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Abstract
Bioenergy decline occurs with reperfusion following acute ischemic stroke. However, the molecular mechanisms that limit 
energy metabolism and their impact on post-stroke cognitive and emotional complications are still unclear. In the present 
study, we demonstrate that the p53 transcriptional response is responsible for neuronal adenosine triphosphate (ATP) defi-
ciency and progressively neuropsychiatric disturbances, involving the downregulation of mitochondrial voltage-dependent 
anion channels (VDACs). Neuronal p53 transactivated the promoter of microRNA-183 (miR-183) cluster, thereby upregu-
lating biogenesis of miR-183-5p (miR-183), miR-96-5p (miR-96), and miR-182-5p. Both miR-183 and miR-96 directly 
targeted and post-transcriptionally suppressed VDACs. Neuronal ablation of p53 protected against ATP deficiency and 
neurological deficits, whereas post-stroke rescue of miR-183/VDAC signaling reversed these benefits. Interestingly, cyclin-
dependent kinase 9 (CDK9) was found to be enriched in cortical neurons and upregulated the p53-induced transcription of 
the miR-183 cluster in neurons after ischemia. Post-treatment with the CDK9 inhibitor oroxylin A promoted neuronal ATP 
production mainly through suppressing the miR-183 cluster/VDAC axis, further improved long-term sensorimotor abilities 
and spatial memory, and alleviated depressive-like behaviors in mice following stroke. Our findings reveal an intrinsic 
CDK9/p53/VDAC pathway that drives neuronal bioenergy decline and underlies post-stroke cognitive impairment and 
depression, thus highlighting the therapeutic potential of oroxylin A for better outcomes.

Keywords  Cerebral ischemia · Glucose metabolism · Mitochondrial transporter · Neuronal energy metabolism · Post-
stroke cognitive impairment · Post-stroke depression
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G6PD	 �Glucose-6-phosphate dehydrogenase
HK1	 �Hexokinase 1
I/R	� Ischemia-reperfusion
IF	 �Immunofluorescence
LDHA	 �Lactate dehydrogenase A
miR	� MicroRNA
mNSS	 �Modified neurological severity score
MUT	� Mutated form
NC	 �Negative control
OGD	 �Oxygen and glucose deprivation
PFK1	� Phosphofructokinase 1
PFT-α	 �Pifithrin-α
PFT-µ	 �Pifithrin-µ
PREs	� Putative response elements
PSCI	 �Post-stroke cognitive impairment
PSD	� Post-stroke depression
qPCR	 �Quantitative polymerase chain reaction
tMCAO	� Transient middle cerebral artery occlusion
TP53	 �Tumor protein 53 gene
Trp53	 �Transformation-related protein 53 gene
TTC	 �2, 3, 5-triphenyltetrazolium chloride
UPR	 �Upstream promoter region
UTR	 �Untranslated region
VDAC	 �Mitochondrial voltage-dependent anion channel
WT	� Wild type

Introduction

Acute ischemic stroke (AIS) is a major cause of adult dis-
ability and mortality, and its incidence is increasing among 
adults, including young and middle-aged adults [1, 2]. Early 
re-establishment of cerebral blood flow (CBF) and widely 
performed clinical interventions for AIS using intravenous 
thrombolysis and endovascular mechanical thrombectomy 
lead to a reduction in disability and mortality [3, 4]. How-
ever, cerebral ischemia-reperfusion (I/R) is often concomi-
tant with progressive cerebral infarction, leading to poor 
sensorimotor outcomes. Long-term post-stroke cognitive 
impairment (PSCI) and post-stroke depression (PSD) fre-
quently occur in stroke survivors; however, the underlying 
cellular and molecular mechanisms remain elusive [5–7]. 
Few effective therapeutic drugs have been approved for the 
prevention of PSCI and PSD.

The mammalian brain is highly dependent on bio-
energy supply relative to other organs because neurons 
require energy for axonal transport, synaptic transmission, 
and cognition [8–10]. Transient cerebral ischemia induces 
almost complete adenosine triphosphate (ATP) depletion, 
and bioenergetic metabolism recovers transiently with the 
onset of CBF reintroduction, which is followed by a sus-
tained decline in ATP levels [11, 12]. Bioenergy deficiency 

induces neuronal cell death [12, 13] and affects neural net-
work remodeling after cerebral ischemia [14], which may 
progressively aggravate cerebral infarction and neurocog-
nitive deficits. However, the development of PSD is not 
correlated with lesion volume in stroke survivors [15]. Inter-
estingly, brain metabolic decline and network disintegration 
in patients are involved in the development of treatment-
resistant major depression disorder [16, 17]. Therefore, we 
speculate that bioenergy decline underlies neurocognitive 
dysfunction and emotional status after stroke. However, the 
key molecular pathways that drive post-stroke metabolic 
dysregulation are largely unknown.

The transcription factor p53, a well-known tumor sup-
pressor, is encoded by the human tumor protein 53 (TP53) 
gene that is orthologous to the mouse transformation-related 
protein 53 (Trp53) gene. In the mammalian brain, p53 is 
expressed throughout perinatal development and main-
tained thereafter at relatively low levels through ubiquitin-
proteasomal degradation. Human TP53 polymorphism is 
associated with the clinical consequences of stroke, includ-
ing lesion volume and motor disability [18, 19]. The tran-
scriptional activity of p53 induces C9orf72poly(PR)-related 
neurodegenerative disorder [20]. After ischemic stroke, p53 
accumulates in cortical neurons and contributes to neuronal 
apoptosis through transcription-dependent and -independent 
pathways [21]. Although the functional significance of p53 
in post-stroke brain damage has been previously explored, 
pharmacological interventions that directly target p53 for 
brain disease treatment involve the risk of tumorigenicity. 
In various cancer cells, p53 transcriptionally regulates cell 
cycle arrest, apoptosis, and senescence and thereby limits 
tumor progression by its target gene products [22–24]. In 
response to DNA damage, p53 induces the mitochondrial 
apoptosis pathway through its transcription-independent 
function [25]. Transcription-independent functions also 
direct p53 to select the appropriate DNA damage repair 
pathway to maintain genomic stability, thus suppressing 
tumorigenesis [26, 27]. Although p53-regulated responses 
act as central events in cancer pathology, little is known 
about the upstream regulators of p53 and downstream cel-
lular and molecular events in the context of neurological 
disorders.

In this study, we investigated the link between intrin-
sic p53 signaling pathways and bioenergy failure in neu-
rons of peri-infarct tissue and its contribution to PSCI and 
PSD. Our results showed that neuronal p53 transcriptional 
activity disrupts the energy metabolic process through the 
microRNA-183 (miR-183) cluster/mitochondrial voltage-
dependent anion channel (VDAC) axis. We also investi-
gated the cellular distribution of cyclin-dependent kinase 9 
(CDK9) and its regulatory role in p53 transcriptional signal-
ing events, and further explored the therapeutic significance 
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of the small-molecule CDK9 inhibitor oroxylin A in long-
term sensorimotor and neuropsychiatric disturbances after 
AIS. Our data revealed that the CDK9/miR-183 cluster 
signaling cascade represents a potential druggable tar-
get for improving long-term post-stroke neuropsychiatric 
outcomes.

