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Targeted BRD4 protein degradation 
by dBET1 ameliorates acute ischemic brain 
injury and improves functional outcomes 
associated with reduced neuroinflammation 
and oxidative stress and preservation of blood–
brain barrier integrity
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Abstract 

Bromodomain-containing protein 4 (BRD4), a member of the bromodomain and extra-terminal domain (BET) protein 
family, plays a crucial role in regulating inflammation and oxidative stress that are tightly related to stroke develop‑
ment and progression. Consequently, BRD4 blockade has attracted increasing interest for associated neurological 
diseases, including stroke. dBET1 is a novel and effective BRD4 degrader through the proteolysis-targeting chimera 
(PROTAC) strategy. We hypothesized that dBET1 protects against brain damage and neurological deficits in a transient 
focal ischemic stroke mouse model by reducing inflammation and oxidative stress and preserving the blood–brain 
barrier (BBB) integrity. Post-ischemic dBET1 treatment starting 4 h after stroke onset significantly ameliorated severe 
neurological deficits and reduced infarct volume 48 h after stroke. dBET1 markedly reduced inflammation and oxida‑
tive stress after stroke, indicated by multiple pro-inflammatory cytokines and chemokines including IL-1β, IL-6, TNF-α, 
CCL2, CXCL1 and CXCL10, and oxidative damage markers 4-hydroxynonenal (4-HNE) and gp91phox and antioxidative 
proteins SOD2 and GPx1. Meanwhile, stroke-induced BBB disruption, increased MMP-9 levels, neutrophil infiltration, 
and increased ICAM-1 were significantly attenuated by dBET1 treatment. Post-ischemic dBET1 administration also 
attenuated ischemia-induced reactive gliosis in microglia and astrocytes. Overall, these findings demonstrate that 
BRD4 degradation by dBET1 improves acute stroke outcomes, which is associated with reduced neuroinflammation 
and oxidative stress and preservation of BBB integrity. This study identifies a novel role of BET proteins in the mecha‑
nisms resulting in ischemic brain damage, which can be leveraged to develop novel therapies.
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Introduction
Ischemic stroke insults trigger a complex pathophysiolog-
ical cascade of events, including inflammation, oxidative 
stress, and blood–brain barrier (BBB) disruption that are 
tightly related to the extent of stroke brain damage and 
recovery [1]. Following stroke, the excessive production 
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of inflammatory and oxidative mediators causes BBB dis-
ruption, peripheral immune cell infiltration, upregulation 
of cellular adhesion molecules, and the activation of glial 
cells, ultimately leading to exacerbated brain injury [2]. In 
recent years, increasing focus has been placed on devel-
oping therapeutic strategies to modulate inflammatory 
and oxidative status after stroke [3, 4].

Bromodomain-containing protein 4 (BRD4) is a mem-
ber of the bromodomain and extra-terminal domain 
(BET) protein family that is widely distributed through-
out the body [5, 6]. Recent structural and chemical analy-
ses of BRD4 and its inhibition studies indicate a critical 
role of BRD4 in coordinating inflammatory and oxida-
tive processes in response to different insults, including 
ischemia [5, 7–10]. These works include the identifica-
tion of JQ1, a first-generation, potent, and selective BRD4 
inhibitor [6]. A landmark study revealed that BET inhi-
bition with I-BET potently suppressed the production of 
pro-inflammatory mediators in activated macrophages 
in  vivo and protected against lipopolysaccharide (LPS)-
induced lethal shock [11]. Several lines of evidence using 
in  vitro oxidative stress models have revealed the pro-
tective role of BET inhibition against oxidative damage 
through upregulating the Nrf2 signaling pathway and 
its target antioxidant genes, suggesting that BET pro-
teins inhibits Nrf2 signaling [12–15]. Following primary 
ischemic injury, secondary inflammatory and oxidative 
damage gradually occurs as a consequence of destruc-
tive cellular and molecular events, which further exac-
erbates BBB breakdown through various structural and 
functional components of the BBB [2, 16, 17]. Therefore, 
BRD4 blockade has attracted increasing interest in trans-
lational and clinical fields. However, the understanding 
of BRD4’s cellular functions and its relevance in diseases 
such as stroke remains limited, delaying advancements in 
translating therapeutic strategies targeting BRD4 to the 
clinic.

An ideal approach to block multi-domain protein 
BRD4 function is to delete BRD4 completely by either 
targeting protein degradation with proteolysis-targeting 
chimeras (PROTACs) technique or genetic manipula-
tion [10]. dBET1 is a potent PROTAC molecule, contain-
ing the JQ1 moiety for selectively binding BRD4 and a 
phthalimide moiety for binding the E3 ubiquitin ligase 
(Fig. 1). Such binding of both moieties allows BRD4 to be 
tagged with ubiquitin, making it available for subsequent 
proteasomal degradation. Recent in  vitro and in  vivo 
studies have demonstrated that dBET1 can induce potent 
and selective BRD4 degradation in the mouse brain [18–
20]. Considering that the global knockout of BRD4 in 
mice is lethal, dBET1 investigation is of particular impor-
tance in a complete understanding of whether and how 
BRD4 functions in the brain in heath and disease.

In this study, using a transient focal cerebral ischemia 
mouse model, we hypothesized that BRD4 degrader 
dBET1 elicits robust neuroprotective efficacy against 
stroke damage by mechanisms involving regulat-
ing inflammatory and oxidative processes along with 

Fig. 1  BRD4 protein degradation in the mouse brain by dBET1. A 
Schematic illustration of BRD4 PROTAC dBET1 mechanism-induced 
BRD4 protein degradation through the ubiquitin–proteasome 
system. With dBET1, E3 ligase recognizes, binds, and ubiquitinates 
BRD4 protein, making it available for subsequent proteasomal 
degradation. B Representative western blot depicts dBET1 (30 mg/kg; 
i.p. at 4 and 24 h) induces significant BRD4 degradation in the whole 
hemisphere and cerebral cortex of mice at 48 h after sham surgery. 
n = 4–5 per group, **P < 0.01, ***P < 0.001. C Representative western 
blot shows the BRD4 protein levels in the cerebral cortex of sham 
and stroke mice at 48 h after surgery. n = 5 per group. ***P < 0.001. D 
Representative western blot depicts dBET1 (30 mg/kg; i.p. at 4 and 
24 h after stroke) reduces the protein level of BRD4 in the cerebral 
cortex under the condition of stroke by tMCAO. ***P < 0.001. Ub, 
ubiquitin; E1, E2, E3, ubiquitin-activating enzyme E1, E2, E3; BET, 
bromodomain and extra-terminal domain protein
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preserving BBB integrity. To address this hypothesis, 
we first validated the ability of dBET1 to degrade BRD4 
in vivo. Next, we evaluated the effects of dBET1 on func-
tional and anatomical outcomes after ischemic stroke. 
We delved into the underlying mechanisms of protection 
by dBET1 by investigating the effects of BRD4 blockade 
on ischemia-induced inflammation and oxidative stress. 
Finally, we studied the effects of post-ischemic treatment 
with dBET1 on BBB integrity, MMP-9 levels, neutrophil 
infiltration, cellular adhesion molecule dysregulation, 
and reactive gliosis in microglia and astrocytes.

Materials and methods
Animals
Three-month-old C57BL/6J male mice (Jackson Labo-
ratory) were used for this study. The mice were housed 
on a 12-h light–dark cycle with ad libitum access to food 
and water. All animal experiment procedures were per-
formed according to the NIH Guide for the Care and Use 
of Laboratory Animals and were approved by the Univer-
sity of Florida Institutional Animal Care and Use Com-
mittee. The animals were randomly distributed into four 
experimental groups. All experiments and analysis for 
this study were conducted in a blinded, randomized, and 
controlled design to group assignment and treatment. All 
efforts were made to minimize the animal number and 
animal suffering. The number of animals for each experi-
ment was calculated based on the power analysis and is 
stated in each figure or figure legend [21].

Transient focal cerebral ischemia model
Transient focal cerebral ischemia model was induced 
by 35-min reversible middle cerebral artery occlusion 
(tMCAO) with a silicone-coated filament followed by 
reperfusion, as our group described previously [22, 23]. 
This transient unilateral cerebral ischemia model gen-
erates a reproducible ischemic lesion in the ipsilateral 
hemisphere. Briefly, each mouse was anesthetized with 
isoflurane (3% for induction and 1.5–2% for mainte-
nance) in an oxygen/air mixture during surgery. Artifi-
cial tear ointment was applied to the eyes for protection 
and lubrication. The right common carotid artery (CCA), 
external carotid artery (ECA), and internal carotid artery 
(ICA) were carefully exposed. The CCA was ligated 
with a 6–0 silk suture at the proximal portion. A 12-mm 
length of a 6–0 silicone-coated nylon filament (Doccol, 
Cat. No. 602123) was gently inserted into the CCA and 
then advanced into the ICA ~ 9–10  mm from the inter-
nal carotid bifurcation until mild resistance was felt and 
cerebral blood flow (CBF) exhibited a dramatic reduction 
(> 75% of the baseline value), assessed by a laser Doppler 
flowmetry (Moor Instruments Ltd). Reperfusion was per-
formed by gently retracting the filament after 35 min of 

MCA occlusion. The body temperature was maintained 
at 37  °C by a thermostatically controlled heating pad 
during the whole surgical procedure. Post-surgery mice 
were allowed to recover in a temperature- and humidity-
controlled chamber. The sham-surgery (sham) mice were 
subjected to the same surgical procedures except for the 
MCA occlusion.

