.1 mg precision). Subsequently, samples were 
dehydrated in a forced-air drying oven at 65°C for 5 consecutive days until reaching constant mass, recorded as dry 
weight (DW). The brain water content was calculated using the formula: Brain water content (%) = [(WW - DW) / WW] 
× 100%.

Histopathological Staining
For histopathological evaluation, rats from each experimental group were transcardially perfused with 4% PFA under 
deep anesthesia at 48 hours and 7 days post-surgery. Brains were harvested and post-fixed in 4% PFA overnight at 4°C, 
followed by gradient dehydration, clearing, and paraffin embedding. Coronal sections (5-μm thickness) were cut using 
a microtome, mounted on adhesive slides, and dried at 60°C for subsequent staining procedures. Following deparaffi
nization and rehydration, sections were subjected to Hematoxylin and Eosin (HE) Staining (G1120, Solarbio, China) and 
Nissl Staining (G1120, Solarbio, China). Whole-slide images were acquired using a high-throughput slide scanner (KF- 
PRO-005-EX, KFBIO, China) equipped with bright-field optics. Regional morphological details were captured under an 
upright microscope (Eclipse Ni-U, Nikon, Japan). And ImageJ software was used for the analysis.

Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining
Following dewaxing and rehydration, tissue sections underwent antigen retrieval by boiling in citrate buffer (pH 6.0; 
C1010, Solarbio, China) for 15 min, then cooled to room temperature. For IHC, endogenous peroxidase was blocked 
with 3% H2O2 (10 min, RT). All sections were blocked with 10% goat serum (SL038, Solarbio, China) at 37°C for 1 h, 
then incubated with primary antibodies (listed in Table S1) at 4°C overnight. The next day, sections were treated with 
either HRP-conjugated (for IHC) or fluorophore-conjugated (for IF) secondary antibodies at 37°C for 1 h. IHC-stained 
sections were developed with DAB and mounted with neutral resin, while IF-stained sections were covered using 
antifade mounting medium with DAPI (P0131-5mL, Beyotime, China). Images were acquired with an optical microscope 
and analyzed using ImageJ software.

Western Blot Analysis
Cells/tissues were lysed in RIPA buffer containing 1% PMSF (ST506, Beyotime, China) and 1% phosphatase inhibitors 
(P1260, Solarbio, China) on ice. Protein concentrations were determined using a BCA assay kit (ZJ102, Epizyme, 
China). Equal amounts of protein (20–40μg) were separated by SDS-PAGE and transferred onto 0.22-μm PVDF 
membranes (Millipore, USA). After blocking with 5% skim milk for 2 h at room temperature, the membranes were 
incubated with primary antibodies (listed in Table S1) overnight at 4°C. Following TBST washes, HRP-conjugated 
secondary antibodies were applied for 1 h. Blots were visualized using an ECL Plus chemiluminescence reagent kit 
(P10060, NCM Biotech, China). β-Actin was used as a loading control, while the phosphorylation levels of target 
proteins were calculated by normalizing the signal intensity of each phosphorylated form to that of its corresponding total 
(non-phosphorylated) protein. And band intensities were quantified with ImageJ software.

Behavioral Tests
All rats were treated to several behavioral tests 40 days after operation, including the Open-field test (OFT) and the 
Morris water maze (MWM).26

For OFT, the rats were placed in the testing cage for a 2-hour acclimation period prior to experimentation. Following 
this, each rat began testing at the midpoint of a 100cm×100cm×50cm black square arena, and all movement trajectories 
within 5 minutes were tracked. Quantitative analysis focused on three key metrics: central zone crossing frequency, the 
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central time ratio (calculated as [central region duration/300s] × 100%), and the central distance ratio (derived from 
[central path distance/total path distance] × 100%). After each test, the arena was cleaned with 75% ethanol.

The MWM was consisted of a circular pool (1.6 m diameter, 22±1°C) containing a hidden platform in one quadrant, 
with visual cues positioned around the apparatus.27 During the 5-day training phase, each rat underwent four daily trials 
with randomized starting quadrants. Escape latency (time to reach the platform) was measured for each trial. Rats failing 
to locate the platform within 60s were gently guided to it and assigned 60s latency. On day 6, the platform was removed 
for probe testing. Rats were released from the opposite quadrant, and their swimming trajectories within 60s were 
tracked: (1) initial escape latency, (2) time/distance ratio in the target quadrant, and (3) platform crossing frequency. 
Between trials, animals were towel-dried and maintained in a temperature-controlled recovery area.

RNA Sequencing (RNA-Seq)
Total RNA was isolated from rat cerebral cortex tissues, quantified using NanoDrop-2000 (Thermo Fisher, USA). RNA 
purity was verified by A260/A280 (1.8–2.0) and A260/A230 (>2.0) ratio. The ligated products underwent PCR 
amplification and the final complementary DNA (cDNA) was screened for 300±50 bp fragments. Following library 
construction, paired-end sequencing of 150-bp fragments was performed on the Illumina Novaseq™ 6000 Sequencing 
Platform (LC-Bio Technology, China).

Quantitative Real-Time PCR (qRT-PCR)
The total RNA was extracted from rat tissues and HT22 cells at specific time points post-modeling using TRIzol Reagent 
(Invitrogen, USA). Then, equal amounts of RNA (1μg) were reverse-transcribed into cDNA using the PrimeScript RT 
Master Mix kit (Takara Bio Inc., Japan). Quantitative real-time PCR (qRT-PCR) was performed on the CFX96 Real-Time 
PCR system (Bio-Rad, USA) with the TB Green Premix Ex Taq II kit (Takara Bio Inc., Japan) following the 
manufacturer’s instructions. Cycle threshold (Ct) values were recorded and normalized to β-actin levels. The relative 
mRNA expression levels of target genes were further calculated using the 2−ΔΔCt method. Primers were designed via 
the NCBI Primer- Blast tool, with specific forward and reverse primers listed in Table S2.