Materials and methods

Experimental animals

Adult male and female C57BL/6 mice were purchased 
from Cavens Laboratory Animal (Changzhou, Jiangsu, 
China) and SIPPR-BK Lab Animal Ltd. (Shanghai, China). 
Trp53+/− heterozygous mice were purchased from Biocy-
togen Pharmaceuticals (Beijing, China), and Trp53-floxed 
(Trp53flox/flox) mice were purchased from Jackson Labora-
tory (Marine, USA). The animals were housed under a 12-h 
light/dark cycle and provided ad-libitum access to food and 
water. All animals were randomly assigned to experimental 
groups, and all procedures followed the guidelines of the 
National Science and Technology Commission and were 
approved by the Institutional Animal Care and Use Com-
mittee of China Pharmaceutical University.

Transient middle cerebral artery occlusion (tMCAO) 
model and drug treatment

Adult C57BL/6 mice (25 ± 3  g, 10–12 weeks old) were 
anesthetized with isoflurane, and right MCA occlusion was 
induced with a silicon-coated monofilament suture [12]. 
Reperfusion was achieved by withdrawing the sutures after 
60 min of occlusion. CBF change was monitored using a 
CBF imager (FLPI-2, Gene & I, Beijing, China). Pifithrin-α 
(PFT-α) or pifithrin-µ (PFT-µ) was administrated to specifi-
cally inhibit p53 transcription-dependent or -independent 
activity, respectively. PFT-α (Selleck, S2929, Texas, USA) 
and PFT-µ (Selleck, S2930) were intraperitoneally injected 
half an hour before tMCAO. For conditional knockout of 
p53 in cortical neurons or astrocytes, AAV-CaMKIIα-Cre 
or AAV-GFAP-Cre (1 × 109 viral; Obio Technology, Shang-
hai, China) or their negative controls (NC) were injected 
into the cerebral cortex (ML, ± 3.0 mm; DV, -2.2 mm) of 
Trp53flox/flox mice two to three weeks prior to tMCAO. We 
injected miR-183 mimics (300 pmol) and miR-NC (GenePh-
arma, Shanghai, China) into the lateral ventricle (AP, 
-0.2 mm from bregma; ML, -1.0 mm; DV, -2.5 mm) within 
50 min after tMCAO. Oroxylin A (kindly provided by Prof. 
Zhiyu Li at China Pharmaceutical University) was intrave-
nously injected 30 min after tMCAO.

Cell culture and oxygen and glucose deprivation 
(OGD)

Mouse hippocampal HT22 neuronal cells and HEK293 cells 
were cultured in complete medium (Dulbecco’s modified 
Eagle’s medium [DMEM; Gibco, 12800-058, PA, USA] 
supplemented with 10% fetal bovine serum [ExCell Bio, 
FSP500, Shanghai, China]) at 37 ℃ under normoxic condi-
tions (5% CO2, 95% air). For OGD treatment, HT22 cells 
were cultured in glucose-free DMEM (Pricella, PM150270, 
Wuhan, China) after 12  h of transfection with luciferase 
reporter plasmids pGL3-basic-PRE (wild type [WT]) or 
pGL3-basic-PRE (mutated [MUT]), and then placed into a 
hypoxic chamber (Thermo Fisher Scientific, PA, USA) with 
1% O2, 94% N2, and 5% CO2 for 3 h. Cells were allowed 
to recover (OGD/R) in complete culture medium under nor-
moxic conditions. HT22 cells incubated with glucose-free 
DMEM under normoxic conditions served as the control. 
The cells were collected for luciferase activity assays.

Immunoblot

Peri-infarct tissue samples were collected from mouse brains 
24 h after reperfusion and homogenized in ice-cold buffer 
[12] containing protease inhibitors (Beyotime, P1005, Bei-
jing, China). The protein concentration was measured using 
the Lowry method. Proteins were separated using sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred onto nitrocellulose membranes. The membranes 
were blocked with 3% bovine serum albumin for 1 h, incu-
bated with specific primary antibodies, and then horserad-
ish peroxidase-conjugated secondary antibodies (listed in 
Supplementary Table S1). The blots were visualized using 
a Chemiluminescence Detection Kit (Vazyme, E412, Nan-
jing, China) and the Amersham ImageQuant800 system 
(Cytiva, Marlborough, USA), and the resulting bands were 
analyzed using the ImageJ software.

Quantitative polymerase chain reaction (qPCR) for 
mRNA and miRNA detection

The peri-infarct tissue samples were collected 3–6 h after 
reperfusion for detecting the primary miR-183 cluster (pri-
miR-183/96/182), or 12–24 h after reperfusion for analysis 
of mature miR-183 members and glucose-metabolizing-
related proteins, and then quickly frozen in liquid nitrogen. 
Total RNA was extracted using TRIzol reagent (Vazyme, 
R401) [12]. The concentration and integrity of the RNA 
were assessed using a NanoDrop 2000 (Thermo Fisher Sci-
entific), followed by reverse transcription using a HiScript 
III RT SuperMix for qPCR (+ gDNA wiper) kit (Vazyme, 
R323) according to the manufacturer’s instructions. We 
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detected under a Zeiss LSM-700 microscope (Oberkochen, 
Germany).

The ATP content in peri-infarct tissue samples 24 h after 
reperfusion was measured using an Enhanced ATP Assay 
Kit (Beyotime, S0027) according to the manufacturer’s 
instructions. Briefly, tissue samples were homogenized with 
lysis buffer and then centrifuged at 12,000 × g for 5 min 
at 4  °C. The resulting supernatant was added 5 min after 
100 µL of ATP assay working solution had been added to a 
96-well opaque plate. Luminescence was measured using a 
microplate reader (Thermo Fisher Scientific).

Immunofluorescence (IF) staining

Six and 24  h after reperfusion, whole mice brains for IF 
staining were fixed with 4% paraformaldehyde, dehydrated 
with gradient sucrose, embedded in optimal cutting temper-
ature compound, and sectioned at 30 μm using a Leica cryo-
stat. Sections were permeabilized with a solution containing 
0.25% Triton X-100 and 1% BSA, and blocked with 10% 
goat serum albumin for 1 h at room temperature. Primary 
antibodies were added to the specimens overnight at 4 °C, 
followed by washing thrice with PBS and incubation with 
secondary antibody for 1 h at room temperature (listed in 
Supplementary Table S1). The brain slices were observed 
under a Zeiss LSM-700 microscope.

Neurological scoring

The modified neurological severity score (mNSS) was used 
to evaluate a combination of motor, sensory, and balance 
functions 3, 7, 10, 14, and 21 days after tMCAO, graded on 
a scale of 0 to 18. Mild, moderate, and severe impairment 
are indicated by scores between 1 and 6, 7 and 12, and 13 
and 18, respectively.

