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Abstract
Ischemic stroke is a major public health problem in China. Angiogenesis plays an essential role in the
rehabilitation of ischemic brain injury. Recent studies demonstrated that the circadian clock is involved in
the process of ischemic stroke, however, the exact mechanism of the circadian clock in regulating
angiogenesis after cerebral infarction remains unclear. In the present study, we determined that
environmental circadian disruption (ECD) could increase the stroke severity and impair the ability of
angiogenesis in a transient middle cerebral artery occlusion (MCAO) rat model, by detecting the rat’s
infarct volume, neurological test, and western blot of angiogenesis-related protein, including vascular
endothelial growth factor (VEGF), matrix metalloproteinase-2 (MMP-2). We further report that the core
circadian clock, aryl hydrocarbon receptor nuclear translocator-like 1 (BMAL1, also known as ARNTL1),
plays an irreplaceable role in angiogenesis. Overexpression of BMAL1 promotes tube forming, migration,
and wound healing capacity, and upregulate the VEGF and Notch pathway protein level. While this kind of
promoting effect is reversed by the Notch pathway inhibitor, DAPT, according to the results of
angiogenesis capacity and VEGF pathway protein level. In conclusion, our study reveals the intervention
of ECD in angiogenesis in ischemic stroke and further identi�es the exact mechanism by which BMAL1
regulates angiogenesis through the VEGF-Notch1 pathway.

1 Introduction
Stroke is the second leading cause of death worldwide and the leading cause of death in China [1–3]. As
the country with the heaviest burden of stroke in the world, China has more than 2 million new stroke
cases annually [4]. According to the results of the 2012–2013 National Stroke Epidemiological Survey of
480,687 people (aged 20 or older) in 31 provinces, the age-standardized prevalence, morbidity, and
mortality of stroke were 1114.8 per 100,000, 246.8 and 114.8 per 100,000, respectively [5]. Unfortunately,
only 3–5% of acute cases can be treated with thrombolytic tissue plasminogen activator (tPA), which is
the only treatment approved by the Food and Drug Administration(FDA) [6].

Previous studies reported that repair of the damaged neurovascular unit (NVU), especially angiogenesis,
contributes to the establishment of collateral circulation and plays a pivotal role in the recovery of
ischemic stroke injury [7, 8]. Angiogenesis is a complex process in which a large number of substances
are released to participate in angiogenesis after ischemic stroke. Hypoxia-induced angiogenesis, which
occurs in the ischemic penumbra within hours of stroke and persists for several weeks [9], is one of the
major events in adaptation to glucose de�ciency and hypoxia and is critical for maintaining cell
metabolism, survival, and function [10, 11].

After stroke, ischemic penumbra tissue releases angiogenesis factors, including vascular endothelial
growth factor (VEGF), matrix metallopeptidases (MMPs), platelet-derived growth factor (PDGF),
angiogenin (Ang), which promote the basement membrane (BM) degeneration, extracellular matrix (ECM)
remodeling, endothelial cells (ECs) proliferation and migration, resulting in the formation of
neovascularization, thereby improving collateral circulation [12, 13]. Clinical studies have con�rmed that
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patients with high cerebrovascular density have better functional recovery and longer survival time than
those with low cerebrovascular density [14–16]. Therefore, promoting angiogenesis in patients has
gradually become a promising strategy for the treatment of ischemic stroke.

Circadian rhythms are endogenous oscillations at the cellular level, with a period of approximately 24
hours, that regulate the metabolic and behavioral output of cells [17]. Circadian rhythms determine cell
fate, including neurons, glia, endothelial, neutrophils, macrophages, which are involved in the
angiogenesis, the immune response process in ischemic stroke [18, 19]. Recent studies have shown that
circadian rhythm signi�cantly affects the susceptibility, injury, recovery, and treatment response
mechanism of stroke [20]. Shift work-induced environmental circadian disruption (ECD) increases stroke
severity and immune response dysregulation [21]. As for angiogenesis, studies found that the circadian
rhythm transcription factor Bmal1 (aryl hydrocarbon receptor nuclear translocator-like 1) was con�rmed
to have a positive regulatory effect on the increase of VEGF-A, a key molecule induced by hypoxia-
induced angiogenesis, but a negative regulatory effect was observed in Period2 (Per2), cryptochrome1
(Cry1) [22, 23], and further researches proved that BMAL1 directly binds to the promoter region of the
VEGF and regulates the promoter activity [24].

Several studies have shown that the Notch signaling pathway may interact with VEGF under hypoxic
conditions to jointly regulate arterial properties and angiogenesis [25]. Preliminary research on VEGF and
Notch pathways comes from the study of vasculogenesis. The results suggest that VEGF plays a role in
arteriogenesis and angiogenesis by regulating the expression of Notch1 and Dll4 in the upstream of
Notch pathway [26, 27]. Furthermore, in stroke models, the Notch signaling pathway is involved in the
formation of collateral networks in ischemic stroke. Inhibition of Notch signaling can affect tissue
perfusion by restricting arterial structure and function, impairing the repair of angiogenesis after
ischemia. [28, 29].

The present study aimed to investigate the effect of circadian rhythms on hypoxia-induced collateral
vessel formation after ischemic stroke and the potential proangiogenic mechanism of the core circadian
genes. Therefore, we constructed a rat middle cerebral artery occlusion (MCAO) and environmental
circadian disruption (ECD) model, and a mouse brain microvascular endothelial cells (bEnd.3) oxygen-
glucose deprivation/reoxygenation (OGD/R) model in this research. We further determined the
relationship between ECD and angiogenesis after ischemic stroke, and the role of Bmal1 on the
angiogenic process after OGD/R intervention. These results suggested that ECD can signi�cantly
increase the severity of ischemic stroke, impair the ability of angiogenesis, and reduce neurological
recovery. The core clock gene Bmal1 has also been con�rmed as a potential therapeutic target to promote
angiogenesis after ischemia-hypoxic injury by regulating the expression of VEGF and Notch signaling
pathways.

2 Methods And Materials
2.1 Ethics statement
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All animal experiments were performed in accordance with the guidelines of the China Council on Animal
Care and Use. This study was approved by the Laboratory Animal Professional Committee of the First
A�liated Hospital of Hunan University of Chinese Medicine (Approval no. 20201010-13). Every effort was
made to minimize pain and discomfort to the animals. Animal experiments were performed in The First
A�liated Hospital of Hunan University of Chinese Medicine. All rats were kept in cages with suitable
temperature (23–25℃) and humidity (40–60%), and were randomly divided into 3 groups. Rats have
unrestricted access to food and water.

2.2 Circadian Disruption Protocol

Sprague Dawley rats were used in this experiment. Before intervention, rats were housed for 2 weeks to
acclimate to housing facilities and handling. The rats were then randomly assigned to various
experimental groups, and they were kept in cages for the rest of the study. Rats were assigned to a
standard 12:12 LD schedule (n = 40) or a chronic LD shift schedule (n = 20) for a 44-day (6 weeks) of light
intervention (Fig. 1A). This lighting schedule causes environmental circadian disruption (ECD), which has
been cited in many articles [21, 30, 31]. In this timetable, by advancing the dark cycle, the 12:12 LD cycle
was advanced by 6 hours, once every 7 days. Rats were given standard rat food after arriving at the
facility. Rat food and water are freely available to animals.

