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Background: Intracerebral hemorrhage (ICH) is a subtype of stroke causing severe neuronal injury and functional deficits.
This study aims to investigate the impact of bromodomain-containing protein 4 (BRD4) on ICH progression and the therapeutic
efficacy of the bromodomain and extraterminal (BET) inhibitor JQ1.
Methods: An ICH rat model was established by injecting autologous blood into the basal ganglia. During treatment, the rats
received either JQ1 (50 mg/kg) or vehicle. Neurological and motor outcomes were measured via the foot-fault test, modified
neurological severity score, and rotarod performance test. Cognitive function of the experimental rats was tested with theMorris
water maze. Brain edema of the animals was evaluated using the wet–dry weight method, coupled with some histopathologic
assessments by hematoxylin–eosin (H&E) staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assays were employed to analyze neuronal apoptosis. Expression of proteins related to apoptosis, autophagy, and the AMP-
activated protein kinase/mammalian target of rapamycin (AMPK/mTOR) pathway were evaluated using Western blotting.
Results: BRD4 expression was notably increased in the cerebral tissue of ICH rats (p < 0.01), while the administration of JQ1
decreased the levels of BRD4 in rats with ICH (p < 0.01). The administration of JQ1 resulted in a reduction in the modified
neurological severity score of ICH, a decrease in the misstep frequency of the left forelimb, and a longer time to slip (p < 0.01).
Furthermore, relative to the ICH group, rats in the ICH + JQ1 group exhibited a reduction in escape latency, as well as increased
platform crossings and longer durations in the target area (p < 0.05). Also, JQ1 reduced the water content, tissue damage,
and apoptosis levels in the cerebral tissue affected by ICH (p < 0.01). The JQ1-induced reduction in BRD4 expression inhib-
ited apoptosis-linked protein expression and promoted autophagy-associated protein expression (p < 0.01). Furthermore, JQ1
treatment elevated the p-AMPK/AMPK ratio and suppressed p-mTOR/mTOR levels (p < 0.01).
Conclusion: JQ1 holds the promise in alleviating ICH-induced brain injury by inhibiting BRD4 and modulating the
AMPK/mTOR pathway.
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Introduction

Intracerebral hemorrhage (ICH) is a subtype of stroke
characterized by non-traumatic bleeding within the cerebral
tissue, frequently leading to high mortality and poor clini-
cal outcomes [1]. ICH accounts for nearly 50% of stroke-
related morbidity and mortality [2]. Additionally, ICH sur-
vivors may experience cognitive and motor impairment,
facing substantial healthcare and financial burdens together
with their families [3,4]. According to the statistical data
from 2018, the global incidence of ICH was six cases per
100,000 people [4]. Alarmingly, the incidence of ICH con-
tinues to present a rising trajectory and has now emerged as

a significant global health concern [5]. The ICH-induced
brain injury is pathophysiologically complex. In essence,
following ICH, rapid blood accumulation in the adjacent
cerebral tissue can reportedly lead to increased intracranial
pressure, edema, and neuroinflammation [6], subsequently
triggering a cascade of secondary injuries that result in se-
vere neural damage. Inflammation, oxidative stress, iron
toxicity, apoptosis, autophagy, and other cellular biological
processes have been identified as pivotal factors associated
with ICH [7]. Advances in treatment modalities over the
past few decades have contributed to the development of
both surgical and medical strategies [8]. Nevertheless, the
optimal timing for executing surgical interventions is still
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unclear, and the efficacy of medications, such as statins,
remains contentious [9], as existing treatments for address-
ing ICH-induced brain injury are not completely effective.
Thus, this underscores the exigency of exploring and estab-
lishing new therapeutic approaches for ICH.

Patients with ICH mainly suffer from neuronal dam-
age, inhibition of synaptic plasticity, and cognitive dys-
function. In the aftermath of ICH, significant damage oc-
curs in the hippocampal Cornu Ammonis 1 (CA1) and
Cornu Ammonis 3 (CA3) regions, with edema, inflam-
mation, and perihematomal edema worsening neuronal in-
jury [10]. Changes in synaptic activity become notably
pronounced on day 7, with decreased synaptic potentials
in the ipsilateral hippocampus and compensatory enhance-
ment in the contralateral hippocampus, which are correlated
with cognitive decline [11]. Increased histone deacetylase
(HDAC) activity post-ICH reduces acetylation, inhibiting
plasticity and further impairing cognition [12]. Addition-
ally, mitochondrial dysfunction and ferroptosis contribute
to neuronal loss and cognitive impairment [13]. Overall,
ICH causes severe disruptions to hippocampal function and
cognitive deficits.