Behavioral tests

Rotarod test

The rotarod test was performed to evaluate motor coordi-
nation and muscle endurance. The mice were placed on a 
rotating rod, which was accelerated from 0 to 40 rpm within 
5 min. The time spent on the rod until the mouse fell off was 
recorded and repeated thrice with at least a 5-min interval 
between each measurement to calculate the average value. 
Pre-training for the rotarod, foot-fault, cylinder, and corner 
tests lasted for 3 days before tMCAO, and data from the 
third day served as the preoperative baseline.

performed qPCR on a QuantStudio 3 real-time PCR sys-
tem (Applied Biosystems, PA, USA) using SYBR qPCR 
Master Mix (Vazyme, Q711). The primers used are listed in 
Supplementary Table S2. Beta-Actin was used as an internal 
reference for detection of mRNA, whereas U6 served as an 
internal control for the detection of miRNA expression. The 
2−ΔΔCT method was used to calculate the fold change.

Dual-luciferase reporter (DLR) assay of miRNA 
targets

The 3’ untranslated region (UTR) of either WT Vdac1/2/3 
or their MUT forms (Sangon Biotech, Shanghai, China), 
including the 45-nucleotide sequences with miR-183 bind-
ing sites or the full-length sequences, were inserted into the 
pmirGLO Dual-Luciferase miRNA Target Expression Vec-
tor (Promega, Wisconsin, USA) [12]. HEK293 or HT22 
cells were cultured in 24-well plates and transfected with 
either 50 nM mimics of miR-183, miR-96, miR-182, or miR-
NC (GenePharma) along with 125 ng of luciferase reporter 
construct using PEI (Sigma-Aldrich, 40872-7, Darmstadt, 
Germany). After transfection for 24 h, the cells were col-
lected to measure luciferase activity using a DLR Assay kit 
(Promega, E1960). The specific sequences of all mimics are 
listed in Supplementary Table S3.

2, 3, 5-triphenyltetrazolium chloride (TTC) staining

Forty-eight and 72  h after reperfusion, mice brains were 
harvested and frozen at -20 °C for 20 min. The brains were 
then cut into 1-mm coronal sections, which were subse-
quently incubated in 2% TTC solution (Solarbio, T8170, 
Beijing, China) for 10 min at 37 °C. After fixation with 4% 
paraformaldehyde, the size of normal tissues (red) was mea-
sured through digital planimetry of the slices by an observer 
blinded to the experimental conditions utilizing the ImageJ 
software. To account for the influence of edema in infarct 
tissues (white), the infarct volume for each brain was calcu-
lated using the formula I% = (volume of normal tissues in 
control hemisphere - volume of normal tissues in tMCAO 
hemisphere) / (2 × volume of normal tissues in control 
hemisphere).

ATP measurement

For in-vivo ATP detection within neuronal cells, an AAV 
recombinant with synapsin 1 promotor sequence rAAV-
hSyn-cyto-iATPSnFR1.0 (1 × 109 viral; Brain Case, Shen-
zhen, China) that selectively expresses a fluorescent ATP 
sensor in neurons was injected into the cerebral cortex three 
weeks before ischemia. Twenty-four hours after reperfusion, 
iATPSnFR fluorescence responding to ATP binding was 
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Open-field test

Open-field tests combined with tail suspension and forced 
swim tests were performed to assess behavioral depression 
in mice. Mice were placed in a 40 × 40 × 40-cm open-field 
apparatus and allowed to explore freely for 5 min while their 
exploratory behavioral data, including total and central dis-
tance and duration in the center (20 × 20 cm), were recorded 
using a video camera with an automated tracking system 
positioned directly above the field. To maintain cleanliness 
and consistency between the tests, the field apparatus was 
cleaned with 75% ethanol at the beginning of each test.

Tail suspension test

Each mouse was hung at the same height above the floor 
with an adhesive tape for 6 min. The total time of immobil-
ity within the last 4 min was recorded with a fixed camera.

Forced swim test

Each mouse was allowed to swim randomly for 6 min in a 
transparent cylinder (17 cm diameter, 27 cm high) filled with 
water at a height of 12 cm at 23–25 ℃. The total immobility 
duration of each mouse within the last 4 min was recorded, 
which was defined as floating with hind legs motionless.

Statistical analysis

The results are presented as the mean ± SD unless otherwise 
specified. Data were from at least three independent experi-
ments or cultures. Statistical analyses were performed using 
GraphPad Prism 10.0. Comparisons between the two groups 
were performed using an unpaired t-test, with Welch’s cor-
rection as appropriate. Comparisons among three or more 
groups were performed using one-way ANOVA followed 
by Tukey’s multiple comparisons or Dunnett’s T3 post-hoc 
tests or two-way ANOVA. Neurobehavioral tests including 
repeated measures were evaluated using repeated-measures 
ANOVA, and the results are shown as mean ± SEM. Statisti-
cal significance was set at P < 0.05 after confirming normal-
ity and homogeneity of variance in the data.

Results

The transcriptional activity of p53 induces neuronal 
metabolic dysfunction by downregulating outer 
mitochondrial membrane protein VDACs after AIS

First, we detected cytosolic ATP levels within neurons 
24  h after reperfusion in mice with a fluorescent sensor 

Foot-fault test

The foot-fault test was performed to assess forelimb func-
tional coordination. Mice were placed on a 35 × 35-cm 
square wire grid with 2.25-cm2 openings for free movement. 
The number of missed steps and total steps of the forelimbs 
on the grid within 2 min were recorded thrice to obtain an 
average value.

Cylinder test

The mice were placed in a transparent glass cylinder with 
a diameter of 9 cm and a height of 12 cm. Data on three 
scenarios that included climbing the wall of the cylinder 
in an upright position using the left forelimb (L) only, the 
right forelimb (R) only, or both forelimbs simultaneously 
(B) were recorded 20 times, consecutively, to calculate the 
postoperative preference for using either forelimb. The cal-
culation was performed as follows: (R - L) / (L + R + B).

Corner test

The corner test was used to assess sensorimotor asymmetry 
in mice after MCAO. Two pieces of cardboard, each mea-
suring 30, 20, and 1  cm in length, height, and thickness, 
respectively, were set at a 30° angle with a small opening at 
the joint. The experimental mice were placed between the 
cardboard pieces and allowed to enter the corner spontane-
ously. When the vibrissae touched the cardboard and were 
stimulated, the mouse turned right or left and faced the 
opening, and the percentage of right turns was calculated.

Morris water maze

The Morris water maze was used to evaluate hippocampus-
dependent spatial navigation learning and memory. The 
water maze consisted of a circular pool (90 cm diameter) 
which was divided into four quadrants, filled with water at 
22 ± 1 °C until the circular platform (12 cm diameter, 40 cm 
high) was submerged 1 cm below the surface. Four differ-
ent clues were set on the pool wall above the water surface 
to aid spatial navigation. During the learning phase, each 
mouse was placed in one quadrant randomly to explore 
for five consecutive days, and the latency to find the hid-
den platform was recorded, while on the sixth day (memory 
phase), the platform was moved away and the time spent 
in the target quadrant and the times crossing the target 
quadrant within 60  s were recorded. Data were measured 
and recorded using the ANY-maze software (Stoelting, IL, 
USA).
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p53 transcriptional activity may not interrupt glycolytic and 
pentose phosphate pathways to impair glucose metabolism.

