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Abstract Ischemic stroke is a major public health problem
worldwide. Although the circadian clock is involved in the
process of ischemic stroke, the exact mechanism of the cir-
cadian clock in regulating angiogenesis after cerebral infarc-
tion remains unclear. In the present study, we determined
that environmental circadian disruption (ECD) increased the
stroke severity and impaired angiogenesis in the rat middle
cerebral artery occlusion model, by measuring the infarct
volume, neurological tests, and angiogenesis-related protein.
We further report that Bmall plays an irreplaceable role
in angiogenesis. Overexpression of Bmall promoted tube-
forming, migration, and wound healing, and upregulated the
vascular endothelial growth factor (VEGF) and Notch path-
way protein levels. This promoting effect was 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 identifies the
exact mechanism by which Bmall regulates angiogenesis
through the VEGF-Notchl1 pathway.
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Introduction

Ischemic stroke (IS) is the second leading cause of death
worldwide: >15 million people suffer a stroke each year, and
~5 million more are permanently disabled [1-3]. IS is char-
acterized by high morbidity, disability, mortality, recurrence,
and economic burden [4]. At present, the treatment of IS
mainly relies on reperfusion therapy, including thrombolysis
and thrombectomy. Thrombolysis mainly uses recombinant
tissue plasminogen activator (rt-PA), which is currently the
only therapeutic drug approved by the US Food and Drug
Administration, while thrombectomy is mainly endovascu-
lar treatment, i.e., mechanical thrombectomy [5, 6]. How-
ever, because of the very limited time window and the risk
of hemorrhagic events, rt-PA can only be used in <10% of
patients with stroke, and the success rate of re-canalization is
<50% [7, 8]. In this context, the research on neuroprotective
agents is extensive, but it is regrettable that so far there have
been no exciting translation results from medical research
to clinical practice [9].

Previous studies have reported that repair of the dam-
aged neurovascular unit (NVU), especially angiogenesis,
contributes to the establishment of collateral circulation
and plays a pivotal role in the recovery from ischemic
stroke injury [10, 11]. Angiogenesis is a complex pro-
cess in which a large number of substances are released
to participate in angiogenesis after an ischemic stroke.
Hypoxia-induced angiogenesis, which occurs in the
ischemic penumbra within hours of stroke and persists for
several weeks [12], is one of the major events in an adap-
tation to glucose deficiency and hypoxia, and is critical
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for maintaining cell metabolism, survival, and function
[13, 14]. After a stroke, ischemic penumbra tissue releases
angiogenesis factors, including vascular endothelial
growth factor (VEGF), matrix metallopeptidases (MMPs),
platelet-derived growth factor, and angiogenin (Ang),
which promote basement membrane degeneration, extra-
cellular matrix (ECM) remodeling, and endothelial cell
(EC) proliferation and migration, resulting in the forma-
tion of neovascularization, thereby improving collateral
circulation [15, 16]. Clinical studies have confirmed that
patients with high cerebrovascular density have better
functional recovery and longer survival times than those
with low cerebrovascular density [17-19]. Therefore, pro-
moting 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 ~24 h, that regulate cel-
lular metabolism and behavioral output [20, 21]. Circa-
dian rhythms determine cell fate, including neurons, glia,
ECs, neutrophils, and macrophages, which are involved
in angiogenesis and the immune response process in
ischemic stroke [22, 23]. Briefly, the core circadian pro-
teins Bmall and Clock act as transcriptional factors that
bind to form a heterodimer and then enter the nucleus to
bind the E-box regulatory elements of the Period (Perl,
Per2, Per3) and Cryptochrome (Cryl, Cry2) genes, acti-
vating their transcription. However, Per and Cry family
proteins accumulate in the cytoplasm, and together with
casein kinase 18 (CK19) and CKle, they translocate to the
nucleus and inhibit the transcription of Clock and Bmall
[24, 25]. In addition to targeting the Per and Cry genes, the
Clock: Bmall heterodimer activates the transcription of
Rev-erba and Rev-erbf, which compete at Rev-erb/retinoic
acid-related orphan receptor (ROR) binding elements with
RORa, RORP, and RORYy [26, 27]. The third transcrip-
tional loop activated by the Clock: Bmall heterodimer
involves the PAR-bZip (proline and acidic amino acid-
rich basic leucine zipper) factors, including DBP (D-box
binding protein), TEF (thyrotroph embryonic factor), and
HLF (hepatic leukemia factor). These proteins interact at
D-box-containing sites with the Rev-erb/ROR loop-driven
repressor NFIL3 (nuclear factor, interleukin 3 regulated;
or E4BP4) [28-30]. Recent studies have shown that the
circadian rhythm significantly affects the susceptibility,
injury, recovery, and treatment response mechanisms of
stroke [31]. Shift work-induced environmental circadian
disruption (ECD) increases stroke severity and immune
response dysregulation [32[. As for angiogenesis, studies
have confirmed that the circadian rhythm transcription fac-
tor Bmall (aryl hydrocarbon receptor nuclear translocator-
like 1) has a positive regulatory effect on the increase of
VEGF-A, a key molecule induced by hypoxia-induced
angiogenesis, but a negative regulatory effect has been
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reported in Per2 and Cryl [33, 34], and further research
has demonstrated that Bmall directly binds to the pro-
moter region of VEGF and regulates the promoter activity
[35].

Several studies have shown that the Notch signaling path-
way interacts with VEGF under hypoxic conditions to jointly
regulate arterial properties and angiogenesis [36]. Prelimi-
nary research on VEGF and Notch pathways comes from
the study of vasculogenesis. The results suggest that VEGF
plays a role in angiogenesis by regulating the expression of
Notchl and DIl4 upstream of the Notch pathway [37, 38].
Furthermore, in stroke models, the Notch signaling path-
way is involved in the formation of collateral networks in
ischemic stroke. Inhibition of Notch signaling affects tis-
sue perfusion by restricting arterial structure and function,
impairing the repair of angiogenesis after ischemia [39, 40].

In the present study, we aimed to investigate the effect
of circadian rhythms on hypoxia-induced collateral vessel
formation after ischemic stroke and the potential pro-angio-
genic 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 EC (bEnd.3) oxygen-glucose
deprivation/re-oxygenation (OGD/R) model. We further
determined the relationship between ECD and angiogenesis
after ischemic stroke and the role of Bmall on the angio-
genic process after OGD/R intervention. These results sug-
gested that ECD significantly increased the severity of the
ischemic stroke, impaired the ability of angiogenesis, and
reduced neurological recovery. The core clock gene Bmall
was also confirmed to be a potential therapeutic target to
promote angiogenesis after ischemia-hypoxic injury by
regulating the expression of VEGF and Notch signaling
pathways.