Treatment with BET degrader dBET1
The proteolysis-targeting chimera (PROTAC) dBET1 is 
a BET protein degrader comprising BET bromodomain 
antagonist ( +)-JQ1 conjugated to a cereblon E3 ubiquitin 
ligase ligand [24]. dBET1 (Chemietek, Indianapolis, IN, 
USA; Cat. #CTDBET1; > 99.5% purity; CAS #1,799,711–
21-9) was dissolved in dry dimethyl sulfoxide (75 mg/ml) 
and stored at − 20 °C as we previous described [19]. The 
freshly prepared dBET1 working solution or the same 
volume of vehicle was injected intraperitoneally at 4 and 
24 h after the onset of reperfusion. dBET1 was given at a 
dose of 30 mg/kg. For a 30-g mouse, 12 µl dBET1 stock 
(or 12 µl dimethyl sulfoxide for vehicle) and 12 µl of 25% 
Tween 80 in sterile water were mixed and vortexed for 
1 min. 476 µl of 11.2% of Captisol® (β-cyclodextrin sul-
fobutyl ether sodium; Ligand, San Diego, CA, USA) in 
sterile water was added and thoroughly vortexed again 
before injection.

Measurement of infarct volume
The infarct volume was assessed by 2,3,5-triphenyltetra-
zolium chloride (TTC) staining at 48 h after stroke [25]. 
Mice were euthanized, transcardially perfused with 
ice-cold saline, and the brains were harvested. Mouse 
brains were sliced into six 1-mm-thick coronal sections 
with a brain matrix. The fourth section, starting from 
the rostral side, was dissected and immediately frozen 
in liquid nitrogen and stored in the -80  °C freezer until 
further molecular biology analyses. The other sections 
were incubated in a 2% TTC solution (Sigma-Aldrich) at 
room temperature for 30 min, followed by fixation with 
4% paraformaldehyde (PFA, pH 7.4). All rostral sides of 
the stained sections and the caudal side of the third sec-
tion (corresponds to the rostral side of the fourth coro-
nal section) were scanned at 600 dpi using an HP Scanjet 
8300 scanner (Palo Alto, CA) and saved as a JPEG file. 
The infarcted area of each section was delineated and 
determined using Adobe Photoshop CS5, and the overall 
infarct volume was calculated. The details are described 
in our previous reports [19, 26].
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Behavioral testing
A battery of behavioral tests, including neurological defi-
cit score, open field locomotor activity, and vertical grid 
test, were performed to assess the neurological perfor-
mance of mice at indicated timepoints. Investigators 
performing the tests and analyses were blinded to group 
assignment and treatment.

Neurological deficit score
The neurological deficits scoring can assess the over-
all neurological severity and multiple deficits in animal 
studies of stroke [27, 28]. At 48  h after stroke, mice’s 
neurological deficit score (NDS) was evaluated using six 
individual tests, including body symmetry, gait, circling 
behavior, front limb symmetry, compulsory circling, and 
climbing, as we previously described [29, 30]. Scoring for 
each test was performed independently by two trained 
investigators using a 4-point scoring system (0, no defi-
cits; 4, severe deficits). The average score of each mouse 
from two investigators was used for statistical analysis.

Vertical grid test
Vertical grid test is a sensitive method to assess neuro-
muscular strength and motor coordination in rodents 
[31, 32]. The vertical grid apparatus is an open frame 
(55  cm height × 8  cm wide × 5  cm depth) with a wire 
mesh (0.8  cm × 0.8  cm aperture) on the backside. It is 
vertically placed in a cage filled with bedding mate-
rial. Within 1 week prior to and 48  h after tMCAO, 
each mouse was placed on the top of wire mesh, facing 
downward, and was allowed to climb down to the cage. 
The total time to climb down was recorded. If the mouse 
failed while descending or could not descend down into 
the cage within 60  s, the performance was expressed as 
the maximum duration of 60 s. Each mouse performed 3 
trials with at least 5-s intervals.

Open field test
The open field test is used to assess the locomotor activ-
ity of mice. Within 1 week prior to and at 48  h after 
tMCAO, the spontaneous locomotor activity of mice 
was measured in an open field paradigm with an auto-
mated video tracking system (Anymaze software, Stoelt-
ing, Wood Dale, IL) as we described previously [19]. 
Mice were individually placed in an open field chamber 
(40 × 40 × 40  cm) with grey sidewalls and allowed to 
explore for 10 min. The total traveled distance was used 
as the indices of motor/exploratory behavior of each 
mouse. The open field arena was cleaned with 70% etha-
nol between tests.

Immunohistochemistry and immunofluorescence
Each mouse was anesthetized and transcardially perfused 
with saline followed by 4% paraformaldehyde (pH 7.4) in 
PBS. The brain was removed, post-fixed, and cryopro-
tected in 30% sucrose (w/v) and sliced into 30-μm-thick 
coronal sections on a semi-automatic vibrating microtome 
(Compresstome® VF310-0Z; Precisionary Instruments, 
Natick, MA). Immunohistochemistry and immunofluores-
cence stainings were performed using standard protocols 
[33, 34]. The primary antibodies were rabbit polyclonal 
ionized calcium-binding adapter protein 1 (Iba1; 1:5000; 
catalog #019–19,741, Wako Bioproducts, Richmond, VA), 
rabbit polyclonal glial fibrillary acidic protein (GFAP; 
1:3000; catalog #Z0334, DAKO, Carpinteria, CA), horse 
anti-mouse IgG (biotinylated; 1:200; catalog #BA-2000, 
Vector Laboratories, Burlingame, CA), purified rat anti-
mouse Ly-6G (1:200; catalog #127,602, Biolegend, San 
Diego, CA), and goat anti-mouse intercellular adhesion 
molecule-1 (ICAM-1/CD54; 1:1000; catalog #AF796, 
R&D Systems, Minneapolis, MN). Sections were washed 
and incubated with Elite ABC-HRP Kit for Ly-6G and 
IgG stainings (catalog #PK-6100, Vector Laboratories, 
Burlingame, CA) or appropriate secondary antibodies for 
other stainings on the following day. The following second-
ary antibodies were used: goat anti-rabbit (1:2000; catalog 
#5450–0010, SeraCare, Gaithersburg, MD) and donkey 
anti-goat Alexa Fluor Plus-594 (1:500; catalog #A32758, 
Life Technologies, Grand Island, NY). For immunohis-
tochemistry, the immunoreaction was visualized using a 
3,3-diaminobenzidine chromogen solution (DAB substrate 
kit; Vector Laboratories). The brightfield images were cap-
tured by ScanScope CS and analyzed using ImageScope 
software (Aperio Technologies, Vista, CA) or ImageJ soft-
ware. Immunofluorescence images were captured by an 
automated Axio Scan.Z1 slide scanner and analyzed using 
Zen 2.3 software (Zeiss, Berlin, Germany) or ImageJ soft-
ware. The immunostaining signals were quantified in a 
100 × 100  µm square applied at indicated brain regions 
in the figures. Three consecutive coronal sections were 
quantitatively analyzed and provided an average value. 
We counted Iba1-positive cells area (%), GFAP-positive 
astrocytes area (%), IgG immunointensity, Ly-6G positive 
cells per field (i.e., 200 µm × 200 µm square), and ICAM-1 
immunointensity in indicated brain regions.