Outer mitochondrial membrane VDACs and inner mito-
chondrial membrane transporters and translocators function 
as efficient channels for ATP/ADP and small metabolites, 
including pyruvate, succinate, and citrate, across mitochon-
dria. Previously, we determined that decreased VDAC1 and 
VDAC3 levels contribute to ATP decline during the early 
stages of reperfusion after ischemia [12]. Consistently, the 
transcripts of the three Vdac isoforms were downregulated 
in the tMCAO cortex during 12 and 24 h after reperfusion 
(Fig. 1d). Notably, PFT-α reinstated the Vdac1, Vdac2, and 
Vdac3 mRNA levels (Fig.  1f). Immunoblot analysis con-
firmed that VDAC1 and VDAC3 levels reduced 24 h after 
reperfusion, whereas this change was prevented by PFT-α 
but not PFT-µ (Fig. 1g). Stable cytochrome c oxidase sub-
unit 4 (COX4) levels suggest no reduction in mitochondrial 
number during the early stages of I/R (Fig. 1g). These results 
indicate that I/R induces a p53 transcriptional response to 
inhibit neuronal energy metabolic processes by downregu-
lating the mitochondrial functional protein VDACs after 
AIS.

Neuronal p53 is responsible for post-stroke 
neurocognitive impairments and depression-like 
behaviors in mice

Next, we investigated the pathological significance of neu-
ronal p53 signaling in neuropsychiatric disturbances fol-
lowing AIS. To avoid neurodevelopmental abnormality, the 
adult Trp53flox/flox mice were injected with AAV-CaMKIIα-
Cre recombinants to specifically knockout the Trp53 gene in 
mouse cortical neurons (Fig. 2a). IF staining revealed a spe-
cific ablation of neuronal p53 in the CaMKIIα-Cre groups 
but not its negative control (CaMKIIα-NC) groups 24  h 
after reperfusion (Fig. 2b). Compared to the CaMKIIα-NC 
groups, long-term neurofunctional deficits were mitigated 
in the CaMKIIα-Cre groups (Fig. 2c). Sensorimotor behav-
ioral tests, including the rotarod, foot-fault, and cylinder 
tests, showed that the CaMKIIα-Cre groups exhibited sus-
tained improvements in sensorimotor function recovery 
(Fig.  2d-f). In the Morris water maze test, the mice with 
neuronal p53 ablation showed improved spatial memory 
after I/R (Fig.  2g), but no alteration in spatial learning 
ability and swimming speed (Supplementary Fig. S2a-c). 
Interestingly, neuronal p53 ablation alleviated depression-
like behaviors in mice during the open-field (Fig. 2h), tail 
suspension (Fig. 2i), and forced swim tests (Fig. 2j). These 
findings suggest that targeting neuronal p53 signaling sup-
ports neurocognitive function recovery and emotional regu-
lation after AIS.

rAAV-hSyn-cyto-iATPSnFR1.0 bilaterally transfected in 
the cerebral cortex. As shown in Fig. 1a and Supplementary 
Fig. S1a, iATPSnFR in the contralateral (control) cortical 
neurons showed enhanced fluorescence with physiologi-
cal ATP levels, whereas cytosolic ATP levels in neurons, 
specifically in neuronal soma, significantly decreased in 
the tMCAO cortex 24 h after reperfusion. Neuronal activ-
ity (p-CREB) in the tMCAO cortex showed no alteration 
compared with the control cortex (Fig.  1a). Therefore, a 
sustained metabolic stress occurs within neuronal cells 
even with reperfusion following AIS. To investigate the 
pathological significance of p53-related signaling pathways 
in neuronal metabolic stress following AIS, we examined 
the cellular distribution of overexpressed p53 in the mouse 
brain 6  h after reperfusion. The p53 staining exhibited a 
small puncta-like distribution in the control cortex, whereas 
it showed enhanced expression levels and diffused distribu-
tion mainly in neuronal cells of the peri-infarct region of the 
tMCAO cortex (Supplementary Fig. S1b). Then, p53 inhibi-
tors pifithrin-α (PFT-α, 1 mg/kg) and PFT-µ (8 mg/kg) were 
used to assess the impacts of p53 transcription-dependent or 
-independent pathways on ATP levels and neurological dam-
age, respectively (Fig. 1b, Supplementary Fig. S1c, d). The 
ATP content in the tMCAO tissue was significantly down-
regulated compared with that in the control cortex 24 h after 
reperfusion, and such changes were prevented by PFT-α but 
not PFT-µ (Fig.  1b). Interestingly, TTC staining showed 
that PFT-α led to marked reductions in infarct volume after 
48 h after reperfusion (Supplementary Fig. S1c). The mNSS 
analysis showed that neurological functions were impaired 
after tMCAO but attenuated by PFT-α administration (Sup-
plementary Fig. S1d). PFT-µ displayed a much lower degree 
of cerebroprotection compared with PFT-α (Supplementary 
Fig. S1c, d). These data suggest that excessive p53 triggers 
a transcriptional program rather than a non-transcriptional 
response to impair neuronal energy metabolism and neural 
function after stroke.

Glucose metabolism provides the primary energy source 
for neurological functions [28, 29]. To investigate the 
downstream molecular events through which p53 disrupts 
energy homeostasis, we examined the expression of key 
glucose-metabolizing enzymes in glycolysis and the pen-
tose phosphate pathway, including hexokinase 1 (HK1), 
phosphofructokinase 1 (PFK1), lactate dehydrogenase A 
(LDHA), and glucose-6-phosphate dehydrogenase (G6PD), 
as well as the mitochondrial functional protein VDAC1/2/3 
(Fig.  1c). Hk1 and Pfk1 mRNA levels decreased mark-
edly in the tMCAO tissue compared to the control 24  h 
after reperfusion, whereas Ldha and G6pd mRNA lev-
els remained stable during 12 and 24  h after reperfusion 
(Fig. 1d). Unexpectedly, PFT-α administration did not affect 
the expression of the above genes (Fig. 1e), suggesting that 
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Fig. 1  p53 transcriptional activity drives ATP decline and decreased 
VDACs levels after tMCAO. (a) Fluorescent sensor rAAV-hSyn-cyto-
iATPSnFR1.0 for specifically imaging ATP levels within neurons in 
the peri-infarct cortex (tMCAO) and its contralateral region (control) 
24 h after reperfusion. Co-staining with p-CREB indicates neuronal 
activity (including 15 slices from three mice). Scale bar = 50 μm. (b) 
Relative ATP levels in the peri-infarct tissue of tMCAO and control 
cortex in mice treated with vehicle, PFT-α, or PFT-µ 24 h after reperfu-
sion (n = 5 or 6). (c) Diagram illustrating the process of glycometabo-
lism in neurons. (d) Heatmap showing the relative mRNA levels of the 
key enzymes and proteins of glucose-metabolizing process, including 