Materials and Methods
Ethics Statement

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 Affiliated 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 per-
formed in The First Affiliated Hospital of the Hunan Univer-
sity of Chinese Medicine. All rats were kept in cages with
suitable temperature (23°C-25°C) and humidity (40%—60%)
and were randomly divided into 3 groups. The rats had unre-
stricted access to food and water.
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Circadian Disruption Protocol

Sprague-Dawley rats were used in this experiment. Before
the intervention, rats were housed for 2 weeks to accli-
mate to the 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 light
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intervention (Fig. 1A). This lighting schedule causes ECD,
which has been reported in many articles [32, 41, 42]. In
this timetable, by advancing the dark cycle, the 12:12 LD
cycle was advanced by 6 h, once every 7 days. Rats were
given standard rat food after arriving at the facility. Rat
food and water were freely available.
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Fig. 1 Environmental circadian disruption increases stroke severity.
A ECD protocol. Rats were assigned to stay on the standard 12:12
LD schedule or exposed to the shortening of the dark period: the
12:12 LD cycle was advanced by 6 h once every 7 days for 44 days.
The red ranges show the times of surgery and sampling. B Represent-
ative images of the dorsal hair of mice; left, a non-ECD rat (Ctrl);
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right, an ECD rat. C, D Representative images and bar graphs show-
ing the brain lesions in Ctrl, MCAO, and MCAO-ECD rats, 24 h after
MCAO surgery (n = 5) The red arrow indicates the infarct area. E
Bar graphs summarizing the results of mNSS score in Ctrl, MCAO,
and MCAO-ECD rats (n > 10). Data are presented as the mean + SD.
*P <0.05, **P <0.01.
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The 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 in illu-
mination time, the MCAO operation in the ECD group was
performed at 06:00-12:00, and in the control group it was
performed at 12:00—-18:00. The rats fasted for 12 h before the
operation, but they were still free to drink water during this
period. The anesthetized rats were placed in a supine posi-
tion on a scaffold, under sterile conditions, the right com-
mon carotid artery, external carotid artery, 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 flows through
the ICA to the beginning of the middle cerebral artery was
blocked for 2 h; reperfusion was simulated by removing the
suture. The temperature was maintained at 37 + 0.5°C with
a thermostatic surgical pad. After the operation, all rats were
placed on a warm blanket until recovery.

Neurological Tests

Modified neurological severity scores (mNSS) were evalu-
ated by a blinded observer using an 18-point scoring system
24 h after reperfusion and completed within the first 2 h after
illumination was initiated on each of the subsequent 3, 7,
and 10 days. Scores were assigned according to the follow-
ing six tests: spontaneous activity, limb symmetry, forepaw
outstretching, climbing, body proprioception, and response
to vibrissal touch. Each score was the total of scores for each
of the six tests (minimum score, 3; maximum score, 18).

Triphenyl-Tetrazolium Chloride (TTC) Staining

TTC staining was applied 24 h after the operation in each
group. Brains from 5 rats in each group were frozen at —20°C
for 20 min. Then each brain was cut into 2-mm-thick coro-
nal slices and immediately stained with phosphate-buffered
saline (PBS; Procell, Wuhan, China) containing 2% TTC
(Sigma, Saint Louis, MO, USA) in a 37 ‘C incubator for 30
min, fixed with 4% paraformaldehyde, and photographed.
The infarct areas appeared white while the normal areas
were red. The cerebral infarction ratio was measured by
Image-Pro Plus software (i.e., the percentage of the area of
the infarct area to that of the ipsilateral cerebral hemisphere).

Cerebral Histopathology (HE Staining)

After 24 h of reperfusion in each group, rat brain sam-
ples were collected into cryovials containing 4%
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paraformaldehyde. The samples were dehydrated and
embedded in paraffin, and coronal sections were cut. These
sections were then stained with hematoxylin and eosin (HE)
and used for histopathology. Finally, images were acquired
by light microscopy (Leica, Wetzlar, Germany) to assess
histopathological changes in the hippocampus.

CD34 Immunofluorescence Staining of Rat
Hippocampus and Cortex

The presence of CD34 in the hippocampus and cortex of
each group was detected by immunofluorescence 10 days
after reperfusion. To minimize the factor of the endogenous
circadian phase, the timing of brain sampling in control and
MCAO groups was conducted during 06:00-12:00, while
that in the MCAO-ECD group was from 12:00 to 18:00.
Coronal sections were collected and prepared as described
above. Before staining, the sections were deparaffinized and
rehydrated, and antigen retrieval was applied. Afterward,
the sections were blocked with 5% BSA for 1 h at room
temperature. Then, the sections were incubated at 4°C over-
night with anti-CD34 (ab81289, Abcam,1:200). Next day,
the sections were washed 3 times with PBS and incubated
with CoraLite594 (SA00013-4, Proteintech, 1:400) for 2 h
at room temperature. After rinsing, the nuclei were stained
with DAPI for 15 min. The number of immunoreactive cells
in predefined areas was quantified using ImageJ software
(NIH, Bethesda, MD, USA). Cells were counted by blinded
observers in three different fields of view for each mouse in
each group of three mice.

ELISA of Melatonin, VEGF, IL-1§, IL-18, and TNF-«a

The timing of serum sampling in each group was the same
as described above. Blood samples were taken from the
abdominal aorta in ethylenediaminetetraacetic acid (EDTA)-
containing tubes and the plasma was separated. The concen-
trations of melatonin, VEGF, IL-1f, IL-18, and TNF-a in
plasma samples from both groups were measured by ELISA
Complete Kits (Cusabio Biotech, Wuhan, China) accord-
ing to the manufacturer’s protocol using an Elisa reader to
record optical density. The final 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.

Cell Circadian Gene Induction and OGD/R Treatment

bEnd.3 cells (mouse brain microvascular ECs) were used for
further phenotyping and molecular biological assessment of
angiogenesis [43, 44], and were donated by Dr. Yan Shang
and Lumei Liu, for which we are very grateful. bEnd.3
cells were cultured in Dulbecco’s modified Eagle’s medium
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(DMEM,; Procell, Wuhan, China) supplemented with 10%
fetal bovine serum (Procell, Wuhan, China), 1% penicillin,
and streptomycin, and placed in an incubator with 5% CO,
at 37°C. bEnd.3 cells were sub-cultured when the cell den-
sity reached 90%. Finally, the cells used for the subsequent
experiments were in the logarithmic growth phase.

To synchronize the rhythmic circadian gene expression,
bEnd.3 cells were cultured in complete medium containing
dexamethasone (100 nmol/L) for 2 h [9, 45]. Then cells were
harvested or subjected to OGD at the indicated time points.
Before OGD exposure, the culture medium was replaced
with glucose-free DMEM and the cells were incubated for
6 h at 37°C in an atmosphere of 5% CO, and 95% N,. After-
ward, the glucose-free medium was replaced with the com-
plete medium, and the cells were returned to the incubator
(with O,) for 24 h.

DAPT Treatment

To verify the proportion of the Notchl signaling pathway
in vitro study, we used DAPT (HY-13027, MCE, Prince-
ton, NJ), a gamma-secretase inhibitor. DAPT inhibits the
formation of soluble Notch intracellular domain (NICD)
proteins by preventing y-secretase cleavage at the S3 site
of the Notch receptor, preventing NICD translocation to
the nucleus. DAPT was diluted in dimethyl sulfoxide to 10
mmol/L mother liquor, and cells were maintained in a com-
plete medium containing 10 umol/L DAPT when cultured.
Before OGD, bEnd.3 cells were incubated in a serum-free
medium in the presence or absence of 10 umol/L. DAPT for
24 h [46-48]. The DAPT intervention was continued during
and after the OGD process until the end of each experiment,
including scratch wound assays, migration assays, and tube
formation assays.