2.3 Middle cerebral artery occlusion and reperfusion (MCAO/ R) model

The MCAO procedure was scheduled on the last day of week 6 of the ECD protocol. Considering the
difference of illumination time, MCAO operation of ECD group was performed at 6:00–12:00, and Ctrl
group was performed at 12:00–18:00. The rats fasted for 12 hours before the operation, but they were
still free to drink water during this period. The anesthetized rats were placed in a supine position on a
scaffold, under sterile conditions, the right common carotid artery (CCA), external carotid artery (ECA),
internal carotid artery (ICA), and the junction of the carotid artery were carefully exposed through a
midline neck incision. A silicon-coated suture (head diameter 0.36 ± 0.02 mm, Beijing Senbi
Biotechnology Co., Ltd., Beijing, China) was inserted into the external cervical incision, and the blood �ow
was blocked for 2 hours through the ICA to the beginning of the middle cerebral artery, reperfusion was
simulated by removing the suture. Maintain the temperature at 37 ± 0.5°C with a thermostatic surgical
pad. After the operation, all rats were placed on a warm blanket until recovery.

2.4 Neurological Tests

Neurological de�cits were evaluated by a blinded observer using an 18-point scoring system 24 h after
reperfusion, and completed within the �rst 2 hours after illumination was initiated with subsequent 3d, 7d,
and 10d, respectively. Scores of 18 were according to the following six tests: spontaneous activity, limb
symmetry, forepaw outstretching, climbing, body proprioception, and response to vibrissae touch. Each
score was the total of scores for each of the six tests (minimum score, 3; maximum score, 18).

2.5 Triphenyl-tetrazolium chloride (TTC) staining
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The TTC was performed 24h after operation in each group. Brain tissues in each group were frozen at
-20°C for 20 min. Then the brain was sliced into 2-mm-thick coronal slices and immediately stained with
phosphate-buffered saline (PBS; Procell, Wuhan, China) containing 2% TTC (Sigma, Saint Louis, MO,
USA) in a 37℃ incubator for 30 minutes, �xed with 4% paraformaldehyde and photographed. The infarct
areas appeared white while the normal ones were red. The cerebral infarction ratio was measured by
Image-Pro Plus software (ie. the percentage of the area of the infarct area to that of the homolateral
cerebral hemisphere).

2.6 Cerebral histopathology (HE staining)

After 24 h of reperfusion in each group, rat brain samples were collected into cryovials containing 4%
paraformaldehyde. The samples were dehydrated and embedded in para�n, and coronal sections were
prepared. These sections were then stained with hematoxylin and eosin (HE) and used for study
histopathology. Finally, images were acquired by light microscopy (Leica, Wetzlar, Germany) to assess
histopathological changes in hippocampal tissue.

2.7 CD34 immuno�uorescence staining of rat hippocampus and cortex

The presence of CD34 in the hippocampus and cortex of each group was detected by
immuno�uorescence 10 days after reperfusion. To minimize the factor of the endogenous circadian
phase, the timing of brain sampling in Ctrl and MCAO groups were conducted during 6:00–12:00, while
the MCAO-ECD group was 12:00–18:00. Coronal sections were collected and prepared as described in
2.6. Before staining, sections were depara�nized and rehydrated, and antigen retrieval was performed.
Afterwards, sections were blocked with 5% BSA for 1 h at room temperature. Then, the slices were
incubated at 4℃ overnight with anti-CD34 (ab81289, Abcam,1:200). Next day, the slices were washed 3
times with PBS and incubated with CoraLite594 (SA00013-4, Proteintech, 1:400) for 2 h at room
temperature. After rinsed, the nuclei were stained with DAPI for 15min. The number of immunoreactive
cells in prede�ned areas was quanti�ed using ImageJ software (NIH, Bethesda, MD, USA). Cells were
counted in three different �elds of view for each mouse in each group of three mice. All counts were
performed by blinded observers.

2.8 ELISA of Melatonin, VEGF, IL-1β, IL-18 and TNF-α

The timing of serum sampling in each group is the same as described in 2.7. Blood samples were taken
from the abdominal aorta in Ethylenediaminetetraacetic acid (EDTA)-containing tubes and the plasma
was separated. The concentrations of melatonin, VEGF, IL-1β, IL-18, and TNF-α in plasma samples in both
groups were measured by ELISA Complete Kit (Cusabio Biotech, Wuhan, China) according to the
manufacturer’s protocol using an Elisa reader to record OD. The �nal concentrations of melatonin were
calculated based on a standard curve constructed using hormone standards. Each sample was evaluated
in triplicate and the mean concentration was used for further analysis.

2.9 Cell circadian gene induction and OGD/R treatment
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bEnd.3 cells (mouse brain microvascular endothelial cells) were donated by Dr. Yan Shang, for which we
are very grateful. bEnd.3 cells were cultured in Dulbecco’s Modi�ed Eagle Medium (DMEM; Procell,
Wuhan, China) supplemented with 10% fetal bovine serum (FBS; Procell, Wuhan, China), 1% penicillin,
and streptomycin, and placed in an incubator with 5% CO2 at 37°C. bEnd.3 cells were sub-cultured when
the cell density reached 90%. Finally, the cells used for the subsequent experiments were in the
logarithmic growth phase.

To synchronize the circadian gene rhythmically expression, bEnd.3 cells were cultured in complete
medium containing dexamethasone (100nM) for 2h [32, 33]. Then cells were harvested or subjected to
OGD at the indicated time points. Before OGD treatment, the culture medium was replaced with glucose-
free DMEM and incubated for 6h at 37°C in an atmosphere of 5% CO2 and 95% N2. Afterward, replace the
glucose-free medium with complete medium, put the cells back into the incubator (with O2) for 24 hours.

2.10 DAPT treatment

To verify the proportion of the Notch1 signaling pathway in vitro study, DAPT (HY-13027, MCE, Princeton,
NJ), a kind of gamma-secretase inhibitor, was used in this study. DAPT inhibits the formation of soluble
Notch intracellular domain (NICD) proteins by preventing γ-secretase cleavage at the S3 site of the Notch
receptor, preventing NICD translocation to the nucleus. Before OGD intervention, bEnd.3 cells were
incubated in serum-free medium in the presence or absence of 10 µM DAPT for 24h. The DAPT
intervention group continued to intervene during the OGD process and after the end of OGD until the end
of each experiment, including scratch wound assay, migration assay, and tube formation assay.

2.11 Bmal1 overexpression and knockdown lentivirus vector infection

The overexpression of lentivirus vector was Constructed by Genechem (Genechem Co., Ltd., Shanghai,
China). The sequence used for PCR ampli�cation of Bmal1 is shown below: Arntl-21735-
P1:AGGTCGACTCTAGAGGATCCCGCCACCATGGCGGACCAGAGAATGGACATTTC; Arntl-21735-1-
P2:TCCTTGTAGTCCATACCCAGCGGCCATGGCAAGTCACTAAAG. And the Bmal1 siRNA Lentivirus vector
construction and packaging services are provided by Hanbio (Hanbio Co., Ltd., Shanghai, China).
Interference target design and primers are shown as follows: siRNA1:
GCTTGTTTGACTACCTGCATCCAAA; siRNA2: CGGGTGAAATCTATGGAGTACGTTT; siRNA3:
CAGTAACGATGAGGCAGCAATGGCT.

bEnd.3 cells were prepared as suspension and inoculated into a 6-well plate with 5–8×104 per well for 24-
36h. Once they reached the 35–50% density, a suitable volume of the lentivirus infection reagent was
added to culture medium according to MOI = 30. After 24hours, the medium was replaced with a complete
medium. At 72 hours after transfection, the transfection e�ciency was determined by the expression of
green �uorescent protein (GFP). Then, the bEnd.3 cells were sub-cultured in medium containing 6 µg/ml
puromycin for 7 days until the transfection e�ciency reached more than 95%. The single transduced
stable cell line was established and used for all subsequent cell cultures and each experiment after
transduction.
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2.12 Chromatin immunoprecipitation sequencing (ChIP-seq)