Bromodomain-containing protein 4 (BRD4), belong-
ing to the bromodomain and extraterminal (BET) protein
family, functions as an epigenetic reader and contains two
conserved N-terminal bromodomains (BD1 and BD2) and
one extraterminal domain [14]. BRD4 is known to facilitate
RNA polymerase II-mediated transcription by binding to
acetylated lysine residues on histones and non-histone pro-
teins, thereby regulating gene expression [15,16]. Genomic
profiling has revealed widespread occupancy of BRD4
across active promoters, enhancers, and super-enhancers
[17]. Due to its role in modulating gene expression, BRD4
is crucial for the regulation of embryonic patterning, cel-
lular proliferation, immune responses, as well as metabolic
processes [18]. BRD4 dysregulation is associated with var-
ious human diseases, including cancer, inflammatory dis-
orders, and cardiovascular diseases such as heart failure,
hypertension, and atherosclerosis [19–21]. However, re-
search on the association between BRD4 and ICH remains
relatively limited.

JQ1, is a potent and selective small-molecule in-
hibitor of BET proteins, especially BRD4. It acts by com-
petitively binding to the acetyl-lysine recognition motif
within the bromodomain, thereby disrupting the interac-
tion between BRD4 and acetylated chromatin and suppress-
ing downstream transcriptional activation [22]. Initially
developed for cancer treatment, JQ1 has been shown to
exert anti-inflammatory, anti-apoptotic, and neuroprotec-
tive effects in preclinical models of stroke, neurodegener-
ation, and traumatic brain injury [23,24]. In neural con-
texts, JQ1 has been reported to inhibit microglial activa-
tion, modulate autophagy, and suppress the expression of
pro-inflammatory genes. Despite these promising findings,
the role of JQ1 in ICH has not been systematically investi-

gated. Given BRD4’s regulatory function in inflammation
and apoptosis—two key mechanisms of secondary brain in-
jury after ICH—it is plausible that JQ1 may provide neuro-
protective effects in this condition.

Hence, this work was designed to investigate the cor-
relation between BRD4 and ICH and assess intervention ef-
fects of JQ1 on ICH through animal-based experiments.

Materials and Methods

Establishment ICH Rat Model
Forty Sprague–Dawley male rats (8–12 weeks, each

weighing 250–300 g) were provided by Hunan Slack Jingda
Experimental Animal Co., Ltd. (Hunan, China). The rats,
certified to be free of specific pathogens, were deemed suit-
able for experimental research. The animals were kept un-
der the following controlled conditions (22–24 °C, 50–60%
humidity, 12-h light/dark schedule), with sterile food and
water given ad libitum. All in vivo protocols were autho-
rized by the Ethics Committee of Shanghai University of
Medicine&Health Sciences (Approval Number: 2022-KY-
08-16-341024198310280017). These protocols were in ad-
herence to the ethical standards of the National Institutes of
Health.

Consistent with previous studies, the ICH model
was established through stereotactic infusion of autolo-
gous blood into the rat’s basal ganglia [25]. First, the rats
were fully anesthetized with isoflurane (1.5–2%) via spon-
taneous inhalation, then secured in a prone position onto the
brain stereotaxic apparatus (71000, RWD, China). Next,
a 1 mm craniotomy was performed to position the needle
tip (26 gauge) at coordinates 3.2 mm lateral, 0.4 mm ante-
rior and 5.8 mm deep. To establish an ICH model, 50 µL
of fresh autologous whole blood was administered into the
right striatum at a constant rate of 8 µL/minute. After 10
min, a second 50 µL volume was transfused to the same
location at the same rate, bringing the total volume to 100
µL. Following the completion of the blood administration,
the needle remained inserted for 10 min. Subsequently, the
posterior needle was carefully withdrawn, and the incision
was closed with sutures.