Lentivirus Vector Infection for Bmall Overexpression
and Knockdown

The overexpression lentivirus vector was constructed by
Genechem Co., Ltd. (Shanghai, China). The sequence used
for PCR amplification of mouse Bmall is shown below:
Arntl-21735-P1: AGGTCGACTCTAGAGGATCCCGCC
ACCATGGCGGACCAGAGAATGGACATTTC; Arntl-
21735-1-P2: TCCTTGTAGTCCATACCCAGCGGCCAT
GGCAAGTCACTAAAG. Double-stranded oligonucleo-
tides were inserted between the Ubi-MCS-3FLAG-CBh-
gcGFP-IRES-PUR plasmid BamHI/Agel restriction sites,
and the linked plasmids were transformed into Escherichia
coli DH-50 competent cells for plasmid amplification. And
the mouse Bmall siRNA Lentivirus vector construction
and packaging services were provided by Hanbio Co., Ltd.
(Shanghai, China). The interference target design and prim-
ers were as follows: siRNA1: GCTTGTTTGACTACCTGC

ATCCAAA; siRNA2: CGGGTGAAATCTATGGAGTAC
GTTT; siRNA3: CAGTAACGATGAGGCAGCAATGGC
T. Double-stranded oligonucleotides were inserted between
the pHBLV-U6-MCS-CMV-ZsGreen-PGK-PURO plasmid
BamHI/EcoRI restriction sites, and the linked plasmids were
transformed into E. coli DH-5a competent cells for plasmid
amplification. Plasmids from positive colonies were verified
by RT-PCR and DNA sequencing.

bEnd.3 cells were prepared as suspensions and inoculated
into a 6-well plate at 5-8 x 10 cells per well and incubated
for 24-36 h. Once they reached 35%-50% density, a suit-
able volume of the lentivirus infection reagent was added
to the culture medium based on an MOI of 30. After 24 h,
the medium was replaced with a complete medium. At 72 h
after transfection, the transfection efficiency was determined
by the expression of green fluorescent protein (GFP). Then,
the bEnd.3 cells were sub-cultured in a medium containing 6
pg/mL puromycin for further selection. A single transduced
stable cell line was established and used for all subsequent
cell cultures and each experiment after transduction.

Chromatin Immunoprecipitation Sequencing
(ChIP-seq)

Approximately 3 x 107 bEnd.3 cells were cross-linked with
1% formaldehyde for 20 min when the confluence reached
90%. The cross-linking reaction was quenched by adding
glycine to a final concentration of 125 pmol/L. After wash-
ing three times with cold PBS, nucleus lysate was collected
by centrifugation and re-suspended in 300 pL of nuclear
lysis buffer (50 mmol/L Tris-HCI pH 8.0, 1% SDS, 10
mmol/L EDTA). After centrifugation at 17,000 r/min for 15
min at 4°C, the fragmented chromatin was diluted 1:5 with
IP dilution buffer (20 mmol/L Tris-HCI pH 8.0, 150 mmol/L
NaCl, 1% Triton X-100, 1 mmol/L. EDTA) supplemented
with 1X protease inhibitor cocktail, and incubated with 10
pg anti-Bmall (ab230822, Abcam) overnight at 4°C. 100
pL of Dyna bead Protein A (Invitrogen 10002D) was added
and the mixture was incubated for another 3 h. After wash-
ing three times, 200 pL of direct elution buffer was applied
to the bead pellet along with RNAse A and reverse cross-
linked at 65°C overnight. Then proteinase K was applied
and incubated at 55°C for 2 h. Finally, DNA was purified by
the following deep sequencing (ChIP-seq) (SeqHealth Tech,
China). For ChIP-seq results, after obtaining raw sequencing
data (raw data), they were filtered and high-quality sequenc-
ing data (clean data) were 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 applied.

High-throughput sequencing using Illumina sequencers
requires the construction of a matching sequencing library.
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FASTP (version 0.23.0, Shifu Chen 2018 GeneFuse: detec-
tion and visualization of target gene fusions from DNA
sequencing data) was used for the quality control and
filtering of raw reads. The sequencing results were com-
pared with the mouse reference genome (Mus_musculus.
GRCm38) via bowtiel (v 2.1.0). The Picard tool was used
to select the non-duplicate uniquely mapped reads on the ref-
erence genome for subsequent analysis (http://picard.sourc
eforge.net). MACS 14 was used to search the peak value of
the ChIPseq, and input DNA was used as the control [49]. A
significant threshold of 10-5 was applied to all data sets. The
R-package ChIP seeker [50] was used to calculate a series of
statistics including relevant gene retrieval and genome ele-
ment distribution analysis. Therefore, we used homer (http://
homer.ucsd.edu/homer/) to extract the sequence of the inter-
val where the peak was located, scanned the common motif
among the peaks, searched the common motif region, and
drew the motif map. Peak-related genes were selected for
downstream Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis. A GO
term with ¢ < 0.05 was defined as significant enrichment
after multiple test correction

Dual-Luciferase Reporter Assay

To study the potential regulatory mechanism by which
Bmall performs its biological function in ECs, a dual-
luciferase reporter assay was applied. Wild-type Notchl
promotor (PGL3-Basic-H-Notch1-WT) plasmid and Mutant-
type Notchl Promotor (PGL3-Basic-H-Notch1-MT) were
constructed by the PGL3-Basic-Vector the overexpression
Bmall plasmid (GTP-H-Bmall) was constructed by the 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-Bmall and cultured for 48 h. Finally, the
luciferase activity of cells was measured, with the fluores-
cence value of Renilla plasmids as the internal reference
(Promega, Madison, WI, USA).

Cell Viability Assay by Cell Counting Kit-8 (CCK-8)

Cell proliferation was assessed by the CCK-8 assay accord-
ing to the manufacturer’s protocol (Cell Counting Kit-8,
Apply Gen, China). bEnd.3 cells were inoculated onto
96-well plates at 10%/100 pL per well and incubated at 37°C.
Each group had 5 replicates and grew for 24, 48, 72, and 96
h. 10 pL of CCK-8 solution was added to each well, and the
mixture was continuously incubated at 37°C for 2 h. Finally,
the OD,5, was measured by a microplate reader (Bio-Tek
Instruments, USA). The proliferation curve was drawn with
the time and the corresponding OD,5, values.
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Immunofluorescence Assays of Bmall, VEGF,
and Notch1l in bEnd.3 Cells

bEnd.3 cells were seeded on slides in 24-well plates and
modeled with 6 h-OGD intervention. Twenty-four hours
after 6h-OGD treatment, each sample was fixed in 4% para-
formaldehyde for 25 min, washed three times with TBST,
and then subjected to blocking with Immunol staining block-
ing buffer. The anti-Bmall (ab3350, Abcam, 1:500), anti-
VEGF (ab52917, Abcam, 1:500), and anti-Notch1 (10062-2-
AP, Proteintech, 1:400) antibodies were incubated separately
overnight at 4°C, followed by Dylight 549 goat anti-rabbit
IgG H+L (A23320, Abbkine, 1:500) and donkey anti-rab-
bit IgG H&L (ab150075, Abcam, 1:500) for 1 h in a dark
environment at room temperature. Finally, the slides were
incubated with DAPI and an anti-fluorescence quencher.
The slides were analyzed using a fluorescence microscope
(BX51TREF, Olympus, Japan). Three fields were randomly
chosen in every sample, and the fluorescence intensity was
analyzed using ImageJ software (NIH, Bethesda, MD, USA).