Approximately 3×107 bEnd.3 cells were cross-link with 1% formaldehyde for 20 min when the con�uency
reached 90%. The crosslinking reaction was quenched by adding glycine to a �nal concentration of 125
µM. After washing with cold PBS for three times, nucleus lysate exaction was collected by centrifugation
and resuspended in 300 uL of nuclear lysis buffer (50 mM Tris-HCl pH 8.0, 1% SDS, 10 mM EDTA). After
centrifugation at 17,000 rpm for 15 minutes at 4°C, the fragmented chromatin was diluted 1:5 with IP
dilution buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA) supplemented with
1x protease inhibitor cocktail, and incubated with 10 µg anti-Bmal1 (ab230822, Abcam) overnight at 4°C.
100 µl of Dyna bead Protein A (Invitrogen 10002D) was added and incubated for another 3 h. After
washing for 3 times,200µl of direct elution buffe was applied to the bead pellet along with RNAse A and
reverse crosslinked at 65°C overnight. Then proteinase K was applied and incubated at 55°C for 2 h.
Finally, DNA was puri�ed by the following deep sequencing (ChIP-seq) (SeqHealth Tech, China). For ChIP-
seq results, after obtaining raw sequencing data (raw data), it is �ltered and high-quality sequencing data
(clean data) is subjected to further comparative analysis. The results were then compared with genome-
wide de novo peak calling to investigate the binding preferences of proteins across the genome, and
motif analysis of binding sites was performed.

2.13 Dual-luciferase reporter assay

To study the potential regulation mechanism by which Bmal1 performs its biological function in
endothelial cells, dual-luciferase reporter assay was performed. Wild-type Notch1 promotor (PGL3-Basic-
H-Notch1-WT) plasmid and Mutant-type Notch1 Promo-tor (PGL3-Basic-H-Notch1-MT) were constructed
by PGL3-Basic-Vector, overexpression of Bmal1 plasmid (GTP-H-Bmal1) was constructed by GTP Vector.
Then, 293T cells were co-transfected with PGL3-Basic-H-Notch1-WT, PGL3-Basic-H-Notch1-MT, and NC
vector or GTP-H-Bmal1 and cultured for 48 h. Finally, the Luciferase activity of cells was measured, with
the �uorescence value of Renilla plasmids as the internal reference (Promega, Madison, WI, USA).

2.14 Cell viability assay by cell counting kit-8 (CCK-8)

Cell proliferation was detected by the CCK-8 assay according to the manufacturer’s protocol (Cell
Counting Kit-8, Apply Gen, China). bEnd.3 cells were inoculated onto 96-well plates at 104/100µl per well
and incubated at 37°C. Each group had 5 replicates and grew for 24, 48, 72, and 96 hours. 10µl of CCK-8
solution was added to each well, and the mixture received continuous incubation at 37°C for 2h. Finally,
the OD450 was measured by a microplate reader (Bio-Tek Instruments, USA). The proliferation curve was
drawn with the time and the corresponding OD450 values.

2.15 Immuno�uorescence assays of Bmal1, VEGF, and Notch1 in bEnd.3 cells

bEnd.3 cells were seeded on slides in 24-well plates and modeled with 6h-OGD intervention. The sample
was �xed with 4% paraformaldehyde for 25 minutes 24 hours after OGD treatment, then washed with
TBST for three times. It was subjected to blocking with Immunol staining blocking buffer. The anti-Bmal1
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(ab3350, Abcam, 1:500), anti-VEGF (ab52917, Abcam, 1:500), and anti-Notch1 (10062-2-AP, Proteintech,
1:400) antibody was incubated separately overnight at 4°C, followed by Dylight 549 goat anti-rabbit IgG
H + L (A23320, Abbkine, 1:500) and Donkey Anti-Rabbit IgG H&L (ab150075, Abcam, 1:500) for 1 hour in
dark environment at room temperature. Finally, the slides were incubated with DAPI solution and an anti-
�uorescence quencher. The slides were detected using a �uorescence microscope (BX51TRF, Olympus,
Japan). Three �elds were randomly chosen in every sample, and the �uorescence intensity was analyzed
using ImageJ software (NIH, Bethesda, MD, USA).

2.16 Scratch wound assay

bEnd.3 cells were plated into a 6-well plate (2×105 cells/well), and incubated to reach con�uence. When
the bEnd.3 cells density reached about 85%, they were incubated in serum-free medium for cycle
synchronization, then the monolayer was scratched using the pipette tip and washed with PBS to remove
the detached cells. Then the OGD treatment cells were cultured in glucose-free DMEM in an atmosphere
of 5% CO2 and 95% N2 at 37°C for 6h. After OGD treatment, all groups were cultured in complete medium
for 24h, the wound healing area was observed under a microscope at 0 h and 24 h. The group using the
DAPT intervention was used at the beginning of cycle synchronization and continued until the end of the
experiment. The cell migration area was measured with ImageJ software, and the area was normalized to
that of control cells. The closure area of the wound was calculated as follows: migration area (%) = (A0h
– A24h)/A0h × 100%, where “A0h” represents the area of the initial wound area, "A24h" represents the
remaining area of the wound 24 hours after the measurement point. Data were analyzed using ImageJ
software (NIH, Bethesda, MD, USA).

2.17 Tube formation assay

The cycle synchronization process is described in 2.16, 50µL Matrigel matrix (BD Biosciences, San Diego,
CA), was plated in 96-well plates and incubated at 37°C with gel for 30 min. A total of 2× 104 bEnd.3 cells
were suspended in glucose-free medium or complete medium and seeded on polymerized Matrigel in 96-
well plates. After incubation at 37°C under OGD treatment for 6 h, tube formation was photographed, and
the analysis was performed with Image J. Each experiment was repeated in three replicates. Since the
initial experimental modeling time was 6 h, and the optimal tube formation timing was 6 h to 9 h, 6 h was
selected as the observation time point. Therefore, DAPT in the DAPT intervention group was used at the
beginning of cycle synchronization and during the OGD process. Total branch length was quanti�ed in
this experiment. The total branch length is the sum of the length of branches and segments in a graph.
Data were analyzed using ImageJ software (NIH, Bethesda, MD, USA).

2.18 Migration assay

Transwell migration assay was used to evaluate the migration ability of bEnd.3 cells. The cycle
synchronization process is described in 2.16. A total 2×104 bEnd.3 cells were seeded into the upper
chamber (3422, Corning Incorporated, USA), and the bottom of the upper chamber was synthesized by a
polycarbon membrane covered with pore diameters of 8µm. Both the upper and lower chambers were
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�lled with glucose-free DMEM. After maintaining OGD treatment for 6 hours, the medium in the lower
chamber was replaced with complete medium as a chemoattractant. After incubating with 5% CO2 and
95% O2 at 37°C for 24h, the cells remaining on the upper surface of the membrane were removed. The
bEnd.3 cells on the lower surface of the membrane were �xed with 4% formaldehyde and stained with
0.1% crystal violet. The DAPT-intervened group received DAPT in both upper and lower chambers during
cycle synchronization, during the OGD process, and 24 hours after OGD. The stained cells were
photographed and quanti�ed by counting in �ve random microscopic �elds and quanti�ed by Image J
software (NIH, Bethesda, MD, USA).