Assessment of Oxidative Stress and Ferrous Ion (Fe2+) Levels
Oxidative stress parameters and ferrous ion content were quantitatively analyzed using standardized commercial assay 
kits. Malondialdehyde (MDA) levels were determined using the Lipid Peroxidation MDA Assay Kit (S0131M, 
Beyotime, China), while glutathione peroxidase (GPx) activity was measured with the Cellular Glutathione Peroxidase 
Assay Kit with DTNB (S0057S, Beyotime, China). Ferrous ion (Fe2+) content was quantified using the Ferrous Ion 
Content Assay Kit (BC5415, Solarbio, China).

Briefly, at 48 hours post-HI, the injured cerebral hemisphere was homogenized and centrifuged. The supernatant was 
collected, and the assays were performed according to the manufacturers’ instructions.

Transmission Electron Microscopy
To directly examine the ultrastructural morphology of mitochondria, transmission electron microscopy (JEM-1400, 
JEOL, Japan) was employed. Briefly, brain cortex samples from the injured side of rats were dissected and immediately 
immersed in 2.5% glutaraldehyde for primary fixation at room temperature for 2 hours, followed by further fixation in the 
same solution at 4°C overnight. The following day, samples were rinsed with 1% osmium tetroxide for post-fixation, 
subjected to gradient dehydration using acetone, infiltrated with Epon 812 resin, embedded, and sectioned. Ultrathin 
sections were stained with uranyl acetate and lead citrate, and subsequently examined under transmission electron 
microscopy to assess mitochondrial morphology within the cortex.

Cell Culture and Treatment
HT22 cells were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). They were cultured 
in high-glucose DMEM (Gibco, USA) containing 10% FBS (Gibco, USA) and 1% penicillin/streptomycin (NCM 
Biotech, China) at 37°C in a humidified incubator with 5% CO2.
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To simulate the in vitro pathology of HIE, we established an oxygen-glucose deprivation (OGD) model. After 
12 hours of adherent culture, the HT22 cells were washed with phosphate-buffered saline and incubated in glucose-free 
DMEM (Gibco, USA). Subsequently, they were exposed to a hypoxic environment (1% O2, 5% CO2, and 94% N2) in 
a tri-gas chamber (Thermo Fisher, USA) for specified durations. Following OGD, the cells were returned to the standard 
culture conditions for 2 hours before sample collection.

Throughout the OGD experiment, the JQ1 treatment group received 500nM JQ1 dissolved in glucose-free 
medium.6,28,29 Control cells were maintained under normoxic conditions until all experimental procedures were com
pleted. To inhibit STING, the cells were pre-stimulated with 1 µM C-176 (HY-112906, MedChemExpress, China) before 
cultured in hypoxic condition.30

Cell Viability Assay
Cell viability was assessed using the Cell Counting Kit-8 (CCK8; NCM Biotech, China). HT22 cells were seeded in 
96-well plates at a density of 1 × 104 cells per well. To evaluate the potential cytotoxicity of JQ1, various 
concentrations of the compound were administered to the cells prior to OGD treatment. Following hypoxia induction, 
10% (by volume) CCK8 solution was added according to the manufacturer’s instructions. The cells were incubated at 
37 °C for 2 hours in the dark. The optical density at 450 nm was measured using a microplate reader (Varioskan LUX, 
Thermo Fisher, USA).

Short-Interfering RNA (siRNA) Transfection
The knockdown efficiency of mouse-specific SIRT3 siRNAs (GenePharma, China) was validated by Western blot and 
qRT-PCR. The most effective sequence was selected from three designed candidates (listed in Table S3) for subsequent 
experiments. When HT22 cells reached 60% confluence during stable adherent growth, they were transfected with si- 
SIRT3 or control siRNA using Lipofectamine 3000 transfection kit (Invitrogen, USA) and Opti-MEM (Gibco, USA), 
according to the manufacturer’s protocols. After 8 hours, the medium was replaced with normal culture medium, 
followed by an additional 24 hours of incubation before further modeling and drug treatment.

Measurement of ROS
The intracellular ROS levels were detected using a Reactive Oxygen Species Assay Kit (S0033S, Beyotime, China). 
According to the manufacturer’s instructions, the HT22 cells were incubated with DCFH-DA (10μM) and Hoechst at 
37°C in the dark for 20 minutes. Then, the cells were washed three times with serum-free DMEM. Images were captured 
using a fluorescence inverted microscope (Keyence, China), and the fluorescence intensity was quantified using Image 
J software. For flow cytometry analysis, cells were first incubated with 10μM DCFH-DA for staining, followed by 
washing. After digestion and collection, the labeled cells were detected using a flow cytometer (CytoFLEX LX, 
Beckman, USA), and data were analyzed with FlowJo software.

Mitochondrial Fluorescence Staining
According to the manufacturer’s instructions, Mito-Tracker Green (C1048, Beyotime, China) and Hoechst 33342 
(C1028, Beyotime, China) were diluted in fresh culture medium to prepare working solutions. After thorough mixing, 
the solution was added to the cells. The cells were then incubated at 37 °C for 20 minutes under light-protected 
conditions. Following washing, images were acquired using a confocal laser scanning microscope (STELLARIS 5, 
Leica, Germany).

Statistical Analysis
All statistical analyses were conducted using GraphPad Prism 8.0 (GraphPad software, USA). Data were obtained 
from at least three independent experiments and were presented as mean ± SD. Normality was assessed using the 
Shapiro–Wilk test, and homogeneity of variance was evaluated with Levene’s test. For comparisons between two 
groups, Student’s t-test was applied, whereas one-way ANOVA was used for multi-group comparisons. If the data 
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deviated from normal distribution, nonparametric tests were employed. A p value < 0.05 was considered statistically 
significant.