Scratch Wound Assay

bEnd.3 cells were plated in a 6-well plate (2 X 10° cells/
well), and incubated to reach confluence. When the bEnd.3
cell density reached ~85%, they were incubated in serum-
free medium for cycle synchronization, then the monolayer
was scratched using a 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% CO, and 95% N, at 37°C for 6 h. After OGD exposure,
all groups were cultured in a complete medium for 24 h, and
the wound healing area was measured under a microscope at
0 h and 24 h. The group with DAPT intervention was used at
the beginning of cycle synchronization and continued until
the end of the experiment. The cell migration area was meas-
ured 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 (%) = (Ag, — Apan)/Aon
%X 100%, where Ay, is the area of the initial wound area, and
Aoy 1s the remaining area of the wound 24 h after the meas-
urement point. Data were analyzed using ImageJ software
(NIH, Bethesda, MD, USA).

Tube Formation Assay

The cycle synchronization process is described above. Fifty
pL Matrigel Matrix (BD Biosciences, San Diego, CA) were
added to the bottom of the 96-well plate and incubated at
37°C for 30 min. A total of 2 x 10* bEnd.3 cells were sus-
pended in glucose-free medium or complete medium and
seeded on polymerized Matrigel in 96-well plates. After
incubation at 37°C under OGD for 6 h, tube formation was
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photographed, and the images were analyzed with ImageJ.
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 syn-
chronization and during the OGD process. The total branch
length was quantified in this experiment. The total branch
length is the sum of the length of branches and segments.

Migration Assay

Transwell migration assays were used to evaluate the migra-
tion of bEnd.3 cells. The cycle synchronization process is
described above. A total of 2 x 10* bEnd.3 cells were seeded
into the upper chamber (3422, Corning Inc., USA), and the
bottom of the upper chamber was a polycarbon membrane
covered with pores 8 pm in diameter. Both the upper and
lower chambers were filled with glucose-free DMEM. After
maintaining OGD for 6 h, the medium in the lower chamber
was replaced with the complete medium as a chemoattract-
ant. After incubation with 5% CO, and 95% O, at 37°C for
24 h, the cells remaining on the upper surface of the mem-
brane were removed. The bEnd.3 cells on the lower surface

of the membrane were fixed in 4% formaldehyde and stained
with 0.1% crystal violet. The DAPT group received DAPT
in both upper and lower chambers during cycle synchroniza-
tion, during the OGD process, and for 24 h after OGD. The
stained cells were photographed and quantified by counting
five random microscopic fields using ImageJ.

Real-time Quantitative Polymerase Chain Reaction
(RT-qPCR)

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

Western Blotting
Proteins from brain ischemic penumbra tissue and bEnd.3

cells were extracted according to the instructions of the
Enhanced Ripa cracking liquid (ApplyGEN, Beijing, China),

Table 1 Primer sequences for

Gene Sequence Accession number
RT-qPCR.

Bmall 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’

Notchl F: 5>-TCAGTGGCCCTAATTGCCAG-3’ NM_008714.3
R: 5’-ACCTCGCAGGTTTGACCTTG-3’

Jagl F: 5>-TCCTGTCCATGCAGAACGTG-3’ NM_013822.5
R: 5’-CAAAGTGTAGGACCTCGGCCA-3’

DLLA4 F: 5. TGGGACTCAGCAAGTGTGC-3’ NM_019454.3
R: 5’-GTAGCTATTCTCCTGGTCCTTACA-3’

HESI F: 5-CTACCCCAGCCAGTGTCAAC-3’ NM_008235.2
R: 5’-ATGCCGGGAGCTATCTTTCT-3’

HEYI F: 5-CTGAGCGTGAGTGGGATCAG-3’ NM_010423.2
R: 5’-CGCCGAACTCAAGTTTCCAT-3’

p-actin F: 5>-GTACCACCATGTACCCAGGC-3’ NM_007393.5
R: 5’- AACGCAGCTCAGTAACAGTCC-3’

RT-qPCR, reverse transcription quantitative polymerase chain reaction; F, forward; R, reverse
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then the protein concentration was measured and balanced
among the different samples. After adding 5x loading buffer
(CWBIO, Beijing, China), these mixtures were denatured at
100°C for 20 min. 10 pL of protein per lane were separated
by 8%, 10%, or 12% sodium dodecyl sulfate-polyacrylamide
gel and transferred to 0.45 mm PVDF membranes (Milli-
pore, Shanghai, China). The membrane was blocked in 5%
skim milk for 1 h at room temperature and then incubated
with specific antibodies overnight at 4°C. The primary
antibodies were: anti-Bmall (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, Pro-
teintech, 1:1000), Angiogenin (18302-1-AP, Proteintech,
1:800), anti-Notchl (10062-2-AP, Proteintech, 1:1500),
anti-Hey1 (19929-1-AP, Proteintech, 1:2000), anti-Hes1
(A0925, Abclonal, 1:1500), anti-Jagl (DF8269, Affinity,
1:1000), anti-DLL4 (A12943, Abclonal, 1:1500), and anti-
B-actin (66009-1-Ig, Proteintech, 1:8000). The next day,
the membrane was incubated with anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (E-AB-1003,
Elabscience, China) for another 1.5 h at room temperature.
The Efficient Chemiluminescence Kit (GEN-VIEW, Beijing,
China) was used for signal detection and the results were
recorded using the Bio-Rad ChemiDoc MP Gel Imaging
System. The band density of specific proteins was quantified
after normalization with the density of B-actin.

Statistical Analysis

Data analysis was performed using SPSS 24.0 statistical
software (SPSS Inc., Chicago, IL, USA). Data are presented
as the mean + SD from at least three independent experi-
ments. All data were subject to tests for normality. Data that
did not have a normal distribution were analyzed via a non-
parametric equivalent. Analysis of mNSS was implemented
by the non-parametric Kruskal-Wallis test. When only two
groups were compared, an unpaired two-tailed 7-test was
used. Multiple comparisons were evaluated by one-way or
two-way ANOVA (with repeated measures when appropri-
ate) followed by Tukey-Kramer tests or Bonferroni correc-
tions, and P < 0.05 was considered statistically significant.

Results

Environmental Circadian Disruption Increases Stroke
Severity and Impairs Angiogenesis-Related Factors

in MCAO Rats

We used a precise schedule that lead to the temporary

misalignment of central and peripheral clock genes dur-
ing re-synchronization, and disruption within the central

@ Springer

pacemaker itself [32, 42, 51] (Fig. 1A). As shown in Fig. 1B,
the dorsal hair of rats with a normal circadian rhythm was
white, thick, clean, and shiny, while the dorsal hair of ECD
rats was greasy, gray-yellow, brittle, and partially shed.
Representative brain images of TTC-stained areas show-
ing infarct volumes in the three groups 24 h after cerebral
ischemia-reperfusion injury (Fig. 1C). Infarct volume and
10-day neurological score were quantified separately, and
as expected, the infarct volume and neurological score were
significantly increased in the ECD group (Fig. 1D, E).