Protein extraction and western blot
Protein extraction and western blot were performed as 
previously described [25]. The deeply anesthetized mice 
were transcardially perfused with ice-cold saline. Har-
vested brain tissues (peri-infarct/contralateral cortex or 
hemispheres) were collected and stored in the − 80  °C 
freezer. Tissues were homogenized in lysis buffer, and 
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total protein concentration was determined using the 
PierceTM BCA assay kit (catalog #23,227, Thermo Scien-
tific, Rockford, IL). Samples were aliquoted and stored at 
− 80  °C freezer until further analysis. An equal amount 
of protein was separated using 4–20% polyacrylamide 
gradient gels (BioRad, Hercules, CA) and transferred to 
nitrocellulose membranes. After blocking with 5% skim 
milk, the membranes were incubated overnight with rab-
bit anti-BRD4 (1:2000; Catalog #A301-985A50; Bethyl 
Laboratories, Montgomery, TX, USA), rabbit anti-zona 
occludens 1 (ZO-1; 1:1000; catalog #61–7300, Life Tech-
nologies, Grand Island, NY), rabbit anti-Occludin (1:1000; 
catalog #ab167161, Abcam, Cambridge, MA), rabbit anti-
MMP-9 (1:500; catalog #sc-6841-R, Santa Cruz Biotech-
nology, Dallas, Texas), mouse-4-hydroxynonenal (4-HNE; 
1:2000, catalog #MAB3249, R&N systems, Minneapolis, 
MN), mouse anti-gp91phox (1: 500; catalog #611,414, BD 
Biosciences, San Jose, California), rabbit anti-glutathione 
peroxidase 1 (GPX1; 1:1000; catalog #ab22604, Abcam, 
Cambridge, MA), rabbit anti-Superoxide dismutase 2 
(SOD2; 1:2,000, catalog #ab13534, Abcam, Cambridge, 
MA), and mouse anti-β-actin (1:10,000; catalog #A1978, 
Sigma-Aldrich, St. Louis, MO). The membranes were 
then washed with TBST three times at 5  min intervals, 
incubated with goat anti-rabbit IRDye 800CW (1:30,000; 
Li-Cor, Lincoln, NE) or donkey anti-mouse IRDye 680LT 
(1:40,000; Li-Cor) secondary antibodies for 1  h at room 
temperature. Membranes were scanned with an Odys-
sey infrared scanning system (Li-Cor), and quantification 
analyses of immunoreactive bands were performed using 
ImageJ software.  Unedited immunoblots are provided in 
Additional file  1: Figure S1. For gp91phox, we optimized 
the immunoblotting conditions and found a better signal 

when gels are run under non-reducing conditions (Addi-
tional file 2: Figure S2).

RNA isolation and quantitative real‑time PCR
Mice were euthanized and transcardially perfused with 
ice-cold saline, and the brains were collected and sliced 
into six 1-mm-thick coronal sections with a brain matrix. 
The cortical tissue was dissected from the fourth section 
and was stored at − 80  °C until RNA extraction. Total 
RNA from the cortical tissue was isolated using a modi-
fied method of acid guanidinium thiocyanate–phenol–
chloroform extraction [19, 35]. RNA concentration and 
purity were determined by a Take3 Micro-Volume Plate 
Reader (Biotek Instruments, Winooski, VT). Quantita-
tive real-time PCR was performed in a total reaction vol-
ume of 10 μL using Luna® Universal One-Step RT-qPCR 
Kit (catalog # E3005, New England BioLabs, Ipswich, 
MA) according to the manufacturer’s protocol. Reac-
tions were run in a BioRad CFX96 Touch Real-Time PCR 
Detection System. The primer sequences were included 
in Table  1. Each  reaction was performed in triplicate, 
and the relative expression value for each target gene 
was calculated using the ΔΔCt method after normaliza-
tion to the housekeeping gene Ywhaz.

Statistical analysis
PRISM software (GraphPad V.6) was used to perform 
the statistical analyses.  D’Agostino–Pearson normal-
ity test was utilized to confirm Gaussian distribution 
before performing parametric statistical tests. An inde-
pendent unpaired Student’s t test was performed for 
comparison of two groups. Multiple comparisons were 
made using one-way or two-way ANOVA followed by 

Table 1  Mouse primer sequences for real-time PCR analysis

Gene abbreviations: Ccl2, chemokine (C–C motif ) ligand 2, Cxc1–C–X–C motif chemokine ligand; Cxcl10, C–X–C motif chemokine 10; Il-1β, interleukin-1β; Mmp9, 
matrix metalloproteinase-9; Tnfα, tumor necrosis factor α; Ywhaz, Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta; Il-6, Interleukin 6

Gene Primer sequence (5′ to 3′) Accession number

Forward Reverse

Ccl2 CAT​CCA​CGT​GTT​GGC​TCA​ AAC​TAC​AGC​TTC​TTT​GGG​ACA​ NM_011333

Cxcl1 CCA​AAC​CGA​AGT​CAT​AGC​CA GTG​CCA​TCA​GAG​CAG​TCT​ NM_008176

Cxcl10 ATT​TTC​TGC​CTC​ATC​CTG​CT TGA​TTT​CAA​GCT​TCC​CTA​TGGC​ NM_021274

Il-1β GAC​CTG​TTC​TTT​GAA​GTT​GACG​ CTC​TTG​TTG​ATG​TGC​TGC​TG NM_008361

Mmp9 GAC​ATA​GAC​GGC​ATC​CAG​TATC​ GTG​GGA​GGT​ATA​GTG​GGA​CA NM_013599

Tnf-α AGA​CCC​TCA​CAC​TCA​GAT​CA TCT​TTG​AGA​TCC​ATG​CCG​TTG​ NM_013693

Ywhaz TGT​TCT​AGC​CTG​TTT​CCC​CG ACG​ATG​ACG​TCA​AAC​GCT​TC NM_011740

Il-6 AGC​CAG​AGT​CCT​TCA​GAG​A TCC​TTA​GCC​ACT​CCT​TCT​GT NM_031168
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Bonferroni’s post hoc test. All data were expressed as 
group mean ± SEM, and P ≤ 0.05 was considered statisti-
cally significant. The number of samples for each experi-
ment is stated in each figure or figure legend. All studies 
were analyzed with investigators blinded to treatments 
and groups.

Results
dBET1 administration induces potent BRD4 degradation 
in the mouse brain
Our initial objective was to confirm whether BRD4 PRO-
TAC molecule dBET1, at dose of 30 mg/kg (i.p. at 4 and 
24 h after sham-surgery), crosses the blood–brain barrier 
and induces effective BRD4 degradation in the mouse 
brain. Our preliminary data (Additional file  3: Figure 
S3) revealed that, at dose of 30 mg/kg but not 10 mg/kg, 
dBET1 induced prominent degradation of BRD4 in the 
cerebral cortex of naïve  mice. Therefore, 30  mg/kg was 
used in current study. Following 48 h after sham-surgery, 
we found that dBET1 treatment led to a statistically sig-
nificant reduction of BRD4 protein in either cerebral 
cortex or the whole hemisphere of adult C57BL/6 mice, 
measured by western blot (Fig. 1B). As shown in Fig. 1C, 
stroke induced by tMCAO led to a dramatic reduction 
in BRD4 protein expression level at 48  h after surgery. 
In addition, dBET1 treated mice also exhibited lower 
protein level of BRD4 under stroke condition (Fig.  1D). 
These findings further confirmed robust BRD4 degrada-
tion efficacy by dBET1 in the mouse brain under either 
normal or stroke conditions, in agreement with the BRD4 
PROTAC dBET1 mechanism-induced BRD4 protein 
degradation through the ubiquitin–proteasome system 
(Fig. 1A).

dBET1 ameliorates neurological deficits induced 
by ischemic stroke
Our previous study have demonstrated the neuropro-
tective effect of dBET1 in a permanent ischemic stroke 
mouse model [19]. To investigate dBET1 effects on stroke 
outcomes in a transient focal ischemia mouse model by 
35 min-tMCAO, multiple neurobehavioral and histologi-
cal outcomes were evaluated at 48 h (Fig. 2). As shown in 
Fig. 2B, dBET1 significantly alleviated ischemia-induced 
severe neurological deficits compared to vehicle con-
trols, indicated by neurological deficit score (NDS). Such 
improvements were observed in all six individual assess-
ments of NDS, including body symmetry, gait, climbing, 
circling behavior, front limb symmetry, and compulsory 
circling. Following tMCAO, mice from both groups 
underwent a rapid functional deterioration in locomo-
tor activity and neuromuscular strength and motor coor-
dination, indicated by the total traveled distance in the 

open field test and the time to climb down in the verti-
cal grid test, respectively (Fig. 2C, D). Strikingly, dBET1 
ameliorated ischemia-induced functional deterioration. 
No obvious difference at baseline behavioral performance 
in the above measures was observed between groups. 
In addition, dBET1 treatment dramatically reduced the 
body weight loss over 48  h after stroke (Fig.  2E). Taken 
together, the results of the behavioral assays demonstrate 
the protective effect of dBET1 on ischemia-induced acute 
neurological deficits after tMCAO.