Results
JQ1 Attenuates Acute Injury After HIE
To validate successful model establishment (Figure 1B), CBF was dynamically monitored using laser speckle contrast 
imaging. At 48 hours post operation, the left hemisphere (ipsilateral to carotid ligation) showed significantly reduced 
perfusion compared to the contralateral side (Figure 1C and D). Quantitative analysis of cerebral infarction volume with 
TTC staining revealed that all three doses of JQ1 (10,25, and 50mg/kg) provided neuroprotective effects (Figure 1E and F). 
Among them, 25 mg/kg most significantly reduced infarction volume and was therefore selected for further study. JQ1 
treatment also markedly alleviated cerebral edema, as shown by the wet-dry weight ratio of the injured hemisphere 
(Figure 1G). Together, these findings suggest that JQ1 provides acute-phase protection after HIE, an effect could be 
partially reversed by the SIRT3 inhibitor 3-TYP.

JQ1 Treatment Mitigated Brain Structural Damage Following HI Injury
Seven days post HI, macroscopic examination and quantitative results of residual brain volume revealed cerebral atrophy 
in the left hemisphere of HI-induced rats, which was alleviated by JQ1 administration (Figure 1H and I). HE staining 
revealed two key pathological changes. It indicated inflammatory cell infiltration and disrupted cellular arrangement in 
the cerebral cortex and hippocampal CA1, CA3, and DG regions (Figure 1J–N). Nissl staining showed a marked 
reduction and near disappearance of Nissl bodies (Figure S1). JQ1 treatment reduced neuronal loss and promoted 
morphological recovery after injury, whereas 3-TYP exacerbated somatic swelling.

IHC and Western blot analysis demonstrated decreased expression of Microtubule-associated protein-2 (MAP-2) and 
Myelin basic protein (MBP) following HI. Significant MAP2 loss occurred in the cortex and hippocampal CA3 region, 
while MBP reduction was observed in the corpus callosum and striatum (Figure 2A–F). JQ1 partially restored cortical 
MAP2 and preserved MBP in both areas, suggesting a role in stabilizing microtubule function and promoting long-term 
myelination. Additionally, HI injury led to reduced Post-Synaptic Density Protein 95 (PSD95) expression and increased 
glial fibrillary acidic protein (GFAP), indicating impaired synaptic plasticity and astrocyte activation, which impeded 
recovery (Figure 2G–K). JQ1 counteracted these pathological changes, whereas 3-TYP exerted opposite effects.

JQ1 Ameliorates Anxiety-Like Behavior and Cognitive Deficits in HIE Rats
To assess the long-term effects of JQ1 pretreatment on emotion and cognitive functions in rats post-operatively, we 
performed open-field test and Morris water maze tests.31,32

The OFT was employed to evaluate the impact of JQ1 on anxiety-like behaviors induced by HI injury. As shown in 
the Figure 3A–D, the HI group rats displayed more corner-seeking behavior, marked by reduced crossings into the central 
zone, decreased central movement distance, and significantly less time spent in the center. In contrast, treatment with JQ1 
effectively ameliorated these deficits, promoting exploratory behavior and reducing depression-like tendencies. However, 
administration of 3-TYP resulted in further deterioration of open-field performance.

During the MWM acquisition phase, HI rats showed prolonged escape latency to locate the submerged platform, 
reflecting impaired spatial learning (Figure 3E and F). JQ1 treatment notably improved this deficit, whereas co- 
administration of 3-TYP attenuated this improvement. In the subsequent probe trial, there was no significant difference 
in average swimming speed between groups (Figure S2A). Sham group rats exhibited efficient spatial memory retention 
through accurate quadrant navigation and frequent platform location crossings (Figure 3G–I). Conversely, HI rats showed 
marked spatial memory impairment, characterized by decreased swimming distance and duration in target quadrant 
(Figure 3J and K). While JQ1 therapy provided partial cognitive restoration, this beneficial outcome was abolished by 
3-TYP co- treatment.
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Figure 2 JQ1 promotes neuronal structural integrity after HIE. (A) The IHC staining of MAP-2 in brain cortex and hippocampal CA3 region 7 days after HI injury. The scale 
bar represents 100μm. (B) The IHC staining of MBP in brain callosum and striatum region 7 days after HI injury. The scale bar represents 100μm. (C and D) Quantitative 
analysis of MAP-2-positive area in the corresponding brain regions, n=5 per group. (E and F) Quantitative analysis of MBP-positive area in the corresponding brain regions, 
n=5 per group. (G) Western blot analysis of the protein levels of MAP-2, MBP, PSD95, and GFAP 7 days after HI injury. (H–K) Quantification of the relative protein levels of 
MAP-2, MBP, PSD95, and GFAP (normalized to β-Actin), n=5 per group. Data are expressed as mean ± SD independent replicates: ##P < 0.01, ###P < 0.001 versus Sham 
group; *P < 0.05, **P < 0.01, ***P < 0.001 versus HI+JQ1 group.
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Figure 3 JQ1 ameliorates anxiety-like behavior and cognitive deficits in HIE rats. (A) Representative image of route traces in OFT. (B) Quantitative analysis of mean crossing 
frequency in OFT, n=6 per group. (C) Quantitative analysis of central area duration (%) in OFT, n=6 per group. (D) Quantitative analysis of central distance ratio (%) in OFT, 
n=6 per group. (E) Representative swim route traces of rats from each group during the MWM acquisition phase. (F) Quantitative analysis of mean escape latency(s) during 
the MWM acquisition phase, n=8 per group. (G) Quantitative analysis of mean escape latency(s) during the MWM probe trial, n=8 per group. (H) Representative swim route 
traces of rats from each group during the MWM probe trial. (I) Quantitative analysis of platform crossing frequency, n=8 per group. (J) Quantitative analysis of platform 
quadrant duration (%), n=8 per group. (K) Quantitative analysis of platform quadrant distance ratio (%), n=8 per group. Data are expressed as mean ± SD independent 
replicates: ##P < 0.01, ###P < 0.001 versus Sham group; *P < 0.05, **P < 0.01, ***P < 0.001 versus HI+JQ1 group; &&P < 0.01, &&&P < 0.001 versus HI+JQ1+3-TYP group.