As noted above, angiogenesis occupies a large propor-
tion of 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
angiogenesis after cerebral infarction. First, we found that
the core biological clock gene Bmall showed a fluctuation
that first decreased and then increased in the MCAO model.
After 24 h of reperfusion, the expression of Bmall protein
in the ischemic penumbra significantly decreased. On day
10, the expression of Bmall was significantly higher than
at 24 h (Fig. 2A). HE staining showed the hippocampus,
neurons, and glial cells in the control (Ctrl) group were
arranged in an orderly manner and had a normal structure
24 h after surgery. MCAO hippocampal neurons were disor-
dered, the cell membrane was damaged, the cell morphology
was swollen, a large number of neurons were lost and dead,
and some nuclei were dissolved, condensed, and pyknotic.
Compared with the model group, neuronal necrosis, nuclear
condensation of a pyknotic cell membrane, and structural
destruction were all aggravated in the MCAO-ECD group
(Fig. 2B). As shown in Fig. 2C, the protein levels of MMP-9
and VEGEF, which are closely associated with angiogenesis,
were upregulated in the MCAO group compared with the
Ctrl group (P < 0.05) at 10 days after surgery, while these
levels in the MCAO-ECD group were significantly lower
than in the MCAOQO group (P < 0.001).

To further determine the relationship between ECD and
angiogenesis, we imaged and quantified CD34 10 days
after MCAO surgery. Compared with the Ctrl group, the
microvessel density (CD34%/Field) in the cortex and hip-
pocampus was increased in the MCAO group, while that
in the ECD intervention group was significantly lower than
that in the model group (P < 0.05) (Fig. 2D). It is well
known that inflammatory cells and cytokines affect the
proliferation and migration of ECs [52, 53], so we next
assessed the serum levels of the inflammatory cytokines
IL-1B, IL-18, and TNF-a at the same time point. As shown
in Fig. 2E, the serum levels of IL-1p (P <0.001), IL-18
(P < 0.05), and TNF-a (P < 0.01) in the MCAO group
were higher than those in the Ctrl group, and the serum
levels of IL-1P (P < 0.05) and TNF-a (P < 0.01) in the
MCAO-ECD group were significantly higher than those in
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ing the histopathological changes in the hippocampus of rats from of IL-1f, IL-18, TNF-a, VEGF, and melatonin in rat serum were
each group [100x and 400X magnification; red indicates necrotic detected by ELISA (>3). Data are presented as the mean + SD. *P <
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of MMP-2 and VEGF in the brains of each group (n = 6). D Rep-

the MCAO group (Fig. 2E). More than this, the secretion  the expression of VEGF [55]. Significant reductions in
of melatonin, which plays a critical role in the circadian serum VEGF (P < 0.001) and melatonin (P < 0.05) were
rhythm in which the central and peripheral clocks operate  also detected in our experiments (Fig. 2E).
synchronously [54], controls angiogenesis by regulating
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Core Clock Gene Bmall Expression Is Upregulated
in bEnd.3 Cells with OGD-evoked Injury

To investigate the changes in gene expression related
to the circadian rhythm and angiogenesis in ECs after
ischemic injury, we first established a bEnd.3-cell OGD/R
model to mimic ischemia and reperfusion in vitro. We
first treated bEnd.3 cells with dexamethasone for 2 h to
induce cell cycle synchronization, followed by 6 h of
OGD, and measured the changes of Notchl intracellu-
lar domain (NICD), and Bmall protein at different time
points. As shown in Fig. 3A-C, the protein level of Bmall
and NICD expression were significantly upregulated at 12
h and 20 h, respectively, in the bEnd.3 cells with OGD-
evoked injury (P < 0.01). More than this, we further
explored changes in the angiogenesis-related gene expres-
sion patterns: Notchl and VEGF mRNA were assessed
by qPCR. As shown in Fig. 3D, the Notchl mRNA level
in the OGD group began to increase 4 h after OGD, and
the rhythm of oscillation was strengthened. As for VEGF,
apart from the 12th and 16th hours after OGD, the level
of VEGF mRNA increased to varying degrees at each
time point, and the amplitude of circadian oscillations
was significantly enhanced (Fig. 3E).

OGD/Reoxygenation (h)
Ctrl 4 8 12 16 20
s 2R o S S A
woo [ - . 5
BMAL]L | S SR SEn S
B-actin | WS S =, > T -
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* . oGD
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Fig.3 The core clock gene Bmall expression is upregulated in
OGD-evoked injury of bEnd.3 cells. A—C Western blots and analysis
of the expression of NICD and VEGF protein in bEnd.3 cells at 4 h,
8 h, 12 h, 16 h, and 20 h after OGD treatment (n = 3). D, E Analysis
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Genome-Wide Characterization of Core Circadian
Clock Bmall Transcriptional Binding Sites in bEnd.3
Cells

Bmall is known to be a pro-angiogenic transcription factor
in ECs. However, the genomic binding pattern of Bmall
in ECs remains unclear. To decipher the regulatory roles
of Bmall in ECs, we applied ChIP-seq to determine the
genome-wide target sites of Bmall in bEnd.3 cells. All
three biological replicates showed high correlation scores
>0.8 (Fig. 4A). The peaks over chromosomes had different
values; among them, the most enriched peaks were on chro-
mosome 1, and the peaks with the highest values were on
chromosomes 5, 11, 14, and 15 (Fig. 4B). A total of 13,006
Ch-IP regions corresponding to 9,100 unique Ref-Seq genes
were identified (Fig. 4C). Bmall binding sites at promoter
transcription start sites accounted for 7.77% of the total
reads (Fig. 4D). GO analysis of peak-related genes revealed
that Bmall target genes were involved in various biologi-
cal processes such as metabolism, protein modification, and
translation initiation (Fig. 4E). KEGG analysis revealed that
Bmall peak-related genes were significantly enriched in cell
metabolism, including protein digestion and absorption, as
well as the phospholipase and phosphatidylinositol path-
ways, and enriched in gap junction, axon guidance, and focal
adhesion pathways, which promote intercellular communi-
cation and migration (Fig. 4F). We next used de novo motif
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discovery to investigate motifs shared between sequencing
peaks and selected the five motifs with the most significant
differences in presentation (Fig. 4G). Transcription factors
can combine with these motifs, and the corresponding rela-
tionship between transcription factors and genes was drawn
to map the interaction network (Fig. 4H).

VEGF and the Notch signaling pathway play a critical
role in angiogenesis, and our in vivo research demonstrated
that circadian rhythm disruption impaired the angiogenic
activity, and confirmed the previous finding that overexpres-
sion of the core circadian clock Bmall significantly pro-
motes the angiogenesis of various ECs. Similarly, we found
that Bmall bound the enhancer region of Notch1 (position:
chromosome?2, 26463954-26464324), and the downstream
gene Hesl (position: chromosome16, 30066868—-30067165;
30065082-30065373;30064015-30064496), and bound
the promoter region of VEGF (position: chromosomel7,
46030452-46030695). Dual-luciferase reporter assays also
confirmed that Bmall bound directly to the enhancer region
of Notchl1 in bEnd.3 cells. The construction of the vector is
shown in Fig. 41. 293T cells were transfected with a lucif-
erase expression vector containing the Notchl promoter
(—1478/—1487 -ggacacgcge-) 5-flanking fragment. Lucif-
erase reporter assays verified that Bmall overexpression
increased the luciferase activity of Notch1-WT but had no
inhibitory effect on that of Notch1-MUT (Fig. 41).