dBET1 reduces acute ischemic brain damage
Functional deficits caused by stroke are often associated 
with the extent of histological damage in affected brain 
regions. Consistent with the behavioral performances 
above, dBET1-treated mice exhibited smaller infarct vol-
ume than vehicle-treated mice 48 h after tMCAO (cortex: 
47.5 ± 7.3% vs 21.7 ± 6.1%, P < 0.05; striatum: 23.7 ± 2.7% 
vs 14.0 ± 1.8%, P < 0.01; hemisphere: 71.3 ± 9.2% vs 
35.7 ± 7.8%, P < 0.01; Fig. 3), as measured by TTC stain-
ing. The reduction in infarct volume was detected in all 
observed brain regions. Further examinations of 1-mm 
slices revealed a reduction in infarct size from brain 
regions observed in slices 4–6 from the dBET1-treated 
group. These results are indicative of dBET1 protection 
against ischemic brain lesion.

dBET1 reduces pro‑inflammatory mediators and enhances 
the antioxidant capacity after stroke
In an initial effort to identify the underlying mecha-
nism of dBET1 protection, we hypothesized that dBET1 
could reduce inflammation and oxidative stress in the 
ischemic cortex at 48 h after tMCAO (Fig. 4). Real-time 
quantitative PCR measurements suggested the promi-
nent elevation of multiple pro-inflammatory cytokines 
and chemokines, including IL-1β, IL-6, TNF-α, CCL2, 
CXCL1, and CXCL10 after stroke. Post-ischemic dBET1 
treatment significantly reduced the upregulation of these 
markers. Western blot analysis revealed that the stroke 
insult led to a marked increase of oxidative damage lev-
els, indicated by 4-hydroxy-2-nonenal (4-HNE)-modi-
fied proteins and GP91phox-containing NADPH oxidase 
(NOX2), and decrease of antioxidative enzyme levels, 
indicated by superoxide dismutase 2 (SOD2) and glu-
tathione peroxidase 1 (GPX1). In contrast, dBET1 signifi-
cantly reduced 4-HNE and GP91phox levels and enhanced 
SOD2 and GPX1 levels. In addition, no significant dif-
ference at baseline in any markers above was observed 
between sham groups. Together, these findings suggest 
that reducing inflammation and oxidative damage may 
contribute to dBET1 protection in stroke.
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dBET1 protects against ischemia‑induced BBB integrity 
disruption, MMP‑9 activity increase, and neutrophil 
infiltration
Inflammatory and oxidative damage exacerbates 
ischemia-induced BBB breakdown [2]. Therefore, we 
explored whether improving stroke outcomes by dBET1 
was associated with the preservation of BBB integrity. 
At 48  h after tMCAO, a dramatic increase in BBB per-
meability, indicated by immunoglobulin G (IgG) extrava-
sation, was observed in the ipsilateral cerebral cortex 

and striatum compared with the contralateral side of 
ischemic animals, while dBET1 treatment significantly 
reduced such damage (Fig.  5). Tight junction proteins 
in endothelial cells are critical structural components of 
the BBB. Post-ischemic treatment with dBET1 prevented 
ischemia-induced degradation of tight junction proteins, 
indicated by the preservation of zona occludens (ZO)-1 
and occludin protein levels (Fig. 5C, D).

Activated MMP-9 following stroke is known to degrade 
tight junction proteins and contribute to BBB disruption 

Fig. 2  dBET1 ameliorates ischemia-induced neurological deficits. A Schematic illustration of the experimental design. Adult male C57BL/6 mice 
were injected intraperitoneally with dBET1 (30 mg/kg) at 4 and 24 h after 35-min transient middle cerebral artery occlusion (tMCAO); the body 
weight and neurobehavioral tests were examined at indicated timepoints. B Neurological deficit score was assessed using six individual functional 
tests, where a lower value indicates a better function. The dBET1 treated ischemic mice exhibited a dramatically reduced neurological deficit score 
compared to controls in overall or individual scores. Veh: n = 14; dBET1: n = 12. C No significant baseline difference was detected between groups 
in the vertical grid test. The dBET1 treated mice used much less time (about 54% reduction) to climb down from the top of the apparatus than 
vehicle controls, which is closer to baseline level. Veh: n = 14; dBET1: n = 12. D No significant baseline difference was found between groups in 
the total traveled distance in the open field test. After stroke, the mice traveled much less distance, which is more evident in the dBET1 treated 
group. Representative tracking maps and corresponding heat maps indicate the time of animal spent per location in the open field paradigm. Veh: 
n = 14; dBET1: n = 12. E dBET1 significantly decreased the loss of body weight over 48 h after tMCAO. Veh: n = 14; dBET1: n = 12. *P < 0.05, **P < 0.01, 
***P < 0.001. Veh, vehicle
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[36]. Compared to sham controls, stroke resulted in a 
sharp increase in MMP-9 mRNA and protein levels in 
the ischemic cortex, which was significantly reduced by 
dBET1 (Fig.  6). No significant baseline difference was 
found between sham groups. Infiltrating neutrophils, the 
primary source of active MMP-9 in the ischemic brain, 
also contribute to BBB damage [37]. Invasion of neutro-
phils into the ischemic brain was quantified by counting 
the number of cells positive for Ly-6G, a highly specific 

neutrophil marker, at 48  h after tMCAO. We observed 
a dramatic  infiltration of neutrophils  into the ischemic 
side of cortical and striatal regions compared to the non-
ischemic side, which was significantly attenuated in the 
dBET1 group. Together, these findings reveal that dBET1 
profoundly preserves the BBB integrity and protects 
against MMP-9 activation and neutrophil infiltration 
after stroke.

Fig. 3  dBET1 reduces infarct volume after stroke. A Representative images of TTC stained 1-mm thick coronal brain slices of vehicle- and 
dBET1-treated mice at 48 h after tMCAO. Quantitative analyses of the overall infarct volume (B) or detailed infarct area of each brain slice (C) were 
performed. The cortex, striatum, and hemisphere infarct volumes B were significantly reduced in the dBET1 group than the vehicle-treated control 
group. Analysis of infarct area per slice shows that the decreases in infarct volume are seen throughout the hemisphere. Veh: n = 14; dBET1: n = 13. 
*P < 0.05, **P < 0.01. Veh, vehicle; TTC, 2,3,5-triphenyl-2H-tetrazolium chloride
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dBET1 reduces ICAM‑1 levels after stroke
Intercellular adhesion molecule 1 (ICAM-1) is known 
to exacerbate BBB permeability during stroke and 
play a significant role in the cascade of immune cell 

transmigration into the brain parenchyma [38, 39]. 
We next determined whether dBET1 can modulate the 
expression of ICAM-1, a critical mediator of peripheral 
immune cell infiltration, in the ischemic brain at 48 h 

Fig. 4  dBET1 protects against inflammatory and oxidative damage in the ischemic cortex. A Effect of dBET1 on neuroinflammation following 
tMCAO was examined by measuring the mRNA levels of pro-inflammatory cytokines and chemokines IL-1β, IL-6, TNF-α, Ccl2, Cxcl1, and Cxcl10 in 
peri-infarct regions of cortex at 48 h after tMCAO. Compared to sham controls, stroke evoked a prominent increase in the above markers, which 
were significantly suppressed by dBET1 treatment. n = 5 per sham group, n = 6 stroke veh group, n = 7 stroke dBET1 group. *P < 0.05, **P < 0.01, 
***P < 0.001. B Representative western immunoblots showed the expression levels of 4-HNE-modified proteins and NADPH oxidase isoform NOX2 
(GP91phox), two oxidative stress markers, and SOD2 and GPX1, two antioxidant proteins, in the ischemic cortex at 48 h after tMCAO and sham 
controls. β-actin was used as a loading control. C Quantitative analysis in B showed that stroke led to a significant increase in 4 HNE and GP91phox 
and a decline in SOD2 and GPX1, which were reduced by dBET1. n = 5 per sham group, n = 6 per stroke group. *P < 0.05, **P < 0.01, ***P < 0.001
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after tMCAO (Fig. 7). Analysis of ICAM-1 immunore-
active intensity showed a nearly 10–13-fold increase 
in ICAM-1 levels in the ischemic cortex and striatum 
compared to the corresponding non-ischemic side in 
vehicle-treated animals. Notably, dBET1 significantly 
attenuated the sharp upregulation of ICAM-1 induced 
by stroke. Real-time quantitative PCR and West-
ern blot analyses showed that stroke led to a marked 

upregulation of ICAM-1 mRNA and protein levels, 
which were significantly attenuated by dBET1 treat-
ment. In addition, basal expression levels of ICAM-1 
did not reveal significant differences. Together, these 
results suggest that the beneficial effects of dBET1 in 