Experimental Grouping
A total of 40 rats were randomly allocated to four

groups (n = 10 per group): (1) Sham group: Rats underwent
only needle insertion without any blood injection and were
administered 50 mg/kg solvent intraperitoneally. (2) JQ1
group: Rats received needle insertion without blood injec-
tion and were administered JQ1 intraperitoneally at a dose
of 50 mg/kg, with daily dosing for three consecutive days.
(3) ICH group: Rats were induced to develop ICH and then
were given 50 mg/kg solvent. (4) ICH + JQ1 group: Rats
were induced to develop ICH, as described, and were given
50 mg/kg of JQ1 intraperitoneally 2-h post-procedure, with
daily dosing for three consecutive days.
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The dosage and route of JQ1 administration were
based on published studies that demonstrate its efficacy and
safety in rodent models of neurological disorders and in-
flammation [14,26]. Furthermore, our preliminary experi-
ments confirmed that this dosage was well tolerated in rats,
with no observable adverse effects on behavior or major or-
gans.

Modified Neurological Severity Score
The modified neurological severity score (mNSS) test

was applied to systematically evaluate neurological deficits
in rats after ICH induction. This comprehensive assessment
included motor, sensory, reflex, and balance tests, with cu-
mulative scores ranging from 0 (indicating no observable
neurological deficits) to 18 (denoting severe neurological
dysfunction). Neurological assessments were conducted
before ICH induction and at designated intervals (24 h,
72 h, 7 d, and 14 d) post-ICH to capture both immediate
and longer-term neurological changes. These tests included
measuring the accuracy of forelimb placements, the respon-
siveness of sensory whiskers to external stimuli, the ability
to regain an upright position from a supine posture, and the
capacity to maintain balance under challenging conditions
[27].

Foot-Fault Test
Foot-fault test was used to evaluate sensorimotor abil-

ity in spontaneous movements to identify gait disorders in
each group of rats. The metal grid used measured 45 cm
(length)× 45 cm (width)× 50 cm (height), with a cell size
of 2.5 cm. The rats were placed at the center of the appara-
tus, and the left forelimb steps and foot faults were recorded
for 1 min. Proportion of foot-fault steps was employed for
statistical analysis. This test was conducted before model-
ing, and at 24/72 h, 7 d, and 14 d post-ICH.

Rotarod Performance Test
The rotarod performance test was employed to quanti-

tatively assess locomotor function in rats post-ICH. The ro-
tation velocity of Rotarod apparatus (ZH-300B, Zhenghua
Biological Equipment, Co., Ltd., Anhui, China) was in-
creased steadily from 5 rpm to 35 rpm in 60 s with a 0.5
rpm adjustment per second. Duration the animals spent on
the rod was measured. The mean of the recorded durations
for three consecutive runs each day was measured. Testing
was conducted before modeling and at 24/72 h, 7 d, and 14
d post-ICH.

Morris Water Maze Test
All experimental rats were assessed for spatial navi-

gation deficits using the Morris water maze. The rats were
evaluated from days 21 to 25 after ICH induction in a cir-
cular pool (diameter: 180 cm, depth: 50 cm). A trans-
parent 20 cm platform was positioned 2 cm below water
level. Data for escape latency, swim path, distance to the

hidden platform, and velocity were collected using theMor-
ris water maze video-tracking system (RD1101-MWM-G,
Mobile Datum, China). The spatial probe test, with the hid-
den platform removed, was conducted before modeling and
at 24/72 h, 7 d, and 14 d post-ICH, to measure the time spent
by each rat traversing the former platform quadrant.

Measurement of Brain Water Content
After undergoing a series of the behavioral and neu-

rological assessments, the rats were humanely euthanized
with 2% sodium pentobarbital (120 mg/kg) 14 days after
ICH induction. The wet–dry weight approach was applied
to determine brain water content in the Sham, JQ1, ICH,
and ICH + JQ1 groups after treatment. The dry and wet
weight techniques involved weighing the excised cerebral
tissue immediately after removal (wet weight), drying it in
an oven at 100 °C for 24 h, and then re-weighing it (dry
weight). The brain water content was calculated using the
formula below:

Brain water content (%) = (Wet weight – Dry
weight)/Wet weight × 100.