https://doi.org/10.2147/DDDT.S578815                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 10

Yu et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Differential Gene Expression in the Rat Cortex Following HIE
To investigate the mechanism underlying the neuroprotective effects of JQ1, RNA-seq was performed on cortex samples 
from the Sham, HI, and HI+JQ1 groups. The analysis identified a subset of differentially expressed genes (DEGs) that were 
changed in response to HI injury and exhibited reversed expression patterns following JQ1 treatment (Figure 4A–D). Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of these genes indicated 
associations with inflammatory response, oxidative stress, and activation of the cGAS-STING signaling pathway 
(Figure 4E and F). Western blot analysis further confirmed these findings. It showed increased Cyclic Gmp–Amp 
Synthase (CGAS) and Stimulator Of Interferon Genes (STING) protein level at 48 and 72 hours after HI injury 
(Figure 4G–I), consistent with the transcriptomic data and previously published studies.

JQ1 Confers Protection Against HI-Induced Inflammation and Oxidative Stress
qRT-PCR analysis of key inflammatory markers revealed a robust acute inflammatory response after HI injury, 
characterized by significantly elevated mRNA expression of IL-6, IL-1β, and TNF-α (Figure 4J–L). In line with our 
transcriptome sequencing results, JQ1 treatment effectively downregulated HI-induced expression of these inflammatory 
biomarkers in rat brain tissue. However, this anti-inflammatory effect was partially abrogated by co-administration of the 
SIRT3 inhibitor 3-TYP.

Compared to the Sham group, HI injury significantly increased the levels of malondialdehyde (MDA), a marker of 
oxidative stress, while inhibiting the activity of GPx, a key antioxidant enzyme. However, treatment with JQ1 
substantially mitigated oxidative damage by reducing MDA formation and restoring GPx activity (Figure 5A and B). 
Together, these findings demonstrate that JQ1 confers dual protective effects against both neuroinflammation and 
oxidative stress in HI-injured brain tissue, thereby promoting cellular homeostasis. Again, the beneficial effects of JQ1 
were partially reversed by 3-TYP, further supporting the involvement of SIRT3 in mediating its neuroprotective 
functions.

JQ1 Alleviates Ferroptosis After HIE
The system Xc⁻ complex, composed of SLC7A11 and SLC3A2, facilitates the uptake of extracellular cystine necessary 
for glutathione synthesis.33 GSH is then utilized by glutathione peroxidase 4 (GPX4) to detoxify lipid peroxides (eg, PL- 
OOH) into harmless lipid alcohols (PL-OH), thereby directly suppressing ferroptosis. Following HI injury, both protein 
and mRNA expression levels of SLC7A11, SLC3A2, and GPX4 were significantly downregulated (Figure 5C–H). We 
also observed elevated levels of 4-hydroxynonenal (4-HNE), a toxic end product of lipid peroxidation, indicating 
pronounced ferroptotic activity (Figure 5I). Compared to the Sham group, the HI group exhibited elevated iron levels 
and dysregulated iron metabolism in brain tissue, as detected by ferrous ion assay (Figure 5J). Furthermore, increased 
transferrin receptor 1 (TFR1) expression enhanced cellular iron import, aggravating iron overload and oxidative damage 
(Figure 5K). JQ1 treatment effectively restored the expression of these key anti-ferroptotic components, enhanced system 
Xc⁻ activity, attenuated GPX4 dysfunction, and reduced iron accumulation. Conversely, co-treatment with the SIRT3 
inhibitor 3-TYP further aggravated transcriptional downregulation of system Xc⁻ subunits and worsened ferroptotic 
damage.

We also employed transmission electron microscopy (TEM) to examine neuronal mitochondrial morphology. As 
shown in Figure 5L, the HI group displayed shrunken mitochondria, increased membrane density, and loss of cristae. In 
contrast, JQ1 treatment notably ameliorated HI-induced mitochondrial fragmentation and maintained relatively intact 
ultrastructure in neurons, exhibiting only mild swelling and slightly blurred yet discernible cristae. These results 
demonstrated that JQ1 protects neurons from ferroptosis and mitochondrial structural damage after HIE.