Hk1, Pfk1, Ldha,G6pd, and Vdacs, in the peri-infarct region of the 
tMCAO cortex and its contralateral cortex (control) 12 and 24 h after 
reperfusion (n = 4). (e and f) qPCR analysis of the Hk1 and Pfk1 (e) 
and Vdacs (f) relative mRNA levels in mice treated with the vehicle or 
PFT-α 24 h after reperfusion (n = 4). (g) Immunoblotting analysis and 
quantification of the VDAC1, VDAC3, and COX4 levels in mice with 
vehicle, PFT-α, or PFT-µ treatment 24 h after reperfusion. Beta-Actin 
served as a loading control (n = 5). Data are shown as the mean ± SD 
and were analyzed using one-way ANOVA. *P < 0.05; **P < 0.01; 
***P < 0.001; n.s., not significant
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Fig. 2  Neuronal p53 ablation ameliorates sensorimotor, spatial 
memory, and depressive behaviors in mice after tMCAO. (a) Sche-
matic experimental timeline of neurological and behavioral tests 
in Trp53flox/flox mice with conditional knockout of p53 in neurons 
through injection of AAV-CaMKIIα-Cre or its negative control (AAV-
CaMKIIα-NC). (b) IF staining for p53 expression in the peri-infarct 
region of the tMCAO cortex 24 h after reperfusion in mice injected 
with AAV-CaMKIIα-Cre or its negative control. Co-staining with 
NeuN marks neurons (including 12 slices from four mice). Scale 
bar = 50 μm. (c–f) Assessment of mNSS for long-term neurological 
deficits (c) and sensorimotor behavioral tests, including rotarod (d), 
foot-fault (e), and cylinder (f) tests, 3, 7, 14, and 21 days after reperfu-

sion after tMCAO. Data are shown as the mean ± SEM (n = 7 mice) 
and were analyzed using two-way ANOVA with repeated measures. 
*P < 0.05; **P < 0.01; ***P < 0.001. (g) Analysis of the time in the 
target quadrant during the memory phase approximately 24 to 29 days 
after tMCAO in the Morris water maze. (h) Analysis of the open-field 
test approximately 32 days after reperfusion after tMCAO, including 
representative tracks, total distance, central distance, and time in the 
center. (i and j) Quantitation of immobility time in the tail suspen-
sion test (i) and forced swim test (j) approximately 32 to 33 days after 
reperfusion. Data are shown as the mean ± SEM (n = 7 mice) and were 
analyzed using unpaired t-tests (g-j). **P < 0.01; ***P < 0.001; n.s., 
not significant
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in pri-miR-183/96/182 levels in Trp53 null mice (Supple-
mentary Fig. S4a, b). In contrast, p53 conditional knockout 
in mouse astroglia by infusion with AAV-GFAP-Cre did 
not notably eliminate elevated pri-miR-183/96/182 after 
tMCAO, and only a slight decline was observed (Supple-
mentary Fig. S4c, d). These findings indicate that neuronal 
p53 boosts the transcription and biogenesis of the miR-183 
members after I/R.

Vdac transcripts are directly decreased by miR-183 
and miR-96

The miR-183 family members are highly conserved across 
mammalian species (Fig.  4a). The miR-183 and miR-96 
were predicted to bind with the Vdac1/2/3 mRNA 3’ UTR 
and Vdac3 mRNA 3’ UTR, respectively (Fig.  4b). The 
DLR assay showed that miR-183 mimics suppressed the 
luciferase activity of 3’ UTR constructs of Vdac1/2/3 in 
HEK293 cells, and did not affect the luciferase activity of 
their mutants (Fig. 4c, d). To further investigate the differ-
ence in targeted action of various miR-183 family members, 
we transfected HT22 neuronal cells with the full-length 3’ 
UTR constructs of Vdac1/2/3 (Fig. 4e). The miR-183 mim-
ics had similar inhibitory effects on the relative luciferase 
activities of Vdac1, Vdac2, and Vdac3 (Fig. 4f). In addition 
to the similar predicted target regulation of Vdac3, miR-
96 mimics also reduced the relative luciferase activity of 
Vdac1 (Fig. 4g). As expected, miR-182 mimics did not sig-
nificantly change the luciferase activity of Vdacs (Fig. 4h). 
Thus, miR-183 family members, except miR-182, directly 
target and downregulate VDAC expression.

Neuronal p53 induces mitochondrial and 
neurological deficits through the miR-183 cluster 
pathway

Furthermore, we investigated the involvement of p53-elic-
ited miR-183 family transcripts in post-stroke VDAC decline 
and its pathophysiological processes. The miR-183 mimics 
or miR-NC were infused into the lateral ventricles of neuro-
nal p53 conditional knockout mice (CaMKIIα-Cre groups) 
after tMCAO (Fig.  5a). The VDAC1 and VDAC3 levels 
significantly decreased in the CaMKIIα-NC groups 24  h 
after reperfusion. Notably, neuronal p53 ablation restored 
VDAC1 and VDAC3 levels in the miR-NC groups, which 
was reversed in the miR-183 mimic groups (Fig. 5b). Cor-
respondingly, neuronal p53 loss restored ATP levels in the 
tMCAO cortex, whereas the rescue of miR-183 expression 
terminated such benefits (Fig. 5c). Conditional knockout of 
neuronal p53 dramatically diminished the infarct size and 
mNSS scores 48 h after reperfusion; however, both effects 
were diminished by miR-183 mimics (Fig. 5d, e). These data 

Neuronal p53 transactivates and boosts miR-183 
cluster after AIS

How does neuronal p53 transcriptional activity induce post-
stroke metabolic stress and neuropsychiatric symptoms? As 
no cis-regulatory elements required for p53-directed regula-
tion are found in the upstream promoter region (UPR) of 
VDACs, we hypothesized that p53 transcripts are miRNAs 
that post-transcriptionally interfere with the expression of 
downstream VDACs. Bioinformatics analysis predicted 
miR-183 as a candidate mediator. The miR-183-5p (miR-
183) together with miR-96-5p (miR-96) and miR-182-5p 
(miR-182) comprises a polycistronic paralogous clus-
ter that is generated from a single primary miRNA (pri-
miR-183/96/182). Putative response elements (PREs) for 
p53 in the UPR of the miR-183 cluster are highly conserved 
among humans, rats, and mice (Supplementary Fig. S3a). 
To identify whether p53 enhances the promoter activity of 
the miR-183 cluster, we constructed two luciferase reporter 
recombinant containing the mouse miR-183 cluster UPR1 
(-3000 to -1600) or UPR2 (-1600 to -1). A recombinant 
containing the p53-responsed UPR of mouse Cdkn1a/p21 
was the positive control. The DLR assay in HT22 neuronal 
cells showed that the miR-183 UPR1 recombinant yielded 
the same robust transcriptional activity as the Cdkn1a UPR, 
and this activity was almost completely abolished by PFT-α 
(Supplementary Fig. S3b). Additionally, the p53-responsed 
PRE(WT) in the miR-183 cluster and its MUT were cloned 
into luciferase reporter vectors (Fig.  3a). The lucifer-
ase activity of the PRE(MUT) was much lower than that 
of PRE(WT) (Fig. 3b), confirming that p53 transactivates 
the promoter of the miR-183 cluster. Furthermore, OGD/R 
in HT22 neuronal cells augmented luciferase activity of 
PRE(WT) (Fig. 3c), suggesting that OGD/R-induced neu-
ronal p53 transcriptionally regulates the miR-183 cluster. 
Next, we examined the in-vivo pri-miR-183/96/182 levels 
3 and 6 h after reperfusion (Fig. 3d) and three mature mem-
bers (miR-183, miR-96, and miR-182) at 12 and 24 h after 
reperfusion (Fig. 3e) and found that they were much greater 
and sustained in the mouse tMCAO cortex than in the con-
trol tissue. PFT-α (1 and 2 mg/kg) markedly reduced the pri-
miR-183/96/182 levels 3 h after reperfusion, whereas PFT-µ 
and the vehicle showed no effect (Fig.  3f). Consistently, 
PFT-α (1  mg/kg) abolished postischemic upregulation of 
mature miR-183 members 24 h after reperfusion (Fig. 3g).