2.19 Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated from each group with Ultra-Pure Total RNA Extraction Kit (SimGen, Hangzhou,
China). Reverse transcription was carried out with a reverse transcription kit (Novoprotein, Shanghai,
China). RT-qPCR was performed with the CFX96Touch (Bio-Rad, CA, USA) according to the manufacturer’s
protocol. The mRNA level of each target gene was normalized to β-actin. The primers used are shown in
Table 1.
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Table 1
Primer sequences for RT-qPCR.

Gene Sequence Accession number

BMAL1 F: 5’- AACCTTCCCGCAGCTAACAG − 3’ NM_001374642.1

R:5’- AGTCCTCTTTGGGCCACCTT − 3’

VEGF F: 5’- CCAGCAGAAAGAGGAAAGAGGTAG − 3’ NM_001110267.1

R: 5’- CCCCAAAAGCAGGTCACTCAC − 3’

VEGFR2 F: 5’- CTACAGACCCGGCCAAACAA − 3’ NM_001363216.1

R: 5’- CAGCTTGGATGACCAGCGTA − 3’

ANG F: 5’- GCAGAAGCAACAACTGGAGC − 3’ NM_001286062.1

R: 5’- TCCTCCCTTTAGCAAAACTTCT − 3’

MMP2 F: 5’- CCAGAAGGCGAACAGACTG − 3’ NM_001320216.1

R: 5’- TGGGCCGGAGACCTAAAGAG − 3’

MMP9 F: 5’- GCGTCGTGATCCCCACTTAC − 3’ NM_013599.5

R: 5’- CAGGCCGAATAGGAGCGTC − 3’

Notch1 F: 5’- TCAGTGGCCCTAATTGCCAG − 3’ NM_008714.3

R: 5’- ACCTCGCAGGTTTGACCTTG − 3’

Jag1 F: 5’- TCCTGTCCATGCAGAACGTG − 3’ NM_013822.5

R: 5’- CAAAGTGTAGGACCTCGGCCA − 3’

DLL4 F: 5’- TGGGACTCAGCAAGTGTGC − 3’ NM_019454.3

R: 5’- GTAGCTATTCTCCTGGTCCTTACA − 3’

HES1 F: 5’- CTACCCCAGCCAGTGTCAAC − 3’ NM_008235.2

R: 5’- ATGCCGGGAGCTATCTTTCT − 3’

HEY1 F: 5’- CTGAGCGTGAGTGGGATCAG − 3’ NM_010423.2

R: 5’- CGCCGAACTCAAGTTTCCAT − 3’

β-actin F: 5′- GTACCACCATGTACCCAGGC − 3′ NM_007393.5

R: 5′- AACGCAGCTCAGTAACAGTCC − 3′

Note: RT-qPCR, reverse transcription quantitative polymerase chain reaction; F, forward; R, reverse.

2.20 Western blotting
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Tissue and cell proteins were extracted according to the instructions of the Enhanced Ripa cracking liquid
(ApplyGEN, Beijing, China), then the protein concentration was measured and balanced among the
different samples. After adding the 5× loading buffer (CWBIO, Beijing, China), these mixtures were
denatured at 100°C for 20 min. 10µL of protein per lane were separated by 8%, 10%, or 12% sodium
dodecyl sulfate-polyacrylamide (SDS-PAGE) gel and transferred to 0.45mm PVDF membrane (Millipore,
Shanghai, China). The membrane was then blocked in 5% skim milk solution for 1h at room temperature
and then incubated with speci�c antibodies overnight at 4℃. The primary antibodies included anti-Bmal1
(ab230822, Abcam, 1:2000), anti-VEGF (ab46154, Abcam, 1:2000), anti-VEGFR2 (26415-1-AP, Proteintech,
1:800), anti-MMP2 (10373-2-AP, Proteintech, 1:1000), anti-MMP9 (10375-2-AP, Proteintech, 1:1000),
Angiogenin (18302-1-AP, Proteintech, 1:800), anti-Notch1 (10062-2-AP, Proteintech, 1:1500), anti-Hey1
(19929-1-AP, Proteintech, 1:2000), anti-Hes1 (A0925, Abclonal, 1:1500), anti-Jag1 (DF8269, A�nity,
1:1000), anti-DLL4 (A12943, Abclonal, 1:1500), and anti-β-actin (66009-1-Ig, Proteintech, 1:8000). The
next day, the membrane was incubated with anti-rabbit horseradish peroxidase- (HRP-) conjugated
secondary antibodies (E-AB-1003, Elabscience, China) for another 1.5 hours at room temperature. The
E�cient Chemiluminescence Kit (GEN-VIEW, Beijing, China) was used for signal detection and the results
were recorded by Bio-Rad ChemiDoc MP Gel Imaging System. The band density of speci�c proteins was
quanti�ed after normalization with the density of β-actin.

2.21 Statistical analysis

Data are presented as the mean ± SD from at least three independent experiments. Statistical
comparisons were conducted with unpaired Student’s t-test/one-way ANOVA with posthoc Tukey
test/two-way ANOVA with posthoc Sidak test as appropriate, and p < 0.05 was considered statistically
signi�cant.

3 Result
3.1 Environmental Circadian Disruption Increases Stroke Severity and impaired angiogenesis-related
facts in MCAO rats

A precise schedule was used in this study that can lead to temporary misalignment of central and
peripheral clock genes during resynchronization and disruption within the central pacemaker itself [21, 31,
34] (Fig. 1A). As shown in Fig. 1B, the dorsal hair of rats with normal circadian rhythm is white, thick,
clean, and shiny, while the ECD dorsal hair was greasy, gray-yellow, brittle, and partially shed.
Representative brain images of 2,3,5-triphenyl tetrazole chloride (TTC)-stained areas showing infarct
volumes in three groups 24h after cerebral ischemia-reperfusion injury (Fig. 1C). Infarct volume and 10-
day neurological score were quanti�ed separately, and as expected, infarct volume and neurological score
were signi�cantly increased in the ECD group (Fig. 1D, E).

As mentioned above, angiogenesis occupies a large proportion in the collateral circulation and
rehabilitation process after cerebral infarction. To further understand the damage mechanism of
environmental circadian rhythm disturbance on cerebral infarction, we focused on the effect of ECD on
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angiogenesis after cerebral infarction. First, we found that the core biological clock gene Bmal1 showed a
�uctuation that �rst decreased and then increased in the MCAO model. After 24 hours of reperfusion, the
expression of Bmal1 protein signi�cantly decreased. On the tenth day, the expression of Bmal1 increased
signi�cantly compared with 24 hours (Fig. 2A). HE staining showed the hippocampus, neurons and glial
cells were arranged in an orderly manner and had a normal structure. MCAO hippocampal neurons are
disordered, the cell membrane is damaged, cell morphology is swollen, a large number of neurons are lost
and dead, and some nuclei are dissolved, condensed and pyknotic. Compared with the model group,
neuronal cell necrosis, nuclear condensed and pyknotic cell membrane, and structure destruction were all
aggravated in the MCAO-ECD group (Fig. 2B). As shown in Fig. 2C, the protein levels of MMP-9 and VEGF,
which are closely related to angiogenesis, were signi�cantly upregulated in the MCAO group compared
with the Sham group (P<0.05), while the MCAO-ECD group was signi�cantly lower than the MCAO group.
(P<0.001).