JQ1 Negatively Regulates the cGAS-STING Signaling Pathway: SIRT3 Was Identified as 
the Key Mediator
Western blot and qRT-PCR analyses demonstrated that, compared to the HI group, JQ1 treatment significantly up-regulated 
expression levels of SIRT3 and Mn-SOD, while suppressing the expression of cGAS and STING (Figure 6A–E, Figure S2B–D). 
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Figure 4 Enrichment analysis of DEGs associated with HI and JQ1 treatment. (A) Volcano plot of DEGs between the HI and Sham groups, n=3 per group. (B) Volcano plot 
of DEGs between the HI+JQ1 and HI groups, n=3 per group. (C and D) Venn diagram depicting intersecting genes of HI+JQ1, HI, and Sham groups. (E) The bubble chart of 
KEGG enrichment based on DEGs. (F) The bubble chart of GO enrichment based on DEGs. Red boxes highlight key biological pathways enriched in the analysis, including 
reactive oxygen species metabolic process, cGAS/STING signaling pathway and immune receptor activity. (G) Western blot analysis of the protein levels of cGAS and STING 
at 24, 48, and 72 hours after HI injury. (H and I) Quantification of the relative protein levels of cGAS and STING (normalized to β-Actin), n=5 per group. (J–L) The mRNA 
expression of the inflammatory factors IL1β, IL6, and TNFα (normalized to β-Actin) in the brain tissues 48h after HIE, n=5 per group. Data are expressed as mean ± SD 
independent replicates: #P < 0.05, ##P < 0.01, ###P < 0.001 versus Sham group; *P < 0.05, **P < 0.01 versus HI+JQ1 group.
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Figure 5 JQ1 suppresses oxidative stress and ferroptosis processes. (A) Quantitative analysis of MDA levels in the brain tissues 48h after HIE, n=5 per group. (B) 
Quantification of the relative GPx activity in the brain tissues 48h after HIE, n=6 per group. (C and D) Quantification of the relative protein levels of SLC7A11 and SLC3A2 
(normalized to β-Actin), n=5 per group. (E) Representative Western blot images of TFR1, 4-HNE, SLC7A11, SLC3A2, and GPX4 expression 48h after HIE. (F) 
Quantification of the relative protein levels of GPX4 (normalized to β-Actin), n=5 per group. (G and H) The mRNA expression of the ferroptosis factors SLC7A11 and 
GPX4 (normalized to β-Actin) in the brain tissues 48h after HIE, n=5 per group. (I) Quantification of the relative protein levels of 4-HNE (normalized to β-Actin), n=5 per 
group. (J) Quantitative analysis of Fe2+ in the brain tissues 48h after HIE, n=5 per group. (K) Quantification of the relative protein levels of TFR1 (normalized to β-Actin), 
n=5 per group. (L) Representative images of transmission electron microscope discover mitochondria damage (red arrows). The scale bar represents 1μm in the up image 
and 200nm in the magnification image. Data are expressed as mean ± SD independent replicates: ###P < 0.001 versus Sham group; *P < 0.05, **P < 0.01, ***P < 0.001 versus 
HI+JQ1 group.
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Figure 6 JQ1 exerts a protective effect through modulation of the cGAS-STING signaling pathway. (A) Representative Western blot images of SIRT3, Mn-SOD, cGAS, 
STING, p-IRF3, and IRF3 expression 48h after HIE. (B–E) Quantification of the relative protein levels of SIRT3, Mn-SOD, cGAS, and STING (normalized to β-Actin), n=5 per 
group. (F) Quantification of the relative protein levels of p-IRF3 (normalized to IRF3), n=5 per group. (G) Quantification of the relative protein levels of IRF3 (normalized to 
β-Actin), n=5 per group. (H and I) Representative images of immunofluorescence staining for STING (green), NeuN (red), and DAPI (blue) in the cortex and hippocampal 
CA3 of each group 48h after HIE. The scale bar represents 100μm. (J and K) Representative images of immunofluorescence staining for cGAS (green), NeuN (red), and 
DAPI (blue) in the cortex and hippocampal CA3 of each group 48h after HIE. The scale bar represents 100μm. Data are expressed as mean ± SD independent replicates: ns: 
not significant; ###P < 0.001 versus Sham group; *P < 0.05, **P < 0.01, ***P < 0.001 versus HI+JQ1 group.
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Subsequently, HI injury markedly induced phosphorylation of the downstream signaling molecule IRF3 (Figure 6F and G). JQ1 
administration effectively suppressed this activation. To further investigate the neuroprotective effects of JQ1, we conducted 
immunofluorescence co-staining for Neuronal Nuclei (NeuN) along with cGAS and STING. Prominent neuronal damage was 
observed in the CA3 region and cortex following HI, manifested as somatic shrinkage and synaptic loss (Figure 6H–K). JQ1 
treatment effectively alleviated these morphological deficits and concurrently reduced the activation of both STING and CGAS 
(Figure S2E–H). These protective effects were reversed upon co-treatment with the SIRT3 inhibitor 3-TYP.

Ionized calcium-binding adapter molecule 1 (Iba1) is a marker of activated microglia, while GFAP indicates reactive 
astrogliosis.34,35 To evaluate SIRT3 expression across neuronal and glial cells, we performed multiplex immunofluores
cence staining co-labeling SIRT3 with NeuN, Iba1, and GFAP (Figure 7A–F and Figure S2I). The results demonstrated 
elevated expression of Iba1 and GFAP in the cerebral cortex after HI injury, suggesting neuroinflammatory responses and 
repair processes. Multiplex immunofluorescence further revealed an overall reduction in SIRT3 expression following 
HIE. The spatial correlation between SIRT3 and Iba1+ microglia is increased, while its correlation with neurons (NeuN+ 

cells) is significantly decreased. In contrast, no significant colocalization of SIRT3 was detected with astrocytes (GFAP+ 

cells). Nevertheless, the precise relationship between SIRT3 and glial cells still require further validation. Treatment with 
JQ1 effectively attenuated the loss of SIRT3 fluorescence signal and improved neuronal integrity, as reflected by more 
preserved NeuN morphology in the hippocampal CA3 region after HI injury (Figure 7G and H). Consistent with our 
earlier Western blot findings, these results indicated that JQ1 restored SIRT3 expression, an effect that was blocked by 
co-administration of 3-TYP.

In summary, we propose that JQ1 upregulates SIRT3 expression, and negatively regulates the CGAS-STING 
signaling pathway, thereby attenuating neuroinflammation following HI brain injury.