Fig. 5  dBET1 reduces ischemia-induced blood–brain barrier breakdown. A Representative images of IgG stain in the post-stroke mouse brain 
sections, showing the leakage of serum immunoglobulin G (IgG) through the disrupted blood–brain barrier (BBB) at 48 h after tMCAO; and open 
squares in the left image indicate the peri-infarct areas of the ipsilateral (Ipsil) cortex and striatum, as well as the contralateral (Ctrl) side, used for 
micrographic examination. No IgG stain signal is observed in the contralateral side of mouse brains. Apparent IgG stains are widely detected in the 
peri-infarct area, which is dramatically reduced in the dBET1 group. B Quantifications of IgG signals in A showed that dBET1 significantly reduced 
the IgG extravasation compared to veh controls. n = 6 per group. *P < 0.05, **P < 0.01. C Representative immunoblots for tight junction proteins 
ZO-1 and occludin, two important structural components of the BBB, in homogenates from the ischemic cortex and sham controls. β-actin was 
used as a loading control. D Quantitative analysis shows that stroke resulted in marked degradation of ZO-1 and occludin in the ischemic cortex 
than sham controls. In contrast, such degradation of these two proteins was significantly attenuated in the dBET1 stroke group. n = 5 per sham 
group, n = 6 per stroke group. *P < 0.05, **P < 0.01, ***P < 0.001
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stroke are associated, in part, with reduced ICAM-1 
levels.

dBET1 attenuates ischemia‑induced reactive gliosis
Glial cells are a major source of inflammatory and oxi-
dative mediators. Following stroke, microglia and astro-
cytes undergo remarkable changes in gene expression, 
morphology, and proliferation, termed reactive gliosis 
[40, 41]. Finally, we examined the effect of dBET1 on 

reactive gliosis in the peri-infarct areas of the cortex 48 h 
after tMCAO by immunostainings with the microglial 
marker Iba1 and the astrocyte marker GFAP (Fig. 8). In 
both sham groups of mice, microglia covered the cortex 
and striatum regions in a regular distribution pattern, 
most of which remain in a static state with small somas 
and fine processes. In contrast, stroke evoked the activa-
tion and proliferation of microglia in both groups, as fea-
tured by hypertrophic soma with thickened and retracted 

Fig. 6  dBET1 attenuates ischemia-induced MMP-9 increase and neutrophil infiltration. A Matrix metalloproteinase-9 (MMP-9) mRNA level of the 
ischemic and sham cortex was measured by real-time PCR. Stroke led to a dramatic increase in MMP-9 mRNA level, which was significantly reduced 
by dBET1. n = 5 per sham group, n = 6 stroke veh group, n = 7 stroke dBET1 group. *P < 0.05. B Representative immunoblot for MMP-9 level in 
homogenates from the ischemic cortex and sham controls. C dBET1 significantly reduced active MMP-9 protein level in the ipsilateral (Ipsil) cerebral 
cortex compared to the veh group. n = 5 per sham group, n = 6 per stroke group. **P < 0.01, ***P < 0.001. D Representative images of staining for 
Ly-6G, a specific marker of neutrophils, in the post-stroke mouse brain sections at 48 h after tMCAO, showing the neutrophilic infiltration; and 
open squares in the left image indicate the peri-infarct areas of the ipsilateral cortex and striatum, as well as the contralateral (Ctrl) side, used 
for micrographic examination. No Ly-6G stain signal is detected in the contralateral side of both groups. Accumulated Ly-6G staining is widely 
distributed in the peri-infarct area, which is much lower in the dBET1 group. per field, 200 µm × 200 µm square. E Quantifications of Ly-6G in D 
showed that the dBET1 group exhibits reduced expression level compared to veh group (> 50% in ischemic cortex and > 70% in ischemic striatum. 
n = 6 per group. **P < 0.01, ***P < 0.001
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Fig. 7  dBET1 attenuates ischemia-induced dysregulation of cellular adhesion molecule ICAM-1. A Representative images of endothelial 
intercellular adhesion molecule 1 (ICAM-1) of the post-stroke mouse brains at 48 h after tMCAO; and open squares indicate the ipsilateral (Ipsil) 
peri-infarct cortex and striatum areas and corresponding contralateral (Ctrl) areas for micrographic examination (B). C Quantifications of ICAM-1 
signals intensity in B. dBET1 reduced ischemia-induced prominent increase of ICAM-1 expression level in either cortex or striatum of the ischemic 
hemisphere. n = 6 per group. **P < 0.01, ***P < 0.001. D Representative real-time PCR for ICAM-1 mRNA level in the ischemic cortex and sham 
controls. n = 5 per sham group, n = 6 veh-stroke group, n = 8 dBET1-stroke group. **P < 0.01. E Representative western blots for ICAM-1 level in the 
ischemic cortex and sham controls. dBET1 significantly attenuated ischemia-induced ICAM-1 upregulation in mRAN and protein levels compared to 
the corresponding veh controls. n = 5 per sham group, n = 6 per stroke group. **P < 0.01, ***P < 0.001.
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processes. Notably, the extent of this reactive microgliosis 
was significantly attenuated in dBET1-treated ischemic 
mice than in corresponding controls given the vehicle. 

Similar to our observation of microglia morphology, no 
significant difference in reactive astrogliosis was observed 
between sham groups. In contrast, stroke injury evoked 

Fig. 8  dBET1 attenuates ischemia-induced reactive gliosis. Representative images of Iba1 positive microglia (A) and GFAP positive astrocyte (B) in 
the cortex and striatum of mice at 48 h after tMCAO; and open squares in the left image indicate the peri-infarct areas of the ipsilateral (Ipsil) cortex 
and striatum, as well as the contralateral (Ctrl) side, used for micrographic examination. C Quantifications of the areas of Iba1 and GFAP signals 
in A and B respectively. Acute stroke evoked reactive gliosis, the response of glial cells to ischemic insults, in the peri-infarct area, in microglia 
(characterized by hypertrophic soma with thickened and retracted processes) and astrocytes (characterized by hypertrophic somas and highly 
stained processes). dBET1 treatment remarkably attenuated the deteriorative progression of reactive gliosis in microglia and astrocytes compared 
to veh controls. In addition, no obvious difference was detected in both markers in the contralateral cortex and striatum regions. n = 6 per group. 
*P < 0.05, **P < 0.01. Veh, vehicle
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significant activation of astrocytes in both groups, as 
characterized by hypertrophic somas and highly stained 
processes, which was remarkably attenuated in the 
dBET1 group. More degenerated astrocytes with broken 
down somas were observed in vehicle-treated ischemic 
mice, indicating that the severe deteriorative progression 
was dramatically delayed by dBET1. It should be pointed 
out that Iba1 also labels monocyte-derived macrophages 
following stroke. Together, these findings suggest that 
dBET1 delays stroke-triggered reactive gliosis progres-
sion in microglia and astrocytes, which may impact tissue 
preservation and functional outcomes.

Discussion
This study provides several lines of evidence supporting 
dBET1 neuroprotection against ischemia-induced neu-
rological deficits and brain damage through regulating 
inflammation and oxidative stress as well as preserving 
BBB integrity. dBET1 administration induced effective 
BRD4 degradation in the brain. dBET1 remarkably ame-
liorated ischemia-induced severe neurological deficits 
and brain lesion volume (56.2 ± 7.9% reduction). Mean-
while, we found that dBET1 reduced inflammation and 
oxidative stress in the ischemic cortex, indicated by mul-
tiple pro-inflammatory mediators (IL-1β, IL-6, TNF-α, 

CCL2, CXCL1, and CXCL10) and oxidative and anti-
oxidative markers (4-HNE, gp91phox, SOD2, and GPx1). 
Stroke triggered BBB breakdown and MMP-9 activa-
tion, neutrophil infiltration, and increased expression of 
ICAM-1, which were profoundly attenuated by dBET1. 
The deteriorative progression of reactive gliosis in micro-
glia and astrocytes was delayed by dBET1. A summarized 
schematic of the effects of dBET1 on transient ischemic 
stroke is presented in Fig. 9.

BRD4 degradation by dBET1 elicits robust neuroprotective 
efficacy against stroke outcomes
To date, recognition for the roles of BRD4 in neurologi-
cal conditions is limited [5]. Because PROTAC molecule 
dBET1 contains a BET bromodomain binding moiety JQ1 
with much higher selectivity and affinity for BRD4 than 
other BET members, BRD4 functional regulation is the 
primary effect of dBET1 [5, 42–44]. PROTAC technique 
is a leading strategy for targeting protein degradation 
through the ubiquitin proteosome system. Consider-
ing that the global loss of BRD4 is lethal in mice, dBET1 
studies help identify in vivo BRD4 protein function and 
its contribution to stroke. Previously, we observed that 
dBET1 could significantly improve functional and histo-
logical outcomes in a permanent ischemic stroke mouse 
model [19]. Here, we demonstrated that, in a transient 
ischemic stroke mouse model, dBET1-treated animals 
exhibited ameliorated neurological deficits and a reduc-
tion of brain lesions. Notably, the protection conferred 
by dBET1 is seen when the first dose is given 4  h after 
the onset of reperfusion, which is a clinically achievable 
therapeutic window for intervention. Our data further 
advances our understanding of the protective role of 
BRD4 degradation by dBET1 in ischemic stroke.