We subsequently determined the in-vivo regulation of 
the miR-183 cluster by AIS-induced neuronal p53, and the 
results showed that pri-miR-183/96/182 levels and three 
mature members (miR-183, miR-96, and miR-182) increased 
after tMCAO in control (CaMKIIα-NC) mice but showed 
no alteration in neuronal p53 ablation (CaMKIIα-Cre) mice 
(Fig. 3h, i). In addition, we observed a consistent decrease 
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Fig. 3  Neuronal p53 ablation decreases the transcripts of the miR-183 
cluster after tMCAO. (a) Sequence showing the location of PRE for 
p53 in the WT miR-183 cluster. MUT introduced into the promoter 
reporter construct are shown in red. (b) Dual-luciferase reporter assay 
of the promoter activity of WT and MUT PRE for p53 in the miR-183 
cluster in HT22 neuronal cells treated with or without PFT-α (5 µM; 
n = 7, from at least three independent cultures). (c) Dual-luciferase 
reporter assay of the promoter activity of WT and MUT PRE for p53 
in the miR-183 cluster in HT22 neuronal cells after OGD/R (n = 6 or 
7, from at least three independent cultures). Relative luciferase activity 
was normalized to that of the pGL3-basic groups (b and c). (d and e) 
Relative pri-miR-183/96/182 (d) and miR-183 family member (miR-

183, miR-96, and miR-182) (e) levels in the mouse peri-infarct region 
of the tMCAO cortex and contralateral control cortex (qPCR; n = 4–6). 
(f and g) Relative pri-miR-183/96/182 levels 3 h after reperfusion (f) 
and miR-183 family member levels 24 h after reperfusion (g) in mice 
administrated the vehicle, PFT-α (0.1, 1, and 2  mg/kg), or PFT-µ 
(8 mg/kg) (qPCR; n = 5 or 6). (h and i) Relative pri-miR-183/96/182 
levels 3  h after reperfusion (h) and miR-183 family member levels 
24 h after reperfusion (i) in neuronal p53 ablation mice (qPCR; n = 4 
or 6). Data are shown as the mean ± SD and were analyzed using two-
way ANOVA (b-c and h-i) or one-way ANOVA (d–g). *P < 0.05; 
**P < 0.01; ***P < 0.001; n.s., not significant
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Fig. 4  miR-183 and miR-96 directly target the 3’ UTR region of 
Vdacs. (a) Highly conserved miR-183 family members (miR-183-5p, 
miR-96-5p, and miR-182-5p) among Homo sapiens (hsa), Rattus 
norvegicus (rno), Mus musculus (mmu), and Danio rerio (dre). Seed 
sequences are shown in red. (b) Potential binding sites of mmu-miR-
183-5p are shown targeting the WT (red) or MUT (blue) 3’ UTR 
region of Vdac1/2/3, whereas those of mmu-miR-96-5p are shown tar-
geting the 3’ UTR region of Vdac3 mRNA. (c and d) Dual-luciferase 
reporter assays in HEK293 cells were performed by transfecting blank 
control, miR-183 mimics (miR-183), or its negative control (miR-NC) 
together with the luciferase reporter constructs carrying 3’ UTR (WT 

or MUT) of Vdac1/2/3, respectively (c). Relative luciferase activity 
was inhibited by miR-183 mimics in the Vdac1/2/3 WT groups but 
not their MUT groups, respectively (d). (e–h) Schematic protocol of 
dual-luciferase reporter assays in HT22 neuronal cells (e). HT22 cells 
were co-transfected with miR-NC or mimics of miR-183 (f), miR-96 
(g), or miR-182 (h) with the luciferase reporter constructs carrying the 
full-length 3’ UTR region of Vdac1/2/3, respectively. Relative lucif-
erase activity was normalized to that of the control groups. Data are 
shown as the mean ± SD (n = 9) and were analyzed using one-way 
ANOVA (d) or unpaired t-tests (f–h). **P < 0.01; ***P < 0.001; n.s., 
not significant
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Neuronal CDK9 is activated and induces ATP decline 
via the p53/VDAC pathway

To identify a druggable target for AIS treatment, we sought 
to investigate an upstream regulator of the p53 transcrip-
tional program in neuronal cells following I/R. The DLR 

suggest that neuronal p53 impairs energy metabolism and 
that neurological deficits occur in mice through transcrip-
tional regulation of the miR-183 family/VDAC axis after 
I/R.

Fig. 5  Rescue of miR-183 reverses p53 ablation-induced recovery 
from VDACs/ATP decline and cerebral infarction. (a) Schematic dia-
gram of the experimental flow. Neuronal p53 was selectively ablated 
by infusion with AAV-CaMKIIα-Cre in adult Trp53flox/flox mice; AAV-
CaMKIIα-NC infusion served as a negative control. The miR-183 mim-
ics (300 pmol) were treated 50 min after tMCAO. (b) Immunoblotting 
assessment of VDAC1, VDAC3, and COX4 levels in the peri-infarct 
cortex of tMCAO and contralateral control tissues 24 h after reperfu-

sion. Beta-Actin was used as a loading control (n = 4). (c) Relative ATP 
levels in the peri-infarct cortex of tMCAO and contralateral control tis-
sues 24 h after reperfusion (n = 5). (d) TTC analysis and quantification 
of cerebral infarct size 48 h after reperfusion (n = 5). (e) mNSS assess-
ment for neurological deficits 48 h after reperfusion (n = 5). Data are 
shown as the mean ± SD and were analyzed using two-way ANOVA. 
*P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant
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a potential therapeutic drug for improving long-term post-
stroke outcomes.