Establishment of bEnd.3 Cells with Stable
Overexpression and Silencing of Bmall

To determine the exact effect of the core circadian clock
Bmall on the angiogenesis process, three kinds of bEnd.3
cells were established: NC (control scrambled transfected
cells), OE (Bmall gene overexpressing cells), and KD
(Bmall gene knockdown cells). Bmall-OE, Bmall-KD,
and negative control lentivirus were all transfected into
bEnd.3 cells. After 72 h transfection, GFP was observed
under the fluorescence microscope, and it was confirmed
that the transfection efficiency was ~97% before proceed-
ing to the next step (Fig. 5A). Then, the relative expres-
sion of Bmall mRNA and protein in transfected cells was
verified by RT-qPCR and western blotting. The results of
gPCR showed that, among the three designed siRNAs, the
knockdown efficiency of Si2 reached >50%, and the expres-
sion level of overexpressed Bmall mRNA was >8-fold that
of the NC group (Fig. 5B). Si2 significantly knocked down
the protein expression of Bmall, while the expression of
Bmall in the OE group was significantly increased (Fig. 5C,
D). Therefore, we chose si2-knockdown bEnd.3 cells for
the follow-up experiments. Immunofluorescence showed
that the expression of Bmall in the nucleus of the OE group
was significantly increased, while that of the Si2 group was
significantly decreased (Fig. SE).
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Bmall Is Required for Endothelial Angiogenesis in
Vitro

We further tested the hypothesis that Bmall, the core clock
gene of the circadian rhythm, regulates the EC angiogene-
sis process according to the phenotype of circadian rhythm
and angiogenesis shown in Figs. 1, 2, 3, 4. Since angio-
genesis is a multistage process during which activated ECs
sprout, migrate, proliferate, align, and form a tube, and
anastomose, we applied tube formation assays, migration
assays, and wound healing assays to reproduce these steps.
The tube formation assays were used to test the angiogenic
ability of bEnd.3 cells. In the body, ECs are surrounded
by the basement membrane, a thin and highly specialized
extracellular matrix. When ECs are inoculated on base-
ment membrane-like surfaces such as Matrigel, they form
capillary-like structures that reproduce angiogenesis in
vitro. The transwell and cell scratch wound assays were
used to test the migration ability of ECs. Due to the spe-
cific permeability of the polycarbonate membrane, the
complete medium in the lower layer can affect the cells
in the upper chamber, thereby reflecting the levels of cell
chemotaxis and cell migration. Similarly, cell migration
is also reflected 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 pro-angiogenic regulatory
factors, such as VEGF. The results revealed that Bmall
depletion impaired the endothelial angiogenic ability,
including tube formation, transwell, and wound healing
(Fig. 6A-C).

To explore potential downstream effectors that might
influence the Bmall loss-of-function phenotype, we inves-
tigated two known signaling pathways of ECs, namely, the
VEGF-A and Notch-1-DLL4 signaling pathways, by RT-
gPCR. Overexpression of Bmall increased the 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 Bmall, the expression of
VEGF was significantly decreased (P < 0.05). The Notchl
signaling pathway plays a key role in angiogenesis and in
vascular homeostasis, so the Notch receptor DLL4, ligand
JAGI, and several Notch target genes including Heyl and
Hes1 were assessed by RT-qPCR. It is worth noting that
we found that Notchl (P < 0.05), DLL4 (P < 0.01), Hesl
(P < 0.01), and Heyl (P < 0.001) were increased in the
Bmall-OE group compared with the NC group. However,
the genes downstream from Notchl remained unchanged in
the Bmall-KD bEnd.3 cell line (Fig. 6E). Overall, the sta-
ble Bmall-knockdown cell line had a significantly reduced
capacity for angiogenesis and downregulated angiogenic
factors, and the results support the pivotal role of Bmall in
bEnd.3 cells are involved in angiogenesis.
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Fig. S Stable overexpression and silencing of Bmall in bEnd.3 cells.
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OE groups. C Western blot results verify the knockdown efficiency
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Overexpression of Bmall Promotes the Proliferation
and Accelerates Angiogenesis by OGD-injured bEnd.3
Cells by Regulating the VEGF/Notch1 Signaling
Pathway

To evaluate the exact effect of Bmall on angiogenesis

in bEnd.3 cells and confirm that Si2 is the most effective siRNA for
the knockdown of Bmall in bEnd.3 cells. D Western blots show that
the Bmall protein is overexpressed in the OE group. E Representa-
tive immunofluorescence images of Bmall in bEnd.3 cells. Scale bar,
50 um. Data are presented as the mean + SD. *P < 0.05, **P <0.01,
*#kxP < (0.001.

after ischemic stroke. We simulated the pathophysiologi-
cal mechanism of ischemic stroke and constructed an in
vitro OGD model of bEnd.3 cells, and applied a series
of in vitro function measurements including CCK-8,
scratch wound assays, migration assays, and tube forma-
tion assays.
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Cells in all groups were incubated in 96-well plates,
and the cell proliferation at 24 h, 48 h, 72 h, and 96 h was
assessed by CCK-8 assays (Fig. 7A). The results showed that
there was no significant difference among the three groups
at 24 h and 48 h (P > 0.05). The Bmall-OE group showed
a significant difference in cell proliferation rate at 72 h and
96 h compared with the NC group (P < 0.05). There was no
significant difference in cell proliferation between the CON
and NC groups (P > 0.05). Wound healing assays, tube for-
mation assays, and transwell assays further confirmed the
ability of Bmall to promote hypoxia-induced angiogenesis.
We found that under normoxic conditions, the overexpres-
sion of Bmall significantly enhanced the migration of cells
(P < 0.01), but in the tube formation and wound healing
assays, no enhancement was found. The results of wound
healing assays, tube formation assays, and transwell assays
showed that under hypoxic conditions, the pro-angiogenic
capacity of bEnd.3 cells were enhanced due to the massive
secretion of VEGFA, VEGFR2, MMP2, MMP9, and ANG.
And this enhancement was further strengthened in bEnd.3
cells overexpressing Bmall, regardless of the fact that the
migration ability or the tube-forming ability were enhanced
to varying degrees (Fig. 7B-D).
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angiogenesis-related gene mRNA as determined by RT-qPCR. E The
expression of the Notch pathway and downstream gene mRNA as
determined by RT-qPCR. Data are presented as the mean + SD. *P
<0.05, #*P <0.01, ***P <0.001.

To further elucidate the protective mechanism of Bmall
in bEnd.3 cells at the molecular level, we assessed angio-
genesis and Notchl signaling pathway-related proteins
in bEnd.3 cells were exposed to OGD/R by immunofluo-
rescence and western blots. Immunofluorescence assays
showed that overexpression of Bmall further upregu-
lated the protein expression of VEGF and Notchl in both
the cytoplasm and the nucleus during hypoxia-induced
neovascularization (Fig. 7E-G). Moreover, we further
assessed angiogenesis-related proteins by western blot,
and the results suggested that overexpression of Bmall
upregulated the protein levels of VEGF (P < 0.05) and
MMP2 (P < 0.01) under normoxia, and the increased pro-
tein expression induced by hypoxia was further enhanced
by Bmall, including VEGF (P < 0.001), VEGFR2 (P
<0.05), MMP-2 (P < 0.001), and MMP-9 (P < 0.05)
(Fig. 7H). Similarly, the protein levels of NICD (P < 0.05)
and DLL4 (P < 0.05) were upregulated in bEnd3 cells
overexpressing Bmall. With the severity of OGD/R injury,
the protein levels of the Notch-1 intracellular domain (P
< 0.001), the related receptor D114 (P <0.01), and the
downstream proteins Hes1 (P <0.05) and Hey1 (P < 0.05)
were significantly increased. And overexpression of Bmall
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further increased the expression of NICD (P < 0.01), the
related receptors Jagl (P < 0.01) and D114 (P < 0.05), and
the downstream proteins Hesl (P < 0.05) and Heyl (P
< 0.01) compared with the control group under hypoxic
conditions (Fig. 7).