BRD4 protein degradation by dBET1 is associated 
with reduced neuroinflammation and oxidative stress, 
preservation of BBB integrity, and reduced reactive gliosis
Inflammation and oxidative stress are crucial stroke 
pathological mechanisms, which critically determine the 
extent of brain injury, functional impairment, and prog-
nosis. BRD4 shows promising potential in direct and 
indirect regulation of these two factors, emerging as a 
therapeutic target for stroke and other neurological dis-
orders. Following stroke, oxidative stress reactions result 
in hyperactivation of inflammatory responses and fur-
ther exacerbate stroke injury [45]. We found that dBET1 
administration markedly reduced the levels of multiple 
pro-inflammatory cytokines and chemokines IL-1β, IL-6, 
TNF-α, CCL2, CXCL1, and CXCL10. Substantial evi-
dence shows that several pro-inflammatory cytokines, 
such as IL-1β, IL-6, and TNF-α, as well as other potential 

Fig. 9  Schematic summarizing the molecular mechanisms 
underlying the protection of dBET1 in ischemic stroke
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cytotoxic molecules, are released in response to ischemic 
insults [46]. Previous reports showed that JQ1-treated 
animals exhibit a marked reduction in the expression of 
pro-inflammatory mediators IL-1β, IL-6, IL-17, IL-18, 
and TNF-α in the brain in rodent ischemic stroke models 
[5, 47]. Emerging evidence suggests that BRD4 may act as 
a critical transcriptional regulator of NF-κB-dependent 
inflammatory gene expression, such as CCL2, CXCL1, 
and CXCL10 [5]. The interaction between BRD4 pro-
tein and the NF-κB pathway will be explored in our near 
future study, which will further elucidate BRD4-depend-
ent molecular mechanisms contributing to neurovascular 
damage in stroke. Ischemic insults trigger the rapid over-
production of reactive oxygen species (ROS) and other 
free radicals that overwhelm the endogenous antioxi-
dant capacity, including antioxidant enzymes, superoxide 
dismutase, and the antioxidant glutathione, eventually 
causing damage to lipids, proteins, and DNA [48]. After 
stroke, dBET1 dramatically reduced oxidative damage 
levels revealed by decreased 4-HNE, a lipid peroxidation 
product, and gp91phox, a major source of oxygen radical 
generation, and improved the expression levels of anti-
oxidant enzymes SOD2 and GPx1. These two enzymes 
are required for eliminating free radicals and reduc-
ing by-products of lipid peroxidation reactions [30, 49]. 
The effect of dBET1 on oxidative stress could be associ-
ated with Nrf2 signaling and its target genes. BET pro-
teins were recently reported as Nrf2 signaling repressors, 
which involves Keap1-dependent regulation and Keap1-
independent regulation [5, 13, 50]. Additional studies are 
necessary to further our understanding of the complex 
biology of BET proteins and their crosstalk with the Nrf2 
pathway.

BBB highly restricts transcellular movement of sol-
utes and paracellular diffusion across the barrier either 
into or out of the brain, which plays essential roles in 
cerebral homeostasis. BBB disruption following second-
ary injuries such as inflammation and oxidative stress 
are known to exacerbate ischemia-induced brain injury 
and limit functional recovery [16, 51]. Brain endothelial 
cells comprising the BBB interact with pericytes, astro-
cytes, neurons, microglia, and perivascular macrophages 
in the neurovascular unit. The excessive accumulated 
inflammatory and oxidative mediators following stroke 
cause endothelial dysfunction, which leads to BBB break-
down, indicated by increased BBB permeability and the 
degradation of BBB structural components, including 
the endothelial tight junction proteins ZO-1 and occlu-
din. dBET1 treatment attenuated the exacerbated BBB 
permeability, indicated by the extravasation of IgG, 
the degradation of tight junction proteins ZO-1 and 
occludin. Post-ischemic dBET1 treatment significantly 
reduced MMP-9 levels, neutrophil infiltration into the 

ischemic brain, and dysregulated levels of cellular adhe-
sion molecules (e.g., ICAM-1) after stroke. Inflammatory 
and oxidative stimuli induce recruitment and activation 
of inflammatory cells, including neutrophils, increased 
MMPs (mainly MMP-9 activity), and increased ICAM-
1. This cascade of events lead to endothelial dysfunction 
and BBB damage [25, 52]. Infiltrating neutrophils are a 
primary source of active MMP-9 that causes degrada-
tion of tight junction proteins in the ischemic brain [25, 
46, 52]. Decreased MMP-9 activation by dBET1 could 
reduce the infiltration of active MMP-9-laden neutro-
phils. Inflammatory and oxidative damage also promote 
adhesion molecule expression on cerebral endothelial 
cells and mediate leukocyte recruitment, an essential 
component of the inflammatory response in the ischemic 
brain. ICAM-1 is upregulated on the surface of the 
endothelial cells and promotes the adhesion and extrava-
sation of leukocytes.

Microglia and astrocytes are the main cell types in the 
regulation of ischemia-induced neuroinflammation and 
oxidative stress, which respond most rapidly to brain 
insults by morphologically changing and proliferating 
and through the enhanced release of various inflamma-
tory mediators. They act through reactive gliosis pro-
cesses and display cellular hypertrophy, proliferation, 
and migration in response to ischemic insults includ-
ing inflammatory and oxidative damage [53]. Following 
ischemic insults, reactive astrocytes assist in buffering 
changes in extracellular ion homeostasis, such as glu-
tamate, altering the osmoregulation, counteracting the 
development of brain edema, and repairing the integrity 
of the BBB [41]. Studies suggest that Nrf2 downstream 
target genes that encode for phase II defense enzymes and 
antioxidant proteins, such as heme oxygenase-1 (HO1) 
and NAD(P)H dehydrogenase [quinone] 1 (NQO1), are 
particularly enriched in glia cells, supporting the key role 
of reactive gliosis process in regulating inflammatory and 
oxidative responses following ischemia [16, 30]. dBET1 
attenuated the damaging progression of reactive gliosis in 
microglia and astrocytes in the peri-infarct areas, which 
conferred protection against ischemic insult. Following 
stroke, glial cells are activated, and circulating immune 
cells invade the ischemic brain; both resident and infil-
trating cells orchestrate the post-stroke inflammatory 
response. Recent reports revealed that the increased 
density of microglia in response to brain injury corre-
lates with both the proliferation of endogenous resident 
microglia and the active recruitment of microglia pro-
genitors from the blood [54, 55]. Ischemic stroke causes 
local inflammation, which involves the activated resident 
microglia and infiltrating immune cells, such as neu-
trophils and monocyte-derived macrophages [56, 57]. 
Both cell types above can be labelled by Iba1 antibody, 



Page 16 of 17Liu et al. Journal of Neuroinflammation          (2022) 19:168 

suggesting that dBET1 might play a key role in the immu-
nity regulation in stroke.

As limitations of the current study, it should be pointed 
out that we only observed dBET1 effects on acute stroke 
outcomes. The longer observation timepoints could help 
to demonstrate the efficacy of dBET1 on stroke and fur-
ther elucidate the underlying neuroprotection mecha-
nisms of BRD4 degradation by dBET1. In this study, we 
demonstrated that the protective mechanisms of dBET1 
involve regulation of inflammation and oxidative stress 
and maintenance of BBB integrity. For our near future 
experiments, we will explore whether dBET1 can regu-
late nuclear factor-κB (NF-κB)-dependent inflammatory 
gene expression and Nrf2-downstream target antioxidant 
genes, two critical independent regulatory mechanisms 
in the context of stroke [5].

In conclusion, this is the first study to demonstrate that 
BRD4 degradation by dBET1 ameliorates neurological 
deficits and brain injury by mechanisms involving regu-
lating inflammation and oxidative stress and preserv-
ing BBB integrity in the context of transient ischemic 
stroke. Another novel aspect of the present study is the 
finding that a delayed administration of dBET1 signifi-
cantly impacts stroke outcomes. These findings strongly 
suggest that targeting BRD4 is a promising therapeutic 
strategy to ameliorate ischemic brain injury and improve 
functional outcomes following ischemic stroke.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12974-​022-​02533-8.

Additional file 1: Figure S1. Unedited Western blots.

Additional file 2: Figure S2. Optimized immunoblotting conditions 
for detecting gp91phox signal. Immunoblot for gp91phox-containing 
NADPH oxidase under nonreduced and reduced conditions in the cortex 
of adult mouse brain subjected to stroke. Results show better signal for 
gp91phox (~ 170 kDa) under the non-reducing conditions. CXI, cortex 
ipsilateral to stroke; CXC, cortex contralateral to stroke.

Additional file 3: Figure S3. Dose–response effects of dBET1 on the 
degradation of BRD4 in the mouse cerebral cortex. Quantitative analyses 
of immunoblot data for BRD4 protein in the cortex of mice at 6 h after the 
intraperitoneal injection of vehicle or dBET1 (10, 30 mg/kg). **P < 0.01. n.s., 
Not Significant.