Discussion

Understanding the critical molecular regulators underly-
ing aberrant energy metabolism may provide novel drug-
gable targets and develop drug interventions for post-stroke 
neuropsychiatric symptoms. In the present study, we reveal 
that the p53 transcriptional response, but not its transcrip-
tion-independent function, drives bioenergy decline within 
neurons following AIS. Mechanistically, the I/R-induced 
neuron-intrinsic CDK9/p53/miR-183 cluster signaling path-
way downregulates functional VDACs in the mitochondria, 
thereby interfering with energy metabolism. This study 
reveals the therapeutic potential of oroxylin A in providing 
energy support and ameliorating PSCI and PSD.

Our data showed that the transcriptional program of p53 
disrupts neuronal mitochondrial energy metabolism and 
aggravates progressive cerebral infarction, which is closely 
linked to long-term disability, neuropsychiatric complica-
tions, and even modality in patients with AIS. The stabil-
ity of the neuronal bioenergy supply is critical for synaptic 
transmission and plasticity, calcium homeostasis, and neu-
ronal survival [10, 12, 13]. Therefore, the transcriptional 
suppression of p53 confers robust cerebroprotection against 
secondary injury and promotes neurological functional 
recovery by maintaining bioenergy homeostasis. Although 
cancer cell-intrinsic p53 negatively modulates aerobic gly-
colysis (the Warburg effect), which fuels tumor growth and 
progression [32, 33], how excessive p53 reprograms energy 
metabolism in the mammalian brain remains poorly under-
stood. The present study provides novel evidence that neu-
ronal p53 transcriptionally regulates miR-183 and miR-96 
biogenesis, which in turn targets the mitochondrial func-
tional protein VDAC, ultimately blocking the tricarboxylic 
acid cycle and oxidative phosphorylation pathways after 
AIS. In addition to stroke, upregulation of p53 expression or 
its transcriptional activity are also involved in the develop-
ment of neurodegenerative disorders, including Alzheimer’s 
disease and Parkinson’s disease [20, 34, 35], providing pos-
sibilities for CDK9-targeting interventions in clinical treat-
ment of neurodegenerative diseases.

VDACs in the outer mitochondrial membrane act as 
primary transporters of ions and metabolites [36, 37]. We 
elucidated that stabilized VDAC levels improved early 
mitochondrial energy metabolism after I/R, suggesting that 
intrinsic VDACs play an indispensable role in neuronal ATP 
generation. Neurons have a relative lower glycolytic flux in 
contrast to astrocytes [38], and their axon terminals prefer 
to mitochondrial oxidative phosphorylation [29]. Therefore, 

assay showed that OGD/R boosted the p53-binding pro-
moter activity of the miR-183 cluster in HT22 neuronal 
cells; this activity was blocked by post-treatment with the 
small-molecule CDK9 inhibitor oroxylin A, suggesting that 
neuronal CDK9 activation enhances p53 transcriptional 
response (Fig. 6a, b). Although CDK9 downregulates p53 
levels through MDM2/sirtuin 1 signaling in cancer cells 
[30, 31], the distribution and pathophysiological roles of 
CDK9 in the mammalian brain remain poorly understood. 
In this study, IF staining showed that CDK9 was particularly 
enriched in cortical neurons (Fig. 6c). As expected, oroxylin 
A (10 mg/kg) treatment 30 min after tMCAO reversed ATP 
decline within neurons and facilitated ATP production 24 h 
after reperfusion (Fig. 6d, e), and markedly attenuated cere-
bral infarction compared with the vehicle groups 72 h after 
reperfusion (Fig. 6f).

Oroxylin A posttreatment not only inhibited CDK9 activ-
ity but also partially reversed the overexpression of p53 
24 h after reperfusion (Fig. 7a, b). In addition, oroxylin A 
reduced the upregulated levels of miR-183, miR-96, and 
miR-182 24 h after reperfusion (Fig. 7c), and blocked the 
post-ischemic decline in VDAC1, VDAC2, and VDAC3 
(Fig. 7d, e). Similar effects of oroxylin A posttreatment on 
the expression of CDK9, p53, VDAC1, and VDAC3 were 
observed in female mice (Supplementary Fig. S5a, b). 
Therefore, unlike its roles in cancer cells, neuron-enriched 
CDK9 augments the intrinsic p53 transcriptional response, 
which is responsible for ATP decline after stroke.

Oroxylin A therapy ameliorates long-term outcomes 
after AIS

Finally, we investigated the therapeutic significance of 
oroxylin A in neuropsychiatric abnormalities following AIS 
(Fig.  8a). The mNSS and sensorimotor behavioral tests, 
including the rotarod, foot-fault, cylinder, and corner tests, 
showed that oroxylin A (10 mg/kg) posttreatment for three 
times provided long-term benefits for neurological func-
tion recovery (Fig. 8b-f). In addition, oroxylin A posttreat-
ment reversed spatial memory deficits in the water maze 
test (Supplementary Fig. S6a-e); no obvious difference in 
spatial learning and swimming speed between the oroxylin 
A- and vehicle-treated groups were observed (Supplemen-
tary Fig. S6a-c). Moreover, oroxylin A reduced brain atro-
phy 33 days after reperfusion compared to the vehicle group 
(Supplementary Fig. S6f). Unexpectedly, short-term ther-
apy with oroxylin A did not recover PSD in mice. However, 
long-term therapy with oroxylin A (5 mg/kg) for 12 days 
(Fig. 8g) markedly alleviated mouse depression-like behav-
iors after stroke in the open-field (Fig. 8h), tail suspension 
(Fig. 8i), and forced swim (Fig. 8j) tests. Thus, oroxylin A is 
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Fig. 6  CDK9 enhances p53 transcriptional activity in neurons and 
inhibits ATP production in neurons after tMCAO. (a and b) Dual-
luciferase reporter assay of p53-responsed promotor activity of the 
miR-183 cluster in HT22 neuronal cells after OGD/R. HT22 cells were 
treated with roxylin A (30 or 100 µM) after OGD (a). Relative lucifer-
ase activity was normalized to the pGL3-basic groups (b; n = 6, from 
at least three independent cultures). (c) Immunofluorescence stain-
ing of CDK9 distribution in the peri-infarct cortex (tMCAO) and its 
contralateral region (control) 24 h after reperfusion. Co-staining with 
NeuN marks neurons (including 15 slices from three mice). Scale bar 

= 50 μm. (d) Neuronal ATP levels of in tMCAO and control 24 h after 
reperfusion. Co-staining with p-CREB indicates neuronal activity 
(including 15 slices from three mice). Scale bar = 50 μm. (e) Rela-
tive ATP levels were measured in mice post-treated with vehicle or 
oroxylin A 24 h after reperfusion (n = 6). (f) TTC analysis and quanti-
fication of cerebral infarct size 3 days after tMCAO (n = 6 vehicle, and 
n = 8 oroxylin A). Data are shown as the mean ± SD and were analyzed 
using one-way ANOVA (b and e) or unpaired t-tests (f). **P < 0.01; 
***P < 0.001
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mitochondria, suggesting a therapeutic strategy to allevi-
ate neurological dysfunction by strengthening mitophagy. 
However, mitophagy is suppressed during early reperfusion 
following cerebral ischemia [42, 43]. We inferred that a sus-
tained decline in VDAC expression suppressed the clear-
ance of dysfunctional mitochondria through mitophagy.