To further determine the relationship between ECD and angiogenesis, we imaged and quanti�ed CD34.
Compared with the sham group, the microvessel density (CD34+/Field) in the cortex and hippocampus
was increased in the MCAO group, while that in the ECD intervention group was signi�cantly lower than
that in the model group (P<0.05) (Fig. 2D). It is well known that in�ammatory cells and cytokines can
affect the proliferation and migration of endothelial cells [35, 36], so we next detect the level of serum
in�ammatory cytokines, including IL-1β, IL-18, and TNF-α. As shown in Fig. 2E, the levels of serum IL-1β
(P<0.001), IL-18 (P<0.05), and TNF-α (P<0.01) in the MCAO group were higher than those in the Sham
group, and the serum IL-1β (P<0.05) and TNF-α (P<0.01) in MCAO-ECD group were signi�cantly higher
than those in the MCAO group (Fig. 2E). More than this, the secretion of melatonin, which plays a critical
role in the circadian rhythm in which the central and peripheral clocks operate synchronously [37],
controls angiogenesis by regulating the expression of VEGF [38]. Signi�cant reductions in serum VEGF
(P<0.001) and melatonin (P<0.05) were also detected in our research (Fig. 2E).

3.2 Core clock gene Bmal1 expression is upregulated in OGD-evoked injury bEnd.3 cells

To investigate the changes of gene expression related to circadian rhythm and angiogenesis in
endothelial cells after ischemic injury, we �rst established a bEnd.3 cell OGD/R model to mimic ischemia
and reperfusion in vitro. We �rst intervened bEnd.3 cells with dexamethasone for 2 hours to induce cell
cycle synchronization, followed by 6 hours of OGD treatment, and detected the changes of Notch1
intracellular domain (NICD), Bmal1 protein at different time points. As shown in Figs. 3A, B, C, the protein
level of Bmal1 and NICD expression was signi�cantly upregulated at 12h and 20h, respectively, in the
OGD-evoked injury bEnd.3 cells(P<0.01). More than this, we further explored the changes of angiogenesis
related gene expression patterns, including Notch1 and VEGF mRNA were detected by qPCR. The results
are shown in Fig. 3, the Notch1 mRNA level in the OGD group began to increase 4 hours after the OGD
treatment, and the rhythm oscillation was strengthened. As for VEGF, except for the 12th and 16th hours
after OGD treatment, the level of VEGF mRNA increased to varying degrees at each time point, and the
amplitude of circadian oscillations was signi�cantly enhanced. (Fig. 3D).
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3.3 Genome-wide characterization of core circadian clock Bmal1 transcriptional binding sites in bEnd.3
cells

Bmal1 has been proved as a proangiogenic TF in endothelial cells. However, the genomic binding pattern
of Bmal1 in endothelial cells remains unclear. To decipher the regulatory roles of Bmal1 in endothelial
cells, in our study, we performed ChIP-seq to determine genome-wide target sites of Bmal1 in bEnd.3 cells.
All three biological replicates showed high correlation scores > 0.8 (Fig. 4A). The peaks over
chromosomes showed different peak values, among them, there were the most enriched peaks on
chromosome 1, and there were the most high values of the peaks on chromosomes 5, 11, 14, and 15
(Fig. 4B). A total of 13006 Ch-IP regions corresponding to 9100 unique Ref-Seq genes were identi�ed
(Fig. 4C). Bmal1 binding sites at promoter transcription start sites (TSS) accounted for 7.77% of the total
reading (Fig. 4D). Gene ontology (GO) analysis of peak-related genes revealed that Bmal1 target genes
were involved in various biological processes such as metabolism, protein modi�cation, and translation
initiation (Fig. 4E). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed that Bmal1
peak-related genes were signi�cantly enriched in cell metabolism, including protein digestion and
absorption, phospholipase and phosphatidylinositol pathways, and enriched in gap junction, axon
guidance, and focal adhesion pathway, which promote intercellular communication and migration
(Fig. 4F). We next performed de novo motif discovery to investigate motifs shared between sequencing
peaks and selected the �ve motifs with the most signi�cant differences in presentation (Fig. 4G).
Transcriptional factors can combine with these motifs, and the corresponding relationship between TFs
and genes is drawn to map the interaction network (Fig. 4H).

VEGF and Notch signaling pathway plays a critical role in angiogenesis, our in vivo research
demonstrated that circadian rhythm disruption impaired the angiogenic ability, and the previous has
con�rmed that overexpression of the core circadian clock Bmal1 signi�cantly promotes angiogenesis of
various endothelial cells. Similarly, we found that Bmal1 binds the enhancer region of Notch1 (position:
chromosome2, 26463954–26464324), and downstream gene Hes1(position: chromosome16,
30066868–30067165; 30065082–30065373;30064015–30064496), and binds the promoter region of
VEGF (position: chromosome17, 46030452–46030695). Dual-luciferase reporter assay also con�rmed
that Bmal1 bound directly to the enhancer region of Notch1 in bEnd.3 cells. The construction of the vector
is shown in Fig. 8B. 293T cells were transfected with a luciferase expression vector containing Notch1
promoter (− 1478/-1487 -ggacacgcgc-) 5-�anking fragment. Luciferase reporter assay veri�ed that
BMAL1 overexpression increased the luciferase activity of Notch1-WT but had no obvious inhibitory
effect on that of Notch1-MUT (Fig. 4I).

3.4 Stable overexpression and silencing of Bmal1 bEnd.3 cells were established

To determine the exact effect of the core circadian clock Bmal1 on the angiogenesis process, three kinds
of bEnd.3cells were established, including NC (control scramble transfected cells), OE (Bmal1 gene
overexpressing cells), and KD (BMAL gene knockdown cells). Bmal1-OE, Bmal1-KD, and negative control
lentivirus were all transfected into bEnd.3 cells. After 72H transfection, green �uorescent protein (GFP)
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was observed under the �uorescence microscope, and it was con�rmed that the transfection e�ciency
was approximately 97% before proceeding to the next step of detection (Fig. 5A). Then, the relative
expression of Bmal1 mRNA and protein in transfected cells was veri�ed by RT-qPCR and western blotting.
The results of qPCR showed that among the three designed siRNAs, the knockdown e�ciency of Si2
reached more than 50%, and the expression level of overexpressed Bmal1 mRNA was more than 8 folds
than that of the NC group. (Fig. 5B). In Figs. 5C, D, SiRNA2 signi�cantly knocked down the protein
expression of Bmal1, while the expression of Bmal1 in the OE group was signi�cantly increased.
Therefore, we chose siRNA2-knockdown bEnd.3 cells as the object of the follow-up experiment. It was
found by immuno�uorescence that the expression of Bmal1 in the nucleus of the OE group was
signi�cantly increased, while that of the siRNA2 group was signi�cantly decreased. (Fig. 5E).

3.5 Bmal1 is required for endothelial angiogenesis in vitro

We further tested the hypothesis that Bmal1, the core clock gene of circadian rhythm, regulates the
endothelial cell angiogenesis process according to the phenotype of circadian rhythm and angiogenesis
in Figs. 1–4. Since angiogenesis is a multistage process during which activated ECs sprout, migrate,
proliferate, align, form a tube, and anastomose, therefore, tube formation assay, migration assay, and
wound healing assay were performed to reproduce these steps. The tube formation assay was conducted
to test the angiogenic ability of bEnd.3 cells. In our body, endothelial cells are surrounded by the
basement membrane, a thin and highly specialized extracellular matrix (ECM). When endothelial cells are
inoculated on basement membrane-like surfaces such as Matrigel, they form capillary-like structures in
vitro that reproduce angiogenesis. The transwell and cell scratch wound assays were conducted to test
the migration ability of ECs. Due to the certain permeability of the polycarbonate membrane, the complete
medium in the lower layer can affect the cells in the upper chamber, thereby re�ecting the ability of cell
chemotaxis and cell migration. Similarly, cell migration can also be re�ected in wound healing assays. A
blank region is created on the fused monolayer of cells, and the cells at the edge migrate to the center
after receiving a migration signal or sensing a gradient of proangiogenic regulatory factors, such as
VEGF. The results revealed that Bmal1 depletion impaired the endothelial angiogenic ability, including
tube formation, transwell, and wound healing as shown in Figs. 6A, B, C.