Inhibition of the Notch1 Signaling Pathway Reverses
the Effect of Overexpressed Bmall on Angiogenesis
and Viability of OGD-injured bEnd.3 Cells

To further determine whether the Notch 1 signaling pathway
is involved in the promotion of VEGF expression and regu-
lation of angiogenesis by Bmall, we used DAPT to inter-
vene in bEnd.3 cells in subsequent studies, evaluating the
role of Notchl in this process by detecting the phenotype of
angiogenesis and key proteins. DAPT is a potent y-secretase
inhibitor that inhibits the activation of Notch 1 signaling.
Therefore, in phenotypic experiments, we added DAPT at
the beginning of 24-h serum shock-induced cell cycle syn-
chronization to inhibit activation of the Notch signaling
pathway, and the intervention of DAPT continued until the
end of the phenotype experiments. Under hypoxic condi-
tions, DAPT significantly reduced the migration (P < 0.01)
and tube-formation (P <0.01) of EC (Fig. 8A, C). Consistent
with the previous results, Baml1 significantly promoted the
migration of ECs in the scratch wound (P <0.05), transwell
(P < 0.001), and tube formation assays (P < 0.05), but this
promotion was partially reversed by DAPT (10 pmol/L). As
shown in Fig. 8A-C, DAPT inhibited the pro-angiogenic
effects of Bmall, including migration and tubulogenesis,
and we found a significant reversal in all three phenotypic
experiments (P < 0.001). Western blot was further used to
assess the expression of proteins closely related to the angio-
genic process. First, we measured the protein level of NICD
to verify the inhibitory effect of DAPT. The results showed
that DAPT inhibited the activation process of NICD regard-
less of whether Bmall was overexpressed or not (Fig. 8D).
Then the key molecules of angiogenesis were detected by
western blot, as shown in Fig. 8D, and the expression of
VEGEF decreased after DAPT intervention, and the related
proteins MMP-2 (P < 0.01), MMP-9 (P < 0.01), ANG (P
< 0.01), and VEGFR?2 (P < 0.01) were down-regulated to
varying degrees. The results in this section revealed that the
Notchl signaling pathway plays a pivotal role in the process
by which Baml1 regulates angiogenesis, and its potential
mechanism may be a bridge between Bmall and VEGF.

Discussion
A growing body of literature suggests that the molecular,

cellular, and physiological pathways of circadian rhythms
are strongly associated with clinical outcomes in stroke

@ Springer

[31]. Elucidating the complex and multifactorial influences
of circadian rhythms may improve opportunities for clinical
translation in stroke diagnosis and treatment. Changes in
the light cycle can lead to ECD, causing a misalignment of
the peripheral clock, negatively affecting the functioning of
healthy organs, and accelerating the pathological processes
of various diseases [32, 42, 56, 57]. A prior Cox propor-
tional hazards model has shown that shift work is positively
associated with the severity of ischemic stroke risk [58],
suggesting that shift work leads to increased stroke risk and
is an independent risk factor for ischemic stroke [59]. In
animal models, phase-advancing light cycles increase the
severity of stroke in MCAO/R rats [60].

Therefore, we mimicked the circadian disruption of
inverted shift work via 6-h weekly advances in the 12:12
photoperiod; this promotes rapid phase changes in the supra-
chiasmatic nucleus (SCN), followed by changes in surround-
ing organs, and adjustment at different rates [61, 62]. Here,
the ECD model was successfully established before the
MCADO operation. In subsequent experiments, we assessed
how advanced changes in the environmental LD cycle affect
neural function and angiogenesis repair after ischemic
injury. In an 8-week longitudinal study, we assessed neuro-
logical recovery at various time points after middle cerebral
artery ischemic injury in rats, collecting brain and serum
samples at 24 h and 10 days after infarction. The results
showed that ECD increased the volume of cerebral infarc-
tion, as well as aggravating the degree of postoperative neu-
rological injury, and impairing the ability to recover. The
present study of the circadian rhythm was built on a grow-
ing body of evidence. Previous studies have shown that the
circadian rhythm is a double-edged sword. On the one hand,
the vascular circadian rhythm causes a stroke to occur in the
morning with a hypercoagulable and hypofibrinolytic state;
on the other hand, circadian rhythm disruption also seems to
have an increased impact on stroke risk/severity [63]. In this
study, the exact schedule of a 6-h phase advance was used
to induce environmental circadian disruption; this results in
temporary misalignment among central and peripheral oscil-
lators, as well as misalignment within the central pacemaker
itself during re-synchronization [32, 51]. Two points need
to be clarified: one is whether the behavioral rhythm of run-
ning wheel exercise can modify the effect of ECD interven-
tion, because running wheel monitoring is very important
for the evaluation of circadian rhythms, and the other is that
although ECD has been shown to aggravate stroke severity,
the current study is superficial, whether ECD aggravates the
outcome of ischemia by decreasing recovery (linked to angi-
ogenesis) or by worsening the inflammation, aggravating
blood-brain barrier destruction and other factors, therefore,
the ECD effects on ECs, glial cells, and neuronal cells still
need to be explored.
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Fig. 8 Inhibiting the Notchl signaling pathway reverses the effect of
overexpressed Bmall on the angiogenesis viability of OGD-injured
bEnd.3 cells. A Representative microscopic images of bEnd.3 cells
were exposed to hypoxia and treated with DAPT at 0 and 24 h after
scratching. Scale bar, 200 um. B Phase-contrast microscopic images
of bEnd.3 cells were exposed to hypoxia that migrated and attached

Angiogenesis is one of the key processes in the recovery
mechanism of ischemic stroke, involving MMP-induced
basement membrane degradation, VEGF-promoted cell
proliferation, migration, and other functions [64]. Moreo-
ver, early zebrafish studies found that continuous light and

to the bottom membrane of a transwell. Scale bar, 100 um. C Rep-
resentative microscopic images of tube formation in bEnd.3 cells
exposed to hypoxia. Scale bar, 100 um. D Western blots and analy-
sis of the expression of VEGF, VEGFR2, MMP2, MMP9, and Ang.
Data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P
< 0.001.

the intervention of Bmall disrupt the circadian rhythm,
thereby impairing developmental angiogenesis in zebrafish.
It was further found that Bmall regulates the expression
of VEGF and targets the VEGF gene promoter through the
e-box region, which strictly regulates the development of
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blood vessels [65]. Our rat research further found that ECD
aggravated the pathological changes of MCAOQ, including
the degree of cortical and hippocampal edema and neuronal
damage in the infarcted hemisphere. More than this, ECD
impaired angiogenesis, the number of CD34-positive cells
in the infarcted hemisphere decreased significantly, and the
expression of angiogenesis-related factors such as MMP-2
and VEGF decreased. Although angiogenesis requires a
long time to build a functional vascular network infiltrating
ischemic tissues, the transient expression of key angiogenic
substances is still regulated by the circadian rhythm with
diurnal differences [66]. It would be more convincing to
measure the changes in the expression patterns of MMP2
and VEGF at different time points, rather than simply com-
paring the difference in expression between the same phase
at day 10. In general, our data suggested that the transient
dampening of rhythms during misalignment induced by light
cycle changes may underlie neurological and vascular dys-
function in the brain, reducing resilience to the pathological
damage of hypoxia in shift workers and ECD animal models.