TUNEL Assay
Neuronal apoptosis in cerebral tissue was evaluated

using the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay. Briefly, cerebral slices were
treated with TUNEL solution available in the in-situ Cell
Death Detection Kit, TMR red (Roche, Basel, Switzer-
land), and the nucleus was stained with 4’,6-diamidino-
2-phenylindole (DAPI). Then, TUNEL-positive cells were
enumerated under a Nikon Ni microscope (Nikon, Tokyo,
Japan) by an investigator who was blinded to the study de-
sign. The target regions in the ipsilateral hemisphere were
located around the hematoma, with the needle insertion site
excluded. The analysis results were expressed as a percent-
age of TUNEL-positive cells.

Hematoxylin–Eosin Staining
Following immersion-fixation in a 4% formaldehyde

solution for 1 to 7 days, the cerebral samples were pro-
cessed in an automated tissue-processing unit (STP-120,
Thermo Fisher Scientific, UK). Subsequently, the tissues
were paraffin-embedded and sectioned coronally at thick-
nesses of 3 and 5 µm using a microtome (HM 325, Thermo
Fisher Scientific, China). Tissue sections were then sub-
jected to xylene dewaxing, followed by rehydration through
a series of graded ethanol solutions and deionized water,
prior to histological staining. Specifically, 3-µm-thick sec-
tions were stained with hematoxylin–eosin (H&E) accord-
ing to the established protocols, and the stained sections
were then photographed under a BX43 Olympus micro-
scope (Olympus Corporation, Tokyo, Japan).
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Western Blotting
Cerebral tissue samples surrounding the hematoma

sites were disrupted, homogenized, and lysed in chilled
radio-immunoprecipitation assay (RIPA) lysis buffer
(Boster, AR0105-100) for 30 min. Protein concentration
was determined using a BCA protein assay kit following
the manufacturer’s instructions. Equal amounts of protein
(20 µg) were separated by 10% SDS-PAGE and the
separated bands were subsequently transferred to PVDF
membranes. Next, PVDF membrane was blocked using
5% skim milk for 2 h at ambient temperature, followed
by incubation with primary antibodies overnight at 4 °C.
Antibodies targeting BRD4 (A18840, Abclonal, 1:1000),
Bcl-2 (A21592, Abclonal, 1:1000), BAX (A19684, Ab-
clonal, 1:1000), cleaved caspase-1 (4199, CST, 1:1000),
LC3-I (4599, CST, 1:1000), LC3-II (2775, CST, 1:1000),
p62 (A7758, Abclonal, 1:1000), Beclin (Becn1, A7353,
Abclonal, 1:1000), AMPK (A1229, Abclonal, 1:1000),
phosphorylated AMPK (AP0871, Abclonal, 1:1000),
mTOR (A2445, Abclonal, 1:1000), phosphorylated mTOR
(AP0115, Abclonal, 1:1000), and GAPDH (AC002, Ab-
clonal, 1:15,000) were utilized in this experiment. After
washing, membranes were incubated for 1 h at ambient
temperature with HRP-conjugated secondary antibodies,
including goat anti-rabbit IgG (AS014, Abclonal, 1:5000)
or goat anti-mouse IgG (AS003, Abclonal, 1:5000). Af-
terwards, protein visualization was achieved with an ECL
detection kit (Thermo Fisher Scientific, MA, USA) and
quantified using ImageJ software v1.53 (NIH, Bethesda,
MD, USA).

Statistical Analysis
Statistical analysis was carried out using SPSS v26.0

(IBM Corp., Armonk, NY, USA). Prior to group compar-
isons, the Shapiro–Wilk test was applied to evaluate the nor-
mality of data distribution. For variables conforming to a
normal distribution, results are expressed as mean ± stan-
dard deviation (SD), and differences among groups were as-
sessed using one-way analysis of variance (ANOVA) with
Tukey’s post hoc test. For datasets that did not meet the
normality assumptions, data are presented asmedian and in-
terquartile range (IQR), and Kruskal–Wallis test, followed
by Dunn’s post hoc test, was used. Results with p < 0.05
were considered statistically significant.