To explore potential downstream effectors that might in�uence the Bmal1 loss-of-function phenotype, we
investigated two known signaling pathways of ECs, namely, VEGF-A and Notch-1-DLL4 signaling
pathways, by RT-qPCR. Overexpression of Bmal1 increased expression of angiogenesis-related factors,
including VEGF (P<0.001), MMP2(P<0.001), MMP9(P<0.05), and ANG(P<0.05) (Fig. 6D). After knockdown
of Bmal1, the expression of VEGF was signi�cantly decreased (P<0.05). Notch1 signaling pathway plays
a key role in angiogenesis and maintenance of vascular homeostasis, so the Notch receptor DLL4, ligand
JAG1, and several Notch target genes including Hey1 and Hes1 were detected by RT-qPCR. It is worth
mentioning that we found that Notch1(P<0.05), DLL4(P<0.01), Hes1(P<0.01), Hey1(P<0.001) were
increased in the Bmal1-OE group compared with the NC group. However, the downstream genes of
Notch1 remained unchanged in the Bmal1-KD bEnd.3 cell line (Fig. 6E). Overall, the stable Bmal1-
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knockdown cell line signi�cantly reduced the ability of angiogenesis and downregulated angiogenic
factors, and the results support the pivotal role of Bmal1 in bEnd.3 cells involved in angiogenesis.

3.6 Overexpression of Bmal1 promotes the proliferation and accelerates the angiogenesis ability of OGD
injured bEnd.3 cells by regulating the VEGF/Notch1 signaling pathway

To evaluate the exact effect of Bmal1 on angiogenesis after ischemic stroke. We simulated the
pathophysiological mechanism of ischemic stroke and constructed an in vitro OGD model of bEnd.3
cells, a series of in vitro function measurements including CCK8, scratch wound assay, migration assay,
and tube formation assay were used in this study.

Cells in all groups were incubated in the 96-well plate, the cell proliferation at 24h, 48h, 72h, and 96h was
detected by CCK8 assay (Fig. 7A). The result showed that there was no signi�cant difference among the
three groups at 24h, 48h (P>0.05). Bmal1-OE group showed a signi�cant difference in cell proliferation
rate at 72h and 96h compared with the NC group(P<0.05). There was no signi�cant difference in cell
proliferation between CON and NC groups (P>0.05). Wound healing assay, tube formation assay and
transwell assay further con�rmed the ability of Bmal1 to promote hypoxia-induced angiogenesis. We
found that under normoxic conditions, the overexpression of Bmal1 signi�cantly enhanced the migration
ability of cells (P<0.01), but in the tube formation and wound healing assays, no obvious promotion was
observed. The results of wound healing assay, tube formation assay, and transwell assay showed that
under hypoxic conditions, the pro-angiogenic capacity of bEnd.3 cells enhanced due to the massive
secretion of VEGFA, VEGFR2, MMP2, MMP9 and ANG. And this promotion effect is further strengthened
in bEnd.3 cells overexpressing Bma11, regardless of the migration ability or the tube-forming ability are
enhanced to varying degrees (Fig. 7B, C, D).

To further elucidate the protective mechanism of Bmal1 on bEnd.3 cells at the molecular level, we
detected angiogenesis and Notch1 signaling pathway-related proteins in bEnd.3 treated with OGD/R by
immuno�uorescence and western blot. Immuno�uorescence assay showed that overexpression of Bmal1
could further upregulated the protein expression of VEGF and Notch1 in both the cytoplasm and the
nucleus of hypoxia-induced neovascularization (Fig. 7E-G). Moreover, we further detected angiogenesis
related proteins by western blot, and the results suggested that overexpression of Bmal1 can upregulate
the protein levels of VEGF (P<0.05) and MMP2 (P<0.01) under normoxia, and the increased protein
expression induced by hypoxia could be further enhanced by Bmal1, including VEGF (P<0.001),
VEGFR2(P<0.05), MMP-2 (P<0.001), MMP-9(P<0.05) (Fig. 7H). Similarly, the protein levels of NICD
(P<0.05) and DLL4 (P<0.05) were upregulated in Bmal1 overexpressed bEnd3 cells. With the severity of
OGD / R injury, the protein levels of Notch-1 intracellular domain (P<0.001), related receptors Dll4
(P<0.01), and downstream proteins Hes1 (P<0.05) and Hey1 (P<0.05) were signi�cantly increased. And
overexpressed Bmal1 can further increase the expression of NICD (P<0.01), related receptors Jag1
(P<0.01), Dll4 (P<0.05), and downstream proteins Hes1 (P<0.05) and Hey1 (P<0.01) protein compared
with ctrl group under hypoxic condition (Fig. 7I).
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3.7 Inhibited Notch1 signaling pathway reverses the effect of overexpressed Bmal1 on angiogenesis
viability of OGD injured bEnd.3 cells

To further determine whether the Notch 1 signaling pathway is involved in Bmal1 to promote VEGF
expression and regulate angiogenesis, we used DAPT to intervene bEnd.3 cells in subsequent studies,
evaluating the role of Notch1 in this process by detecting the phenotype of angiogenesis and key protein.
DAPT is a potent γ-secretase inhibitor that inhibits the activation of Notch 1 signaling. Therefore, in
phenotypic experiments, we added DAPT at the beginning of 24-hour serum shock-induced cell cycle
synchronization to inhibit Notch signaling pathway activation, and the intervention of DAPT continued
until the end of the phenotype experiments. Under hypoxic conditions, DAPT can signi�cantly reduce the
migration ability (P<0.01) and tube-forming ability (P<0.01) of endothelial cells (Fig. 8A, C). Consistent
with the previous results, Baml1 signi�cantly promoted the migration ability of endothelial cells in scratch
wound (P<0.05), transwell (P<0.001), and tube formation assay (P<0.05), but this promotion was partially
reversed by DAPT (10µM). As shown in Figs. 8A, B, C, DAPT inhibited the pro-angiogenic effects of
Bmal1, including migratory and tubulogenesis, and we observed a signi�cant reversal in all three
phenotypic experiments (P<0.001). Western blot was further used to detect the protein expression closely
related to the angiogenic process. First, we detected the protein level of NICD to verify the inhibitory effect
of DAPT. The results showed that DAPT could inhibit the activation process of NICD regardless of
whether Bmal1 was overexpressed or not (Fig. 8D). Then the key molecules of angiogenesis were
detected by western blot, as shown in Fig. 8D, the expression of VEGF decreased after DAPT intervention,
and the related proteins including MMP-2 (P<0.01), MMP-9 (P<0.01), ANG (P<0.01), and VEGFR2 (P<0.01)
were down-regulated to varying degrees. The results in this section revealed that the Notch1 signaling
pathway plays a very pivotal role in the process of Baml1 regulating angiogenesis, and its potential
mechanism may be a bridge between Bmal1 and VEGF.