JQ1 Reduces OGD-Induced Cell Injury in HT22 Cells
To simulate the pathophysiology of HIE in vitro, an OGD model was established in HT22 cells. CCK-8 assays indicated 
a significant time-dependent decrease in cell viability after OGD, demonstrating its detrimental effects on neuronal 
survival (Figure S3A). Following 9 hours of OGD, cell viability decreased by nearly half, accompanied by characteristic 
morphological alterations such as cellular shrinkage and membrane rounding; this time point was therefore selected for 
subsequent experiments (Figure S3B). Western blot analysis showed that OGD downregulated SIRT3 protein expression 
and upregulated cGAS and STING, suggesting activation of DNA damage response pathways (Figure 8A–C).

In control groups without OGD, JQ1 at concentrations of 500, 1000, and 1500nM showed no significant cytotoxicity 
toward HT22 cells, whereas doses above 2000nM progressively impaired cell survival (Figure S3C). Based on these 
results and previous studies, 500 nM JQ1 was chosen for all subsequent interventions and was applied concomitantly 
with OGD exposure. ROS represent a class of highly potent oxygen-containing oxidants. Both excessive and insufficient 
ROS levels are deleterious and contribute to pathology resulting from the dramatic change of redox environment. Under 
OGD conditions, we observed a substantial increase in ROS production, as quantified by the DCFH-DA fluorescence 
assay. This elevated oxidative burden reflects a disruption of cellular redox homeostasis and is indicative of pro- 
inflammatory activation. JQ1 treatment attenuated ROS generation and reduced oxidative stress (Figure 8D–F).

Furthermore, Western blot analysis showed that OGD downregulated key ferroptosis-related proteins, while JQ1 
administration restored system Xc⁻ function and enhanced GPX4 activity. Collectively, these findings demonstrate that 
JQ1 effectively alleviates OGD-induced oxidative stress in HT22 cells, likely through mechanisms involving the 
regulation of ferroptosis.

SIRT3 Mediates the Protective Effects of JQ1 Against CGAS/STING Activation and 
Ferroptosis Following OGD
To further investigate whether SIRT3 mediates the protective role of JQ1, we transfected cells with siRNA targeting 
SIRT3 and evaluated its impact on downstream processes. The transfection efficiency was confirmed by Western blot and 
qRT-PCR, with siRNA2 showing the most significant SIRT3 knockdown; it was therefore selected for subsequent 
experiments (Figure 8G–I). Morphological analysis of mitochondria stained with Mito-Tracker revealed that under 
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Figure 7 SIRT3 is identified as the key mechanism underlying JQ1’s therapeutic effects. (A and B) Representative images of immunofluorescence staining and corresponding 
statistical analysis for SIRT3 (green), Iba1 (red), and DAPI (blue) in the cortex of each group 48h after HIE. The scale bar represents 100μm in the left and 50μm in the magnification 
image. (C) Quantification of the Pearson’s correlation coefficient for SIRT3-Iba1 colocalization. (D and E) Representative images of immunofluorescence staining and corresponding 
statistical analysis for SIRT3 (green), NeuN (red), and DAPI (blue) in the cortex of each group 48h after HIE. The scale bar represents 100μm in the left and 50μm in the magnification 
image. (F) Quantification of the Pearson’s correlation coefficient for SIRT3- NeuN colocalization. (G and H) Representative images of immunofluorescence staining and 
corresponding statistical analysis for SIRT3 (green), NeuN (red), and DAPI (blue) in the hippocampal CA3 of each group 48h after HIE, n=5 per group. The scale bar represents 
100μm. Data are expressed as mean ± SD independent replicates: #P < 0.05, ###P < 0.001 versus Sham group; ***P < 0.001 versus HI+JQ1 group.
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Figure 8 JQ1 alleviates OGD-induced mitochondrial impairment in HT22 cells. (A and B) Representative Western blot images and quantification of SIRT3, cGAS, and 
STING expression (normalized to β-Actin) in HT22 cells, n=6 per group. (C) The mRNA expression of SIRT3 (normalized to β-Actin) in HT22 cells, n=5 per group. (D) 
Relative fluorescence intensity of DCFH-DA staining in HT22 cells of each group, n=5 per group. (E) The ROS generation of HT22 cells was detected by DCFH-DA (green) 
staining. Scale bar = 100μm. (F) Representative data showing ROS production by flow cytometry. (G and H) Representative Western blot images and quantification of SIRT3 
expression (normalized to β-Actin) in HT22 cells, n=5 per group. (I) The mRNA expression of SIRT3 (normalized to β-Actin) in HT22 cells, n=5 per group. (J) 
Representative images of Mito-Tracker Green probe mitochondrial imaging, the scale bar represents 5μm. Data are expressed as mean ± SD independent replicates: 
##P < 0.01, ###P < 0.001 versus Control group; ***P < 0.001 versus OGD+JQ1 group; @@P < 0.01, @@@P < 0.001 versus si-Nc group; &P < 0.05, &&P < 0.01, &&&P < 
0.001 versus si-Sirt3-2 group.
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normal conditions, mitochondria displayed an elongated and interconnected architecture. In contrast, OGD exposure 
resulted in severe mitochondrial damage, characterized by pronounced fragmentation and shrinkage. JQ1 administration 
markedly ameliorated these alterations, preserving mitochondrial integrity. However, the beneficial effects of JQ1 were 
abolished in SIRT3-knockdown groups, indicating that SIRT3 is critically involved in the protective mechanism 
(Figure 8J).