Results

Intracerebral Hemorrhage Elevates the Expression
of BRD4

To investigate the temporal expression profile of
BRD4 after ICH, we measured BRD4 protein levels in peri-
hematomal brain tissue at 12 h, 24 h, 72 h, and 7 days post-
ICH. The results showed that the levels of BRD4 protein
increased gradually at 12/24/72 h post-ICH (p < 0.01), but
decreased significantly at 7 days (p < 0.01) (Fig. 1A,B).

This dynamic pattern suggested that BRD4 was actively in-
volved in the acute phase of ICH and might participate in
the subsequent secondary injury processes.

JQ1 Mitigates Cerebral Edema and Damage in ICH
JQ1 is considered a highly effective suppressor of

BRD4 expression and is commonly utilized in cancer re-
search [28]. In this study, JQ1 was used to examine the
impact of BRD4 suppression on the brain in an ICH model.
In the assessment of JQ1’s inhibitory effect, the BRD4 ex-
pression was notably reduced in the ICH + JQ1 group (p <
0.01) (Fig. 2A,B). Unsurprisingly, the brain water content
for the ICH + JQ1 group showed a marked reduction rel-
ative to the ICH group (p < 0.01) (Fig. 2C). Furthermore,
H&E staining revealed anomalies in the cerebral tissue of
the ICH rat model, featuring neuronal swelling, necrosis of
certain nerve cells, atrophy, deformation, nuclear conden-
sation, nuclear fragmentation, and inflammatory cell infil-
tration. However, these features were ameliorated follow-
ing the administration of JQ1, characterized by a reduction
in the morphological alterations of cerebral tissue, the num-
ber of necrotic nerve cells, and inflammatory cell infiltra-
tion (Fig. 2D). Collectively, these findings corroborated the
potential of JQ1 in alleviating post-ICH brain tissue dam-
age.

JQ1 Attenuates Neurological and Motor Deficits
Induced by ICH

Cognitive and motor impairments are common man-
ifestations of ICH [29]. In this study, a series of behav-
ioral assessments was conducted upon the injection of JQ1
in ICH rats. The assessment outcomes revealed a substan-
tial decrease in mNSS in the ICH + JQ1 group relative to the
ICH group at 24 h, 72 h, and 7 d post-ICH induction (p <

0.01). However, this difference was not statistically signifi-
cant at day 14 post-ICH, which may be attributed to the lim-
ited duration of JQ1 administration or the recovery plateau
commonly observed in later stages of ICH (Fig. 3A). In con-
trast, the ICH + JQ1 group exhibited a decreased foot fault
rate and increased latency on the rotarod performance test
relative to the ICH group (p< 0.05 or p< 0.01) (Fig. 3B,C).
The aforementioned findings indicated that the JQ1 treat-
ment significantly alleviated neurological damage and be-
havioral abnormalities in the ICH model.

JQ1 Attenuates Learning and Memory Impairments
Caused by ICH

Subsequently, we assessed the cognitive and mem-
ory abilities in rats of each group through the Morris wa-
ter maze. The assessment outcomes demonstrated that es-
cape latency was greatly reduced in the ICH + JQ1 group
versus the ICH group (p < 0.01) (Fig. 4A). Additionally,
compared to the ICH group, the ICH + JQ1 group exhib-
ited a notable elevation in the platform-crossing frequency
and target-quadrant dwelling time (p < 0.05 or p < 0.01)
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Fig. 1. Intracerebral hemorrhage elevates BRD4 expression. (A) Western blot analysis of BRD4 protein expression. (B) Quanti-
tative results of the BRD4 protein expression, presented as mean ± SD (n = 3). **p < 0.01 vs. Sham group. Abbreviations: BRD4,
bromodomain-containing protein 4; ICH, intracerebral hemorrhage.

Fig. 2. JQ1 mitigates cerebral edema and damage in ICH. (A) Western blot analysis of BRD4 protein. (B) Quantitative results of the
BRD4 protein expression. (C) Brain water content (n = 10). (D) H&E staining (scale bars: 100 µm or 20 µm). Quantitative results are
presented as mean± SD (n = 3). **p< 0.01 vs. Sham group; ##p< 0.01 vs. ICH group. Abbreviations: BRD4, bromodomain-containing
protein 4; ICH, intracerebral hemorrhage; H&E, hematoxylin–eosin.