4 Discussion
A growing body of literature suggests that the molecular, cellular, and physiological pathways of
circadian rhythm are strongly associated with clinical outcomes in stroke [20]. Elucidating the complex
and multifactorial in�uences of circadian rhythms may improve opportunities for clinical translation in
stroke diagnosis and treatment. Changes of the light cycle can lead to ECD, causing a misalignment of
the peripheral clock, negatively affecting the functioning of healthy organs, accelerating the pathological
process of various diseases [21, 31, 39, 40]. A prior Cox proportional hazards model showed that shift
workers were positively associated with the severity of ischemic stroke risk [41], suggesting that shift
work leads to increased stroke risk and is an independent risk factor for ischemic stroke [42]. In animal
models, phase-advancing light cycles increased the severity of stroke in MCAO/R rats [43].

Therefore, we mimic the circadian disruption of inverted shift work via 6-h weekly advances in the 12:12
photoperiod, promoting rapid phase changes in the SCN, followed by changes in surrounding organs, and
adjusting at different rates [44, 45]. Here, the ECD model was successfully established before the MCAO
operation. In subsequent experiments, we assessed how advanced changes in the environmental LD   
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cycle affect neural function and angiogenesis repair after ischemic injury. In an 8-week longitudinal study,
we assessed neurological recovery at various time points after middle cerebral artery ischemic injury in
rats, collecting brain and serum samples at 24 hours and 10 days after infarction. The results showed
that ECD increased the volume of cerebral infarction, as well as aggravated the degree of postoperative
neurological injury, and impaired the ability to recover.

Angiogenesis is one of the key processes in the recovery mechanism of ischemic stroke, involving MMPs-
induced basement membrane degradation, VEGF-promoted cell proliferation, migration and other
functions [46]. Moreover, early zebra�sh studies found that continuous light and the intervention of
Bmal1 disrupted the circadian rhythm, thereby impairing developmental angiogenesis in zebra�sh. It was
further found that Bmal1 regulates the expression of VEGF and targets the VEGF gene promoter through
e-box region, which strictly regulates the development of blood vessels [47]. Our rat research further found
that ECD aggravated the pathological changes of MCAO, including the degree of cortical and
hippocampal edema and neuronal damage in the infarcted hemisphere. More than this, ECD impaired the
ability of angiogenesis, the positive number of CD34 in the infarcted hemisphere decreased signi�cantly,
and the expression of angiogenesis-related factors such as MMP-2 and VEGF decreased. Collectively, this
data suggested that the transient dampening of rhythms during misalignment induced by light cycle
changes may underlie neurological and vascular dysfunction in the brain, reducing resilience to
pathological damage of hypoxia during shift workers and ECD animal models.

Numerous studies have repeatedly shown that in�ammation has a multistage and complex role in the
development and pathogenesis of ischemic stroke [48]. Although proin�ammatory cytokines such as IL-
1β and TNF-α can promote angiogenesis, excessive proin�ammatory cytokines can adversely affect the
progression of angiogenesis [35, 36]. Therefore, we detected the level of IL-1 β, IL-18, and TNF- α in rat
serum by ELISA, to explore the relationship between in�ammation and angiogenesis. Interestingly,
in�ammatory factors were signi�cantly increased in the ECD group compared with the non-ECD group,
and it was the excessive secretion of in�ammatory factors that aggravated the neurological damage and
impaired angiogenesis in MCAO rats. At the same time, as a key molecule regulating circadian rhythm,
melatonin can also affect angiogenesis in different scenarios by regulating the expression of VEGF and
VEGF receptors [38]. In our study, we found that ECD decreased serum melatonin and VEGF levels, and
the potential relationship between the two may be that melatonin downregulation leads to decreased
VEGF secretion, which in turn impairs angiogenesis after cerebral infarction.

Based on the above research in vivo, we found that biological rhythm regulates the process of
angiogenesis after ischemic stroke and affects pathological process to a certain extent. As the core
transcriptional factor, Bmal1 regulates the circadian pattern of downstream gene expression [49]. Besides
this, Bmal1 has been shown to promote angiogenesis in ischemia-injured HUVECs (human umbilical vein
endothelial cells) [50]. However, there is little evidence about the transcription function and epigenetic
regulation of Bmal1. In the following experiment, we provide compelling evidence for the molecular
mechanisms of how the circadian clock regulates repair angiogenesis following hypoxic injury. First,
signi�cant elevations of the core circadian clock Bmal1 were observed in both MCAO rats and OGD
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intervened bEnd.3 cells. Then, ChIP sequencing was used to detect the binding sites of Bmal1 on
chromatin in bEnd.3 cells, elucidated the genome-wide characterization of Bmal1, and con�rmed the
transcriptional regulation of Bmal1 in angiogenesis. However, whether the transcriptional activity of
Bmal1 differs in different tissues and cells, and whether it is related to the formation of transcriptional
complexes with other proteins and genes, such as Clock-Bmal1 heterodimers, remains to be further
investigated. We next showed that Bmal1 was required for the proliferation and angiogenesis ability of
bEnd.3 cells in normoxia condition by detecting the wound healing, transwell and tube formation assays.
And under the hypoxia condition, Bmal1 performed a promoting effect on angiogenesis, by increasing the
expression of VEGF and angiogenesis-related molecules.

The Notch pathway is a highly conserved intercellular signaling pathway, which is critical for the
development process of human tissue, organ, and phylogeny [51]. Receptors on the cell membrane could
be activated and subjected to the sequential proteolytic cleavage once the Notch ligand binds it, then the
Notch intracellular domain (NICD) released, which entered the nucleus to activate the transcriptional
process of the target gene including Hey-1 and Hes-1, by complexing with the DNA-binding protein RBP-J
and mediating the recruitment of histone acetylases and the transcriptional coactivator mastermind-like
(MAML) [52]. Notch signaling limits vascular germination by limiting the formation of endothelial tip cells
and maintaining arterial properties that depend on their relationship with VEGF [53]. In particular, the
Notch signal is activated in endothelial cells in response to ischemic stimulation and further participates
in the formation of collateral networks of ischemic stroke [29, 54]. In our research, we found that the NICD,
Hes1, Hey1, and related receptors, such as Jag1 and DLL4 protein levels were upregulated in the OGD/R
group, and further increased in the group of overexpression of Bmal1. The results of ChIP-seq and dual-
luciferase also con�rmed that Bmal1 targets the regulation of Notch1 and Hes1 transcription in bEnd.3
cells. In previous studies, to determine the role of Notch1 signaling pathway in cerebral infarction injury,
gamma-secretase inhibitor was often used to block Notch1 pathway. Interestingly, DAPT showed
favorable pro-angiogenic effects in vivo, promoting poststroke brain remodeling by elevating CBF level
[55], whereas DAPT abolished the pro-angiogenic effects of HUCMSCs (human umbilical cord
mesenchymal stem cells) in vitro [56]. To verify whether Notch1 activation is involved in pro-angiogenic
effects of Bmal1 in bEnd.3 cells, DAPT was added to the co-culture medium prior to co-cultivation. The
results showed that DAPT signi�cantly abolished Notch1 activation in cells. More importantly, the
addition of DAPT signi�cantly reversed the pro-angiogenic effect of Bmal1, as evidenced by inhibition of
cell migration, tube formation, and less VEGF-A production.