Western blot results showed that JQ1 treatment upregulated SIRT3 expression while concurrently suppressing 
activation of the CGAS-STING pathway. Conversely, knockdown of SIRT3 elevated the protein levels of both CGAS 
and STING (Figure 9A and Figure S3D–F). These findings were supported by immunofluorescence staining: signal 
intensity of both molecules was enhanced in the cytoplasm following SIRT3 silencing (Figure 9B, C, and Figure S3G– 
H). Furthermore, Western blot analyses demonstrated that SIRT3 knockdown partially reversed the protective effects of 
JQ1 against OGD-induced ferroptosis, as evidenced by reduced expression of GPX4, SLC7A11, and SLC3A2 
(Figure 9D–G).

To further confirm the involvement of the cGAS-STING pathway in mediating the anti-ferroptotic effects of JQ1, C- 
176 (STING inhibitor) were used to treat HT22 cells. The STING level in the OGD+JQ1+C-176 group did not differ 
significantly from that in the OGD+C-176 group, but it was lower than in the OGD+JQ1 group. This indicates that JQ1 
and C-176 synergistically suppress STING expression. Both JQ1 and C-176 rescued the OGD-induced down-regulation 
of GPX4 and SLC7A11. JQ1 showed a stronger effect than C-176 in up-regulating GPX4, and the combination of the 
two agents yielded a greater rescue than C-176 alone (Figure 9H–K).

Collectively, these results indicate that JQ1 modulates neuronal inflammation and ferroptosis via the cGAS-STING 
pathway, and that SIRT3 serves as a critical negative regulator of this axis (Figure 10).

Discussion
In this study, we systematically evaluated the neuroprotective effects of the BET inhibitor JQ1 against HIE at both 
cellular and whole-animal levels. We demonstrated that JQ1 exerts neuroprotection primarily through upregulating 
SIRT3 expression—an effect supported epigenetically by a significant increase in SIRT3 mRNA. Conversely, these 
protective effects were abolished upon SIRT3 inhibition or siRNA-mediated knockdown, confirming the essential role of 
SIRT3 in JQ1-mediated neuroprotection.

Experimental results demonstrated that 48 hours after HIE induction, the injured brain regions exhibited significant 
cerebral infarction and typical ischemic histopathological alterations. JQ1 treatment markedly reduced cerebral infarct 
volume and alleviated pathological damage in both the cortex and hippocampus. By day 7 post-injury, the HI group 
showed pronounced cerebral atrophy, inflammatory cell infiltration, and loss of Nissl bodies, which were substantially 
reversed by JQ1 administration. Furthermore, JQ1 treatment significantly attenuated the loss of NeuN, MBP, PSD95, and 
MAP2, while also downregulating the expression of GFAP. These findings collectively confirm the acute neuroprotective 
role of JQ1 in HIE.

Several studies have reported that BET inhibitors can improve cognitive function. For instance, JQ1 has been shown 
to enhance brain plasticity,36 ameliorate cognitive deficits, and rescue hippocampal-dependent learning and memory 
impairments.37 However, other evidence suggests that JQ1 may adversely affect prefrontal cortex development and 
disrupt neuronal transcription and memory formation.38 In our study, JQ1-treated HIE rats exhibited reduced anxiety-like 
behaviors and increased exploratory activity in the open field test during adolescence. Moreover, the Morris water maze 
test revealed significant improvements in spatial learning and memory compared to the HI group, indicating that JQ1 
contributes to the preservation of neurocognitive function after HIE, particularly in the acquisition and retrieval of spatial 
memory.

The pathological progression of HIE often involves neuroinflammation, oxidative stress, apoptosis, autophagy, and 
ferroptosis,39,40 accompanied by significant activation of microglia and astrocytes, as well as neuronal loss. In line with 
these established mechanisms, our study specifically focused on neuronal alterations under disease conditions. We 
confirmed that post-HIE, there was a marked activation of glial cells (evidenced by increased IBA1 and GFAP 
expression) alongside neuronal injury and a concomitant decrease in SIRT3 expression within neurons. Furthermore, 
we preliminarily observed an apparent increase in SIRT3 expression in IBA1-positive cells, although this particular 
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Figure 9 SIRT3 Mediates the Protective Effects of JQ1 Against CGAS/STING Activation and Ferroptosis Following OGD. (A) Representative Western blot images of SIRT3, 
cGAS, and STING expression in HT22 cells. (B) Representative images of immunofluorescence staining for STING (green) and DAPI (blue) in HT22 cells of each group. Scale 
bar = 25μm. (C) Representative images of immunofluorescence staining for cGAS (green) and DAPI (blue) in HT22 cells of each group. Scale bar = 25μm. (D–G) 
Representative Western blot images and quantification of SLC3A2, SLC7A11, and GPX4 expression (normalized to β-Actin) in HT22 cells. (H–K) Representative Western 
blot images and quantification of STING, SLC7A11, and GPX4 expression (normalized to β-Actin) in HT22 cells. Data are expressed as mean ± SD independent replicates: 
ns: not significant; ###P < 0.001 versus Control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus OGD+JQ1+si-NC group; @P < 0.05, @@P < 0.01, @@@P < 0.001 
versus OGD +C-176 group; &P < 0.05 versus OGD+JQ1 group.
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Figure 10 Schematic model for the mechanism of JQ1 in HIE.
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finding requires further validation. High-throughput transcriptomic sequencing of cortical tissue revealed numerous 
differentially expressed genes after HIE, a subset of which were normalized by JQ1 treatment. Enrichment analysis 
indicated that these genes are primarily involved in biological processes such as inflammatory response, oxidative stress, 
glutathione metabolism, and the cGAS–STING signaling pathway, suggesting that JQ1 may mitigate neuronal damage 
through modulation of these pathways.