(Fig. 4B,C). These observations indicated that JQ1 admin-
istration could attenuate learning and memory impairments
after ICH.

JQ1 Alleviates Apoptosis in Cerebral Tissue Induced
by ICH

Apoptosis induced by ICH is a contributing factor to
brain dysfunction and the onset of stroke [30]. In this

study, TUNEL assay was employed for examining apop-
tosis within different regions of the experimental rats’ cere-
bral tissues. The staining results showed a notable suppres-
sion of apoptosis in cerebral tissues of ICH rats following
JQ1 administration, as compared to the untreated ICH rats
(p < 0.01) (Fig. 5A,B). Subsequently, the levels of pro-
teins associated with apoptosis were evaluated. According
to the evaluation results, the ICH + JQ1 group exhibited a

https://www.discovmed.com/


1955

Fig. 3. JQ1 alleviates neurological and motor deficits induced by ICH. (A) mNSS score. (B) Foot fault rate. (C) Rotarod latency.
Results are presented as median (IQR) (n = 10). **p < 0.01 vs. Sham group; #p < 0.05, ##p < 0.01 vs. ICH group. Abbreviations:
mNSS, modified neurological severity score; ICH, intracerebral hemorrhage.

Fig. 4. JQ1 attenuates learning and memory impairments caused by ICH. (A) Escape latency. (B) Number of platform-crossing.
(C) Target-quadrant dwelling time. These variables were measured by means of Morris water maze test. Results are reported as mean±
SD (n = 10). **p < 0.01 vs. Sham group; #p < 0.05, ##p < 0.01 vs. ICH group. Abbreviation: ICH, intracerebral hemorrhage.

marked elevation in Bcl-2 protein expression and a notable
reduction in BAX and cleaved caspase-1 relative to the ICH
group (p< 0.01) (Fig. 5C,D). These observations suggested
that JQ1 could suppress cell apoptosis induced by ICH.

JQ1 Activates Autophagy in Cerebral Tissues of ICH
Rats

According to an earlier study, promoting autophagy is
beneficial for the treatment of neurological disorders [31].
In this study, Western blotting was employed to examine
expression of autophagy-related proteins in the cerebral tis-
sues of different groups of rats. The LC3-II and Beclin-
1 levels in the ICH + JQ1 group were considerably up-
regulated in contrast to the ICH group, whereas the p62 pro-
tein levels were remarkably reduced (p< 0.01) (Fig. 6A,B).
These results suggested that JQ1 might play a role in im-
proving the condition of cerebral tissues in ICH rats by
modulating autophagy pathway.

JQ1 Regulates the AMPK/mTOR Pathway
The activation of mTOR (p-mTOR) is an inhibitory

signal for autophagy. In this study, compared to the

Sham group, p-AMPK/AMPK levels were notably elevated
in ICH rats, while p-mTOR/mTOR levels were substan-
tially decreased. However, there was a notable reduction
in p-mTOR/mTOR levels and an obvious elevation in p-
AMPK/AMPK levels within the ICH + JQ1 group (p <

0.01) (Fig. 7A,B). These findings suggested that JQ1 might
influence autophagy via AMPK/mTOR signaling.

Discussion

Intracerebral hemorrhage may lead to mobility limi-
tations, cognitive decline, and mortality, posing a signifi-
cant risk to human health and well-being [32]. At the cur-
rent stage, the therapeutic benefits and long-term prospects
of surgical intervention are relatively limited, and the effi-
cacy of medications is constrained by their adverse effects
[33]. Thus, identifying new therapeutic targets and effec-
tive neuroprotective strategies remains a pressing need. In
our study, JQ1 showed potential as a promising intervention
for the treatment of ICH.