stabilized VDACs in neurons maintain mitochondrial oxi-
dative phosphorylation to support calcium buffering, neu-
rotransmission, and network remodeling following AIS. 
Interestingly, VDAC1 regulates mitophagy, thereby play-
ing a neuroprotective role in subarachnoid hemorrhage 
[39–41]. Notably, mitophagy selectively clears damaged 

Fig. 7  CDK9 inhibition by oroxylin A restrains p53/VDAC cascades 
in mice after tMCAO. (a and b) Immunoblotting assessment of CDK9 
(phosphorylated and total protein) and p53 levels 24 h after reperfu-
sion in mice post-treated with vehicle or oroxylin A (10 mg/kg). Beta-
Actin and α-Tubulin were served as loading controls (n = 4). (c) Rela-
tive miR-183 family member levels (miR-183, miR-96, and miR-182) 
in the peri-infract tissues of tMCAO and contralateral control cortex 
24 h after reperfusion in mice post-treated with vehicle or oroxylin A 
(qPCR; n = 5). (d) Heatmap showing expression of the key proteins 

of the glucose-metabolizing process and Trp53 at the mRNA levels 
(qPCR; n = 4 vehicle, and n = 5 oroxylin A) in the peri-infarct region 
of the tMCAO and contralateral cortexes 24 h after reperfusion. (e) 
VDAC1, VDAC2, and VDAC3 levels (immunoblotting; n = 4) 24 h 
after reperfusion in mice after treatment with vehicle or oroxylin A. 
COX4 served as the loading control. Data are shown as the mean ± SD 
and were analyzed using one-way ANOVA. *P < 0.05; **P < 0.01; 
***P < 0.001; n.s., not significant
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Fig. 8  Oroxylin A therapy improves long-term sensorimotor, spatial 
cognitive, and depressive behaviors in mice after tMCAO. (a) Sche-
matic experimental timeline of neurological and behavioral tests in 
mice treated with oroxylin A (10 mg/kg/d, thrice) or its vehicle 30 min 
after tMCAO. (b–f) Assessment of mNSS for long-term neurological 
deficits (b) and sensorimotor behavioral tests, including rotarod (c), 
foot-fault (d), cylinder (e), and corner (f) tests 3, 7, 10, 14, and 21 
days after tMCAO. Data are shown as the mean ± SEM (n = 8 vehicle, 
and n = 9 oroxylin A) and were analyzed using two-way ANOVA with 
repeated measures. ***P < 0.001. (g) Schematic experimental time-
line of drug administration and long-term behavioral tests.  Mice were 

treated with oroxylin A (5 mg/kg) or its vehicle 30 min after tMCAO 
for the first administration, then at 1, 2, 4, 6, 8, 10, and 12 days after 
tMCAO. (h) Analysis of open-field test results approximately 5 weeks 
after tMCAO, including representative tracks, total distance, central 
distance, and time in the center. (i and j) Quantitation of immobility 
time in the tail suspension test (i) and forced swim test (j) approxi-
mately 5 weeks after tMCAO. Data are shown as the mean ± SEM 
(n = 8 vehicle, and n = 8 oroxylin A) and were analyzed using one-
way ANOVA (h-j). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not 
significant
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human hepatoma cells [31]. These data suggest that CDK9 
regulation of p53 signaling is cellular context-dependent. 
However, the neurophysiological roles and pathological 
consequences of CDK9 require further investigation.

Our data revealed that the CDK9/p53 transcriptional 
signaling cascade represents a potential drug target for AIS 
treatment. Notably, p53 transcriptional activity inhibitors 
might pose potential tumorigenicity risks, even though the 
transcription-independent program of p53 plays a pivotal 
role in suppressing tumorigenesis [25–27]. Considering that 
oroxylin A displays anticancer pharmacological activity, 
we evaluated the therapeutic effects of the small-molecule 
CDK9 inhibitor oroxylin A on post-stroke acute neuro-
logical damage and long-term neuropsychiatric outcomes. 
Additionally, oroxylin A is able to cross the blood-brain 
barrier and its safety has been verified [56–58]. To avoid 
relatively low oral bioavailability due to the significant first-
pass metabolism of oroxylin A, we administered this drug to 
mice through intravenous injection. Oroxylin A has already 
been shown to attenuate the hypoperfusion-induced cogni-
tive dysfunction in a cerebral small-vessel disease mouse 
model and ischemic optic neuropathy in rats [59, 60]. Our 
data provide evidence that oroxylin A therapy not only 
improves post-stroke sensorimotor abilities but also allevi-
ates PSCI and PSD through providing bioenergetic support.

Although we showed that excessive p53 expression is 
mainly induced in peri-infarct cortical neurons following 
ischemic stroke, the roles of the CDK9/p53 axis in glial 
cells require further investigation. In addition, Hk1 and Pfk1 
mRNA levels are downregulated in the peri-infarct cortex 
after tMCAO. HK1 and PFK1 catalyze the first and second 
key steps of glycolysis, respectively. Further experiments 
are required to determine whether and how a decline in HK1 
and PFK1 levels contributes to ischemic brain disorders. In 
addition, a limitation of our study is that we used a mouse 
hippocampal cell line rather than primary neuronal cultures. 
The lack of studies in females and clinically relevant aged 
mice is an additional limitation.

In conclusion, our findings reveal the regulatory mech-
anism responsible for aberrant energy metabolism and its 
link with post-stroke neurocognitive and emotional dis-
orders. The present study highlights that a novel CDK9/
p53/miR-183 cluster/VDAC signaling cascade underlies 
progressive neurological impairments and long-term poor 
outcomes after AIS, and revealed that the CDK9 inhibitor 
oroxylin A has therapeutic potential against PSCI and PSD.
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Our previous findings indicated that I/R induces miR-7 to 
downregulate VDACs [12]. However, p53 does not trans-
activate pri-miR-7-1 and pri-miR-7-2 after tMCAO. We 
determined that upregulation of the miR-183/96/182 clus-
ter by p53 is detrimental to mitochondrial metabolism and 
neurological functional recovery after AIS. Three members 
of the miR-183 family, which are highly conserved among 
mammalian species, exhibit similar seed sequences, clus-
ter locations, and expression patterns at different devel-
opmental stages [44]. The clustering features may sustain 
their stability and efficiency and cooperatively induce broad 
downstream signal events. The miR-183/96/182 cluster is 
coordinately involved in neurosensory, cognitive, and cir-
cadian regulatory functions [45–48]. However, its neuro-
physiological and pathological significance and underlying 
mechanisms are not yet completely understood. The miR-
183 and miR-96 are responsible for the post-stroke decline 
of VDACs, whereas miR-182 might act on other targets in 
the same context because of minor differences in the seed 
sequence. A previous study showed that miR-182 overex-
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provides endogenous protection against ischemic cerebral 
injury [53]. Evidence indicated that miR-183 directly tar-
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effects of oncostatin M. Our study bridges the molecular 
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and suggests that the miR-183/96/182 cluster is a potential 
molecular target for cerebroprotection.
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