Acknowledgements
The authors would like to acknowledge the support of the microscope core 
at the McKnight Brain Institute and the Center for Translational Research in 
Neurodegenerative Diseases (CTRND) at the University of Florida.

Author contributions
Conceptualization: LL, CY, and ECJ. Methodology: LL, CY, BPL, RJT JL, and ECJ. 
Software: LL. Formal analysis: LL, CY, and ECJ. Data curation: LL and ECJ. Visu‑
alization: LL and ECJ. Writing—original draft: LL and ECJ. Writing—review and 
editing: LL, CY, BPL, RJT, JL, and ECJ. Supervision: ECJ. Funding acquisition: ECJ. 
All authors read and approved the final manuscript.

Funding
This work was supported by the National Institutes of Health grant 
R01-NS109816 (to ECJ).

Availability of data and materials
The original data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Declarations

Ethical approval and consent to participate
All procedures involving research animals were conducted in conformity with 
the University of Florida Institutional Animal Care and Use Committee guide‑
lines (protocol #201907934), and are in compliance with National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing Interests
The authors declare no conflicts of interest.

Received: 29 April 2022   Accepted: 16 June 2022

References
	1.	 Iadecola C, Anrather J. Stroke research at a crossroad: asking the brain for 

directions. Nat Neurosci. 2011;14:1363–8.
	2.	 Yang C, Hawkins KE, Dore S, Candelario-Jalil E. Neuroinflammatory 

mechanisms of blood-brain barrier damage in ischemic stroke. Am J 
Physiol Cell Physiol. 2019;316:C135–53.

	3.	 Li S, Hafeez A, Noorulla F, Geng X, Shao G, Ren C, Lu G, Zhao H, Ding Y, Ji 
X. Preconditioning in neuroprotection: from hypoxia to ischemia. Prog 
Neurobiol. 2017;157:79–91.

	4.	 Dirnagl U, Simon RP, Hallenbeck JM. Ischemic tolerance and endogenous 
neuroprotection. Trends Neurosci. 2003;26:248–54.

	5.	 Liu L, Yang C, Candelario-Jalil E. Role of BET Proteins in Inflammation and 
CNS Diseases. Front Mol Biosci. 2021;8: 748449.

	6.	 Korb E, Herre M, Zucker-Scharff I, Darnell RB, Allis CD. BET protein Brd4 
activates transcription in neurons and BET inhibitor Jq1 blocks memory 
in mice. Nat Neurosci. 2015;18:1464–73.

	7.	 Belkina AC, Denis GV. BET domain co-regulators in obesity, inflammation 
and cancer. Nat Rev Cancer. 2012;12:465–77.

	8.	 Liu Y, Liu W, Yu Z, Zhang Y, Li Y, Xie D, Xie G, Fan L, He S. A novel BRD4 
inhibitor suppresses osteoclastogenesis and ovariectomized osteoporosis 
by blocking RANKL-mediated MAPK and NF-kappaB pathways. Cell Death 
Dis. 2021;12:654.

	9.	 Hargreaves DC, Horng T, Medzhitov R. Control of inducible gene 
expression by signal-dependent transcriptional elongation. Cell. 
2009;138:129–45.

	10.	 Cochran AG, Conery AR, Sims RJ 3rd. Bromodomains: a new target class 
for drug development. Nat Rev Drug Discov. 2019;18:609–28.

	11.	 Nicodeme E, Jeffrey KL, Schaefer U, Beinke S, Dewell S, Chung CW, Chan‑
dwani R, Marazzi I, Wilson P, Coste H, et al. Suppression of inflammation 
by a synthetic histone mimic. Nature. 2010;468:1119–23.

	12.	 An QD, Li YY, Zhang HX, Lu J, Yu XD, Lin Q, Zhang YG. Inhibition of 
bromodomain-containing protein 4 ameliorates oxidative stress-medi‑
ated apoptosis and cartilage matrix degeneration through activation of 
NF-E2-related factor 2-heme oxygenase-1 signaling in rat chondrocytes. J 
Cell Biochem. 2018;119:7719–28.

	13.	 Hussong M, Borno ST, Kerick M, Wunderlich A, Franz A, Sultmann H, 
Timmermann B, Lehrach H, Hirsch-Kauffmann M, Schweiger MR. The bro‑
modomain protein BRD4 regulates the KEAP1/NRF2-dependent oxidative 
stress response. Cell Death Dis. 2014;5: e1195.

	14.	 Qu M, Zhang X, Hu X, Dong M, Pan X, Bian J, Zhou Q. BRD4 inhibitor JQ1 
inhibits and reverses mechanical injury-induced corneal scarring. Cell 
Death Discov. 2018;4:5.

https://doi.org/10.1186/s12974-022-02533-8
https://doi.org/10.1186/s12974-022-02533-8


Page 17 of 17Liu et al. Journal of Neuroinflammation          (2022) 19:168 	

	15.	 Stock CJW, Michaeloudes C, Leoni P, Durham AL, Mumby S, Wells AU, 
Chung KF, Adcock IM, Renzoni EA, Lindahl GE. Bromodomain and 
Extraterminal (BET) Protein Inhibition Restores Redox Balance and Inhibits 
Myofibroblast Activation. Biomed Res Int. 2019;2019:1484736.

	16.	 Candelario-Jalil E, Dijkhuizen RM, Magnus T. Neuroinflammation, 
stroke, blood-brain barrier dysfunction, and imaging modalities. Stroke. 
2022;53:1473–86.

	17.	 Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-brain 
barrier: from physiology to disease and back. Physiol Rev. 2019;99:21–78.

	18.	 DeMars KM, Yang C, Castro-Rivera CI, Candelario-Jalil E. Selective degrada‑
tion of BET proteins with dBET1, a proteolysis-targeting chimera, potently 
reduces pro-inflammatory responses in lipopolysaccharide-activated 
microglia. Biochem Biophys Res Commun. 2018;497:410–5.

	19.	 DeMars KM, Yang C, Candelario-Jalil E. Neuroprotective effects of target‑
ing BET proteins for degradation with dBET1 in aged mice subjected to 
ischemic stroke. Neurochem Int. 2019;127:94–102.

	20.	 Winter GE, Buckley DL, Paulk J, Roberts JM, Souza A, Dhe-Paganon S, 
Bradner JE. Drug Development. Phthalimide conjugation as a strategy for 
in vivo target protein degradation. Science. 2015;348:1376–81.

	21.	 Arifin WN, Zahiruddin WM. Sample size calculation in animal studies 
using resource equation approach. Malays J Med Sci. 2017;24:101–5.

	22.	 Yang Y, Jalal FY, Thompson JF, Walker EJ, Candelario-Jalil E, Li L, Reichard 
RR, Ben C, Sang QX, Cunningham LA, Rosenberg GA. Tissue inhibitor of 
metalloproteinases-3 mediates the death of immature oligodendrocytes 
via TNF-alpha/TACE in focal cerebral ischemia in mice. J Neuroinflamma‑
tion. 2011;8:108.

	23.	 Yang C, Yang Y, DeMars KM, Rosenberg GA, Candelario-Jalil E. Genetic 
deletion or pharmacological inhibition of cyclooxygenase-2 reduces 
blood-brain barrier damage in experimental ischemic stroke. Front Neu‑
rol. 2020;11:887.

	24.	 Raina K, Lu J, Qian Y, Altieri M, Gordon D, Rossi AM, Wang J, Chen X, 
Dong H, Siu K, et al. PROTAC-induced BET protein degradation as a 
therapy for castration-resistant prostate cancer. Proc Natl Acad Sci U S A. 
2016;113:7124–9.

	25.	 Yang C, Lavayen BP, Liu L, Sanz BD, DeMars KM, Larochelle J, Pompilus 
M, Febo M, Sun YY, Kuo YM, et al. Neurovascular protection by adropin 
in experimental ischemic stroke through an endothelial nitric oxide 
synthase-dependent mechanism. Redox Biol. 2021;48: 102197.

	26.	 Yang C, DeMars KM, Alexander JC, Febo M, Candelario-Jalil E. Sustained 
neurological recovery after stroke in aged rats treated with a novel pros‑
tacyclin analog. Stroke. 2017;48:1948–56.

	27.	 Schaar KL, Brenneman MM, Savitz SI. Functional assessments in the 
rodent stroke model. Exp Transl Stroke Med. 2010;2:13.

	28.	 Bieber M, Gronewold J, Scharf AC, Schuhmann MK, Langhauser F, Hopp S, 
Mencl S, Geuss E, Leinweber J, Guthmann J, et al. Validity and reliability of 
neurological scores in mice exposed to middle cerebral artery occlusion. 
Stroke. 2019;50:2875–82.