The cGAS–STING pathway has recently garnered attention as a crucial innate immune signaling cascade, activated in 
a cGAS-dependent manner by micronuclei, mitochondrial DNA, aberrant cell cycle progression, and cytoplasmic 
chromatin fragments.41–43 In addition to cGAMP synthesized by cGAS, various bacterial or viral cyclic dinucleotides 
can also directly activate STING. Although numerous inhibitors targeting this pathway have been reported for the 
treatment of autoimmune diseases44 and infectious diseases,45 their roles in central nervous system injury remain poorly 
understood. Consistent with previous reports, we observed activation of the cGAS–STING pathway following HIE. 
Importantly, JQ1 treatment significantly suppressed the expression of cGAS and STING at both transcriptional and 
protein levels and effectively reduced the release of key inflammatory cytokines, including IL-6 and TNF-α. These 
results suggest that JQ1 may exert anti-inflammatory effects in HIE by interfering with cGAS–STING pathway 
activation, thereby attenuating secondary neural damage.

Iron-mediated oxidative stress represents a core mechanism underlying ferroptosis. Specifically, the inhibition of 
system Xc⁻, depletion of GSH, and reduced activity of GPX4 collectively contribute to enhanced lipid peroxidation and 
the accumulation of phospholipid hydroperoxides.46 Fe2+ catalyze lipid peroxidation via the Fenton reaction, resulting in 
massive generation of ROS, disruption of intracellular redox homeostasis, and ultimately the induction of ferroptosis. 
Consistent with previous studies,47,48 we observed pronounced neuronal ferroptosis under hypoxic conditions, character
ized by decreased protein expression of several glutathione pathway markers (eg, SLC7A11, SLC3A2, and GPX4), 
reduced GPx activity, and Fe2+ accumulation. Therefore, targeting ferroptosis-related alterations post-HIE may offer 
neuroprotective potential. Interestingly, the modulatory effect of JQ1 on ferroptosis appears cell-type specific: it inhibits 
erastin-induced ferroptosis in cardiomyocytes, thereby improving cardiac remodeling and dysfunction.19 Conversely, in 
tumor cells and senescent human dermal fibroblasts, JQ1 downregulate the expression of ferroptosis-resistance genes, 
promoting ferroptosis and suppressing tumor progression.49,50 In our in vivo and in vitro models, JQ1 significantly 
enhanced antioxidant pathway activity, suggesting its potential to mitigate ferroptosis-associated neural injury.

Maintaining normal mitochondrial function is crucial for neuronal survival. As the central hub of cellular energy 
metabolism, mitochondria play a key role in oxidative stress and cell death pathways. Following cerebral blood flow 
interruption due to HI injury, rapid depletion of ATP triggers a cascade of events including dysfunction of membrane ion 
pumps, sodium influx, potassium efflux, membrane depolarization, and voltage-dependent calcium influx leading to 
mitochondrial Ca2+ overload. These changes significantly increase the generation of free radicals and activate cell death 
signaling pathways and inflammatory mediators. Consistent evidence indicates that impairment of mitochondrial 
structure and function following traumatic brain injury contributes to cognitive deficits and neuronal death.51 In this 
study, we confirmed that neuronal mitochondrial damage occurs under hypoxic conditions: electron microscopy revealed 
atrophic changes in mitochondria within cortical neurons following HI injury, and in vitro OGD models demonstrated 
ultrastructural alterations such as mitochondrial swelling and rounding. Therefore, targeting mitochondria has emerged as 
a promising neuroprotective strategy for HI-induced brain injury. It is noteworthy that mitochondrial damage after HIE 
can also lead to mtDNA leakage and redox imbalance, thereby further activating downstream inflammatory responses 
and cell death signaling.

Emerging evidence reveals a complex bidirectional regulatory relationship between the cGAS-STING pathway and 
ferroptosis. On one hand, activation of STING promotes lipid peroxidation,52,53 inhibits system Xc⁻ function, and 
induces autophagic degradation of GPX4,54 thereby facilitating the progression of ferroptosis. For instance, STING 
enhances mitochondrial MFN1/2 via protein interactions to promote ferroptosis in pancreatic cancer.55 Its suppression 
underlies the anti-ferroptotic effect of moderate-intensity exercise in neuroprotection.56 Similarly, ICA69 knockout 
ameliorates LPS-induced cardiac injury by inhibiting STING-dependent inflammation and ferroptosis.57 Concurrently, 
sustained or excessive neuroinflammation driven by STING signaling disrupts microenvironmental homeostasis and 
exacerbates iron metabolic dysregulation. On the other hand, ferroptosis bidirectionally modulates the cGAS–STING 
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pathway through mechanisms involving redox imbalance, iron dyshomeostasis, and metabolic reprogramming.58,59 

Notably, in the context of pancreatic cancer development, oxidized nucleobases released upon GPX4 depletion activate 
the STING-dependent DNA-sensing pathway, thus promoting macrophage infiltration and activation.60 Within the 
neuroprotective mechanisms mediated by JQ1, our study primarily focuses on the role of the cGAS-STING pathway 
in regulating ferroptosis. Whether ferroptosis conversely modulates the cGAS pathway remains to be further 
investigated.

There are still some shortcomings in our study. Future work could incorporate more detailed analyses of motor 
coordination, muscle strength, or gait to provide a more complete neurobehavioral profile. Additionally, while pre
liminary RNA-seq and electron microscopy data have been validated, expanding the sample size and performing deeper 
statistical analyses would make the evidence more solid. Systematic evaluation of sex differences in female models and 
translational studies is needed to assess the generalizability and clinical relevance of the therapeutic strategy for neonatal 
cerebral ischemia.

Conclusions
Our findings demonstrate that (+)-JQ1 exerts neuroprotective effects in neonatal hypoxic-ischemic encephalopathy by 
attenuating neuroinflammation and suppressing ferroptosis. These beneficial outcomes are likely mediated through the 
upregulation of SIRT3, which promotes neuronal survival.
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