This study revealed that after ICH induction in rats,
BRD4 expression progressively increased from 12 h to 72
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Fig. 5. JQ1 alleviates apoptosis in cerebral tissue of ICH rats. (A,B) TUNEL staining results (scale bar = 50 µm) and the corresponding
quantitative analysis. (C) Western blots of Bcl-2, BAX, and cleaved caspase-1. (D) Quantitative analysis of the protein expression of
Bcl-2, BAX, and cleaved caspase-1. Quantitative results are reported as mean± SD (n = 3). **p< 0.01 vs. Sham group; ##p< 0.01 vs.
ICH group. Abbreviation: ICH, intracerebral hemorrhage; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

Fig. 6. JQ1 activates autophagy levels in the cerebral tissue of ICH rats. (A) Western blot analysis of LC3-I, LC3-II, p62, and
Beclin-1. (B) Quantitative analysis of the protein expression of LC3-I, LC3-II, p62, and Beclin-1. Results are reported as mean± SD (n
= 3). **p < 0.01 vs. Sham group; ##p < 0.01 vs. ICH group. Abbreviation: ICH, intracerebral hemorrhage.

h, peaking at 72 h. Interestingly, the BRD4 expression level
gradually decreased between 72 h and 7 days post-ICH in-
duction. Additionally, it has been reported that primary in-
jury induced by ICH occurs within minutes to hours follow-
ing the onset of bleeding and is predominantly attributed
to mechanical trauma caused by mass effect [34]. Sec-

ondary damage primarily occurs due to oxidative stress, in-
traparenchymal hemorrhage, cytotoxic effects due to rapid
blood accumulation, and inflammatory responses, resulting
in irreversible damage within the components comprising
the neurovascular unit [35]. In view of previous studies,
the upregulation of BRD4 expression is associated with the

https://www.discovmed.com/


1957

Fig. 7. JQ1 induces autophagy by regulating AMPK/mTOR signaling. (A) Western blot analysis of AMPK, p-AMPK, mTOR, and
p-mTOR. (B) Quantitative analysis of the protein expression of AMPK, p-AMPK, mTOR, and p-mTOR. Results are reported as mean
± SD (n = 3). **p < 0.01 vs. Sham group; ##p < 0.01 vs. ICH group. Abbreviation: ICH, intracerebral hemorrhage; AMPK/mTOR,
AMP-activated protein kinase/mammalian target of rapamycin.

progression of brain injury caused by ICH. Although a di-
rect correlation between BRD4 and ICH-induced brain in-
jury severity was not established within this study, it is still
plausible to suggest that BRD4 could be significantly linked
to brain injury caused by ICH.

JQ1, a highly potent small-molecule inhibitor of BET
family members, blocks the recruitment of BRD4 to acety-
lated chromatin via competitive binding to its bromodomain
motifs [36]. JQ1 has been reported to potently inhibit solid
tumor growth [37,38]. For instance, Li et al. [26] reported
that BET inhibition promoted neuronal differentiation and
suppressed glial proliferation in neural progenitor cells, in-
dicating a possible therapeutic role in neurodegeneration.
The involvement of JQ1 in ICH has not been documented.
This study revealed a notable decrease in BRD4 expres-
sion following the administration of JQ1 in the ICH model.
Subsequent examinations demonstrated that the downregu-
lation of BRD4 induced by JQ1 reduced brain water con-
tent and improved pathological manifestations in cerebral
tissues after ICH, while also mitigating behavioral abnor-
malities, as well as learning and memory impairments in
ICH. These findings suggested that JQ1-mediated inhibi-
tion of BRD4 expression might mitigate ICH-induced brain
injury.

In numerous chronic neurodegenerative conditions,
cell death is a major contributor to functional decline, and
ICH-induced neuronal apoptosis could exacerbate brain in-
jury [39]. Most recent experimental investigations have fo-
cused on elucidating the mechanism of neuronal apoptosis
induced by ICH, aiming to identify novel therapeutic tar-
gets for this disease [40]. In an oncological study, specific
inhibition of BRD4 has been demonstrated to trigger pro-
grammed cell death in diverse types of cancer cells [26].
However, in a study on acute kidney injury, BRD4 inhi-
bition notably reduced the production of proteins associ-
ated with programmed cell death in renal tissue [41]. Sim-
ilarly, JQ1 has been identified as an agonist of apoptosis

in a cancer-related study [42]. In this study, notably el-
evated apoptosis rate was observed in cerebral tissues of
ICH rats. However, JQ1-induced reduction in BRD4 ex-
pression led to a decreased level of apoptosis. Additionally,
JQ1 was found to elevate Bcl-2 protein expression and de-
crease BAX and cleaved caspase-1 protein levels. These
results indicate that BRD4 is an activating factor of neu-
ronal apoptosis in ICH, which can be counteracted by JQ1.