	29.	 Glushakov AV, Robbins SW, Bracy CL, Narumiya S, Dore S. Prostaglandin 
F2alpha FP receptor antagonist improves outcomes after experimental 
traumatic brain injury. J Neuroinflammation. 2013;10:132.

	30.	 Liu L, Vollmer MK, Ahmad AS, Fernandez VM, Kim H, Dore S. Pretreatment 
with Korean red ginseng or dimethyl fumarate attenuates reactive gliosis 
and confers sustained neuroprotection against cerebral hypoxic-ischemic 
damage by an Nrf2-dependent mechanism. Free Radic Biol Med. 
2019;131:98–114.

	31.	 Tillerson JL, Caudle WM, Reveron ME, Miller GW. Detection of behavioral 
impairments correlated to neurochemical deficits in mice treated with 
moderate doses of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Exp 
Neurol. 2002;178:80–90.

	32.	 Kim ST, Son HJ, Choi JH, Ji IJ, Hwang O. Vertical grid test and modi‑
fied horizontal grid test are sensitive methods for evaluating motor 
dysfunctions in the MPTP mouse model of Parkinson’s disease. Brain Res. 
2010;1306:176–83.

	33.	 Liu L, Vollmer MK, Kelly MG, Fernandez VM, Fernandez TG, Kim H, 
Dore S. Reactive gliosis contributes to nrf2-dependent neuroprotec‑
tion by pretreatment with dimethyl fumarate or korean red ginseng 
against hypoxic-ischemia: focus on hippocampal injury. Mol Neurobiol. 
2020;57:105–17.

	34.	 Wong JM, Folorunso OO, Barragan EV, Berciu C, Harvey TL, Coyle JT, Balu 
DT, Gray JA. Postsynaptic serine racemase regulates NMDA receptor func‑
tion. J Neurosci. 2020;40:9564–75.

	35.	 Chomczynski P, Sacchi N. The single-step method of RNA isolation by 
acid guanidinium thiocyanate-phenol-chloroform extraction: twenty-
something years on. Nat Protoc. 2006;1:581–5.

	36.	 Rempe RG, Hartz AMS, Bauer B. Matrix metalloproteinases in the brain 
and blood-brain barrier: Versatile breakers and makers. J Cereb Blood 
Flow Metab. 2016;36:1481–507.

	37.	 Gidday JM, Gasche YG, Copin JC, Shah AR, Perez RS, Shapiro SD, Chan PH, 
Park TS. Leukocyte-derived matrix metalloproteinase-9 mediates blood-
brain barrier breakdown and is proinflammatory after transient focal 
cerebral ischemia. Am J Physiol Heart Circ Physiol. 2005;289:H558-568.

	38.	 Engelhardt B, Ransohoff RM. Capture, crawl, cross: the T cell code to 
breach the blood-brain barriers. Trends Immunol. 2012;33:579–89.

	39.	 Torok O, Schreiner B, Schaffenrath J, Tsai HC, Maheshwari U, Stifter SA, 
Welsh C, Amorim A, Sridhar S, Utz SG, et al. Pericytes regulate vascular 
immune homeostasis in the CNS. Proc Natl Acad Sci U S A. 2021;118:89.

	40.	 Burda JE, Sofroniew MV. Reactive gliosis and the multicellular response to 
CNS damage and disease. Neuron. 2014;81:229–48.

	41.	 Sofroniew MV. Astrocyte barriers to neurotoxic inflammation. Nat Rev 
Neurosci. 2015;16:249–63.

	42.	 Kanno T, Kanno Y, LeRoy G, Campos E, Sun HW, Brooks SR, Vahedi G, 
Heightman TD, Garcia BA, Reinberg D, et al. BRD4 assists elongation of 
both coding and enhancer RNAs by interacting with acetylated histones. 
Nat Struct Mol Biol. 2014;21:1047–57.

	43.	 Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, Morse EM, 
Keates T, Hickman TT, Felletar I, et al. Selective inhibition of BET bromodo‑
mains. Nature. 2010;468:1067–73.

	44.	 Sakamoto KM, Kim KB, Kumagai A, Mercurio F, Crews CM, Deshaies RJ. Protacs: 
chimeric molecules that target proteins to the Skp1-Cullin-F box complex for 
ubiquitination and degradation. Proc Natl Acad Sci U S A. 2001;98:8554–9.

	45.	 Sobowale OA, Parry-Jones AR, Smith CJ, Tyrrell PJ, Rothwell NJ, Allan SM. 
Interleukin-1 in stroke: from bench to bedside. Stroke. 2016;47:2160–7.

	46.	 Lakhan SE, Kirchgessner A, Hofer M. Inflammatory mechanisms in 
ischemic stroke: therapeutic approaches. J Transl Med. 2009;7:97.

	47.	 Zhou Y, Gu Y, Liu J. BRD4 suppression alleviates cerebral ischemia-
induced brain injury by blocking glial activation via the inhibition of 
inflammatory response and pyroptosis. Biochem Biophys Res Commun. 
2019;519:481–8.

	48.	 Chamorro A, Dirnagl U, Urra X, Planas AM. Neuroprotection in acute 
stroke: targeting excitotoxicity, oxidative and nitrosative stress, and 
inflammation. Lancet Neurol. 2016;15:869–81.

	49.	 Flynn JM, Melov S. SOD2 in mitochondrial dysfunction and neurodegen‑
eration. Free Radic Biol Med. 2013;62:4–12.

	50.	 Huang B, Yang XD, Zhou MM, Ozato K, Chen LF. Brd4 coactivates tran‑
scriptional activation of NF-kappaB via specific binding to acetylated 
RelA. Mol Cell Biol. 2009;29:1375–87.

	51.	 Nian K, Harding IC, Herman IM, Ebong EE. Blood-brain barrier damage in 
ischemic stroke and its regulation by endothelial mechanotransduction. 
Front Physiol. 2020;11: 605398.

	52.	 Jin R, Yang G, Li G. Inflammatory mechanisms in ischemic stroke: role of 
inflammatory cells. J Leukoc Biol. 2010;87:779–89.

	53.	 Gao Z, Zhu Q, Zhang Y, Zhao Y, Cai L, Shields CB, Cai J. Reciprocal modula‑
tion between microglia and astrocyte in reactive gliosis following the 
CNS injury. Mol Neurobiol. 2013;48:690–701.

	54.	 Hambardzumyan D, Gutmann DH, Kettenmann H. The role of microglia 
and macrophages in glioma maintenance and progression. Nat Neuro‑
sci. 2016;19:20–7.

	55.	 Priller J, Flugel A, Wehner T, Boentert M, Haas CA, Prinz M, Fernandez-Klett 
F, Prass K, Bechmann I, de Boer BA, et al. Targeting gene-modified hemat‑
opoietic cells to the central nervous system: use of green fluorescent 
protein uncovers microglial engraftment. Nat Med. 2001;7:1356–61.

	56.	 Wattananit S, Tornero D, Graubardt N, Memanishvili T, Monni E, Tatarishvili 
J, Miskinyte G, Ge R, Ahlenius H, Lindvall O, et al. Monocyte-derived mac‑
rophages contribute to spontaneous long-term functional recovery after 
stroke in mice. J Neurosci. 2016;36:4182–95.

	57.	 Kim E, Cho S. Microglia and monocyte-derived macrophages in stroke. 
Neurotherapeutics. 2016;13:702–18.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Targeted BRD4 protein degradation by dBET1 ameliorates acute ischemic brain injury and improves functional outcomes associated with reduced neuroinflammation and oxidative stress and preservation of blood–brain barrier integrity
	Abstract 
	Introduction
	Materials and methods
	Animals
	Transient focal cerebral ischemia model
	Treatment with BET degrader dBET1
	Measurement of infarct volume
	Behavioral testing
	Neurological deficit score
	Vertical grid test
	Open field test

	Immunohistochemistry and immunofluorescence
	Protein extraction and western blot
	RNA isolation and quantitative real-time PCR
	Statistical analysis

	Results
	dBET1 administration induces potent BRD4 degradation in the mouse brain
	dBET1 ameliorates neurological deficits induced by ischemic stroke
	dBET1 reduces acute ischemic brain damage
	dBET1 reduces pro-inflammatory mediators and enhances the antioxidant capacity after stroke
	dBET1 protects against ischemia-induced BBB integrity disruption, MMP-9 activity increase, and neutrophil infiltration
	dBET1 reduces ICAM-1 levels after stroke
	dBET1 attenuates ischemia-induced reactive gliosis

	Discussion
	BRD4 degradation by dBET1 elicits robust neuroprotective efficacy against stroke outcomes
	BRD4 protein degradation by dBET1 is associated with reduced neuroinflammation and oxidative stress, preservation of BBB integrity, and reduced reactive gliosis

	Acknowledgements
	References