In general, this is the �rst study to clarify the correlation between circadian rhythm and the occurrence
and development of ischemic stroke, as well as the function and mechanism of Bmal1 in angiogenesis
after ischemic stroke. Currently, several strategies have been proposed to correct clock disruption and
desynchronization, to restrain the negative consequences if circadian rhythm impacts are unavoidable.
These applications mainly include two aspects: environmental modi�cations and targeting the clock
genes. Environmental modi�cations also contain high intensity of light, activity and therapy during the
day and night. Previous experiments proved that the ambient light in�uences the occurrence and
development of diseases. Mice exposed to low dose light (5 lux) at rest phase displayed a reduction of
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hippocampal VEGF and BDNF levels, and accompanied by depressive-like symptoms [57]. Thus,
environmental light modi�cations may be a potential therapy for poststroke. More than this, circadian
clocks regulate the molecular expression and function state of angiogenesis to various extents, therefore,
another therapeutic strategy may be the change of the phase of the circadian clock, by manipulating the
rhythmic phase of circadian clocks closer to the physiological state. As we described in this study,
increasing the expression of Bmal1 after stroke can promote angiogenesis and the recovery of stroke
function. Thus, Bmal1 may also have therapeutic signi�cance in promoting the regeneration of ischemic
vascular diseases.
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Figure 1

Environmental Circadian Disruption Increases Stroke Severity. A. ECD protocol. Rats were assigned to
stay on the standard 12:12 LD schedule, or placed in by shortening the dark period, the 12:12 LD cycle
was advanced by 6 hours, once every 7 days for a 44-day (6 weeks). The red range shows the time point
of surgery and sampling. B. Representative images of the dorsal hair of mice, with non-ECD group on the
left and ECD-intervention mice on the right. C-D. Representative images and bar graph show the brain
lesions in Sham, MCAO, MCAO-ECD, 24h after MCAO surgery (n ≥4). E. Bar graphs summarizing the
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result of mNSS score in Sham, MCAO, MCAO-ECD (n ≥10). Data are presented as mean. ± SD.*P 0.05,
**P 0.01.

Figure 2

ECD impaired angiogenesis related facts in MCAO rats. A. The changes of Bmal1 protein in brain tissue
at different time points were detected by western blot, n=6. B. Histopathological changes in hippocampus
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tissues of rats in each group were observed by HE staining. The hippocampus tissues of each group rats
at 100-fold, 400-fold magni�cation after HE staining, and necrotic cells indicated by red tips. C. The
expression of MMP-2, VEGF in brain tissue of each group of rats was determined by western blot (n=6). D.
Representative immuno�uorescence images of CD34 in the hippocampus and cortex 10 days after
reperfusion. The sham group was used as the control. Scale bar: 50 µm. E. Protein levels of IL-1β, IL-18,
TNF-α, VEGF, Melatonin in rat serum were detected by ELISA (n=3). Data are presented as mean ± SD. *P
0.05, **P 0.01, ***P 0.001.
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Figure 3

Core clock gene BMAL1 expression is upregulated in OGD-evoked injury bEnd.3 cells. A-C. The expression
of NICD and VEGF protein incEnd.3 cells at 4h, 8h, 12h, 16h, 20h after OGD treatment were analyzed by
western blot (n=3). D-E. The expression of Notch1 and VEGF mRNA in bEnd.3 cells at 4h, 8h, 12h, 16h,
20h after OGD treatment were analyzed by RT-qPCR(n=3). Data are presented as mean ± SD. *P 0.05, **P
0.01, ***P 0.001. 
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Figure 4

Genome-wide characterization of core circadian clock Bmal1 transcriptional binding sites in bEnd.3 cells.
 A. All three biological replicates showed high correlation scores >0.8. B. Using the primary antibody
against Bmal1, peaks were reached on chromosomes by ChIP-seq (The abscissa represents chromosome
length, right side represents chromosome number, left ordinate represents the peak value per
chromosome). C. The distribution of reads on both sides of the transcription start site (TSS). D. Pie charts
show the ratio of Bmal1 binding sites relative to transcription units, including intergenic, exon 1, intron 1,
TTS, promoter, other introns, and other exons. E. GO enrichment of Peak related genes (top 20 terms). F.
KEGG enrichment map of metabolic pathways of Peak-related genes (top 20 terms). G. Five common
motifs with the most signi�cant differences among peaks.  H. Interaction network diagram between TFs
and genes based on sequencing results, purple represented the transcription factor or transcription factor
family, red represented the target gene that TF may act through motifs. I. Dual luciferase activity assays
were performed using �re�y luciferase reporter vectors and renilla luciferase served as an internal control.
The experiment was repeated three times. Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P
< 0.001
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Figure 5

Stable overexpression and silencing of BMAL1 bEnd.3 cells were established. A. The green �uorescent
light density indicated that the lentivirus plasmid was highly effectively integrated into the genome of
bEnd.3 cells. B. RT-qPCR was used, respectively, to detect the mRNA of BMAL1 in SiRNA and OE group. C.
Western blot results indicating knockdown e�ciency veri�cation of three siRNAs (Si1, Si2, and Si3)
targeting different sites of BMAL1 in bEnd.3 cells con�rmed that Si2 was the most effective siRNA for
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knockdown of BMAL1 in bEnd.3 cells. D. western blot showed that the BMAL1 protein was overexpressed
in OE group. E. Representative immuno�uorescence images of BMAL1 in bEnd.3 cells. Scale bar: 50 µm.
Data are presented as mean ± SD. *P 0.05, **P 0.01, ***P 0.001.

Figure 6

BMAL1 is required for endothelial angiogenesis in vitro. A. Representative microscopic images of tube
formation in bEnd.3 cells that transfected with BMAL1 SiRNA. B. Phase contrast microscopic images of
bEnd.3 cells transfected with BMAL1 SiRNA migrated and attached to the bottom membrane of a
transwell. C. Phase contrast microscopic images of bEnd.3 transfected with BMAL1 SiRNA at 0 and 24 h
after scratching. D. The expression of VEGF and angiogenesis related gene mRNA were determined by RT-
qPCR. E. The expression of Notch pathway and downstream gene mRNA were detected by RT-qPCR. Data
are presented as mean ± SD. *P 0.05, **P 0.01, ***P 0.001.
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Figure 7

Overexpression of BMAL1 promotes the proliferation and accelerates angiogenesis viability of OGD
injured bEnd.3 cells by regulating the VEGF/Notch1 signaling pathway, A. The CCK-8 assay showed that
the proliferation of bEn.3 cells were signi�cantly increased when BMAL1 was overexpressed. B.
Representative microscopic images of bEnd.3 at 0 and 24 h after scratching. C. Representative
microscopic images of tube formation in bEnd.3 cells. D. Phase contrast microscopic images of bEnd.3
cells migrated and attached to the bottom membrane of a transwell. E-G. Representative
immuno�uorescence images of VEGF(E), and Notch1(F) in bEnd.3 cells. Bar chart shows the statistical
results from three independent experiments(G). H. The expression of VEGF and angiogenesis related gene
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proteins were determined by western blot. I. The expression of Notch pathway and downstream gene
proteins were detected by western blot. Data are presented as mean ± SD. *P 0.05, **P 0.01, ***P 0.001.

Figure 8

Inhibited Notch1 signaling pathway reverses the effect of overexpressed BMAL1 on angiogenesis viability
of OGD injured bEnd.3 cells. A. Representative microscopic images of bEnd.3 cells induced by hypoxia at
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0 and 24 h after scratching treated with DAPT. B. Phase contrast microscopic images of bEnd.3
cells migrated and attached to the bottom membrane of a transwell induced by hypoxia. C.
Representative microscopic images of tube formation in bEnd.3 cells induced by hypoxia. D. The
expression of VEGF, VEGFR2, MMP2, MMP9, and Ang were detected by western blot. Data are presented
as mean ± SD. *P 0.05, **P 0.01, ***P 0.001.
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