Autophagy is a cellular protective mechanism through
which cells break down and process misfolded proteins, in-
jured organelles, intracellular pathogens, and various ab-
normal cell constituents [43]. Impaired autophagy can com-
promise cellular function and is strongly associated with
neurodegenerative disorders [44]. BRD4 has been shown
to inhibit the assembly of autophagosomes [45]. Besides,
BRD4 inhibition leads to the activation of autophagy by up-
regulating various autophagy and lysosomal genes [46]. In
addition, JQ1 can facilitate macrophage autophagy through
the mTOR signaling pathway, thereby inhibiting the in-
tracellular replication of HIV [47]. In this study, JQ1
markedly increased the autophagy levels in ICH cerebral
tissue, potentially via the AMPK-mTOR pathway. Future
research could explore the potential efficacy of mTOR in-
hibitors in ameliorating brain injury caused by ICH and fur-
ther investigate the specific mechanisms by which JQ1 af-
fects autophagy.

Importantly, increasing evidence indicates that apop-
tosis and autophagy are interconnected processes with mu-
tual regulatory roles [48]. Autophagy can function as
a compensatory survival mechanism that delays or sup-
presses apoptosis under stress conditions [49]. The cur-
rent study found that JQ1 mediates concurrent reduction of
apoptotic markers and stimulation of autophagy, whichmay
be functionally linked, and that enhanced autophagy might
contribute to the observed anti-apoptotic effects. This inter-
play warrants further mechanistic investigation in the con-
text of ICH.
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Although this research offers important perspectives
on the neuroprotective function of JQ1 in rat ICH models,
certain limitations must be acknowledged. First, JQ1 is a
non-specific BET inhibitor. Due to JQ1’s effects on other
BET family proteins, it is difficult to conclusively attribute
the observed neuroprotective effects solely to BRD4. Fu-
ture research incorporating genetic approaches—such as
siRNA-mediated knockdown or CRISPR-based editing—
would help elucidate the precise contribution of BRD4 to
ICH pathophysiology. In addition, this study was limited
to a single animal model, and the absence of long-term out-
come data raises concerns about the sustained efficacy and
safety of BET inhibition. Furthermore, our research re-
lied on H&E staining, which, although useful for general
histological examination, lacks specificity to discern subtle
types of neuronal injuries. Future studies should incorpo-
rate immunohistochemical markers such as glial fibrillary
acidic protein (GFAP) and ionized calcium-binding adapter
molecule 1 (IBA-1) to better characterize astrocyte and mi-
croglial activation during ICH progression and recovery.
Additionally, we acknowledge the lack of lesion volume
analysis, which is critical for evaluating both tissue dam-
age and the protective effects of JQ1. We plan to include
this analysis in future studies to offer a broader appraisal
of JQ1’s neuroprotective efficacy for treating intracerebral
hemorrhage.

This study highlights the neuroprotective potential of
JQ1 in ICH, but its broader application in other neurode-
generative diseases, where neuroinflammation plays a key
role, should also be considered. JQ1 could complement ex-
isting treatments, and its non-specific BET inhibition sug-
gests that it may work synergistically with other therapies.
Therefore, future studies should refine these findings by
using more specific inhibitors to clarify the role of BRD4
in neuroprotection. Expanding research to include models
that more closely mimic human physiology and conduct-
ing long-term assessments will help understand the long-
term effects and safety of BET inhibition. Additionally,
integrating advanced histological techniques will help pro-
vide deeper insights into the cellular mechanisms involved
in ICH recovery and neuronal damage, further improving
treatment strategies.

Conclusion

Overall, the BRD4 inhibitor JQ1 can improve ICH-
induced behavioral function, learning and memory impair-
ments, as well as brain injury and cell apoptosis in the cere-
bral tissue of rats with the disorder. Furthermore, JQ1 can
activate autophagy in the cerebral tissue of ICH rats. These
effects may be mediated through the AMPK/mTOR cas-
cade. This research reveals that BRD4 could serve as a
promising therapeutic target in ICH management, and that
JQ1 is a potential candidate for drug development for this
disorder.
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