Numerous studies have repeatedly shown that inflamma-
tion has a multistage and complex role in the development
and pathogenesis of ischemic stroke [67]. On one hand, it is
manifested as rhythmic changes in the number and move-
ment of immune cells, and on the other hand, a large number
of circadian clock genes have been confirmed to play an
important role in the circadian function of immune cells.
In the context of stroke, the immune system shows signifi-
cant circadian rhythm changes, which affect the progress
of recovery after stroke [68]. Although pro-inflammatory
cytokines such as IL-1B and TNF-a promote angiogenesis,
excessive pro-inflammatory cytokines can adversely affect
the progression of angiogenesis [52, 53]. Therefore, we
assessed the levels of IL-1 B, IL-18, and TNF-« in rat serum
by ELISA, to explore the relationship between inflamma-
tion and angiogenesis. Interestingly, inflammatory factors
were significantly higher in the ECD group than in the non-
ECD group, and it was the excessive secretion of inflamma-
tory factors that aggravated the neurological damage and
impaired angiogenesis in MCAO rats. At the same time, as
a key molecule regulating the circadian rhythm, melatonin
can also affect angiogenesis in different scenarios by regu-
lating the expression of VEGF and VEGF receptors [55].
The link between melatonin and angiogenesis is interesting;
most previous experiments have focused on the anti-angi-
ogenic potential of melatonin in tumor biology, however,
recent studies indicate that melatonin is a clever hormone
that can act according to the condition and location of the
disease. Melatonin appears to inhibit or trigger angiogenesis
through different signaling pathways, leading to different
biological outcomes [69, 70]. In our study, we found that
ECD decreased serum melatonin and VEGF levels, and the
potential relationship between the two may be that melatonin
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downregulation leads to decreased VEGF secretion, which
in turn impairs angiogenesis after cerebral infarction.
Although we measured melatonin expression at the same
circadian phase, however, as a key molecule regulating cir-
cadian rhythm, melatonin may largely be disturbed in the
ECD animals, therefore, evaluation of melatonin levels over
a complete 24 h cycle would be warranted in future studies.
Based on the above research in vivo, we found that the
circadian rhythm regulates the process of angiogenesis after
ischemic stroke and affects pathological processes to a cer-
tain extent. As the core transcriptional factor, Bmall regu-
lates the circadian pattern of downstream gene expression
[71]. Besides this, Bmall has been shown to promote angio-
genesis in ischemia-injured human umbilical vein endothe-
lial cells [72]. However, there is little evidence about the
transcription function and epigenetic regulation of Bmall. In
subsequent experiments, we provided compelling evidence
for the molecular mechanisms of how the circadian clock
regulates repair angiogenesis following hypoxic injury. First,
significant elevations of the core circadian clock Bmall were
found in both MCAO rats and OGD-exposed bEnd.3 cells.
Then, ChIP sequencing was used to identify the binding
sites of Bmall on chromatin in bEnd.3 cells, to elucidate the
genome-wide characterization of Bmall, and to confirm the
transcriptional regulation of Bmall and molecules associ-
ated with angiogenesis, including VEGF, Notch1, and Hey1.
However, whether the transcriptional activity of Bmall dif-
fers in different tissues and cells, and whether it is related to
the formation of transcriptional complexes with other pro-
teins and genes, such as Clock-Bmall heterodimers, remains
to be further investigated. We next showed that Bmall was
required for the proliferation and angiogenesis of bEnd.3
cells under normoxia by using wound healing, transwell,
and tube formation assays. And under the hypoxia, Bmall
had 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 that is critical for the development pro-
cess of human tissues, organs, and phylogeny [73]. Recep-
tors on the cell membrane can be activated and subjected to
sequential proteolytic cleavage once the Notch ligand binds
to it, then the Notch intracellular domain (NICD) is released
and enters the nucleus to activate the transcription of the tar-
get genes. including Hey-1 and Hes-1, by complexing with
the DNA-binding protein RBP-J and mediating the recruit-
ment of histone acetylases and the transcriptional coactivator
mastermind-like (MAML) [74]. Notch signaling limits vas-
cular germination by limiting the formation of endothelial
tip cells and maintaining arterial properties that depend on
their relationship with VEGF [75]. In particular, the Notch
signal is activated in ECs in response to ischemic stimula-
tion and further participates in the formation of collateral
networks in ischemic stroke [40, 76]. In our experiments,
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we found that the NICD, Hes1, Hey1, and related receptors,
such as Jagl and DLL4 protein levels were upregulated in
the OGD/R group, and further increased in the group overex-
pressing Bmall. The results of ChIP-seq and dual-luciferase
also confirmed that Bmall targets the regulation of Notchl
and Hesl1 transcription in bEnd.3 cells. In previous studies,
to determine the role of the Notchl signaling pathway in
cerebral infarction injury, a gamma-secretase inhibitor was
often used to block the Notch1 pathway. Interestingly, DAPT
has favorable pro-angiogenic effects in vivo, promoting post-
stroke brain remodeling by elevating the cerebral blood flow
[77], whereas DAPT abolishes the pro-angiogenic effects
of human umbilical cord mesenchymal stem cells in vitro
[78]. To verify whether Notch1 activation is involved in the
pro-angiogenic effects of Bmall in bEnd.3 cells, DAPT was
added to the co-culture medium before co-cultivation. The
results showed that DAPT significantly abolished Notchl
activation in cells. More importantly, the addition of DAPT
significantly reversed the pro-angiogenic effect of Bmall,
as evidenced by the inhibition of cell migration and tube
formation, and reduced VEGF-A production.

Now that Bmall interacts with a variety of nucleic
acids and proteins and participates in a variety of signal-
ing pathways, however, how Bmall senses hypoxia sig-
nals to regulate the activation of VEGF and Notchl is still
unclear. Together, we have provided molecular insights into
the mechanisms underlying the control of angiogenesis by
Bmall under hypoxic conditions. A potential limitation
of this study is that the sample size of animals under each
detection index was a little small, but each measurement
indicated the differences between the groups. We will use a
larger sample in future studies, focusing on pathology and
molecular biology.

In general, this is the first study to clarify the correlation
between circadian rhythm and the occurrence and develop-
ment of ischemic stroke, as well as the function and mech-
anism of action of Bmall in angiogenesis after ischemic
stroke. Currently, several strategies have been proposed to
correct clock disruption and desynchronization, to reduce
the negative consequences if circadian rhythm impacts are
unavoidable. These applications mainly include two aspects:
environmental modifications and targeting-the-clock genes.
Environmental modifications include high-intensity light,
activity, and therapy during the day and night. Previous
experiments have demonstrated that ambient light influences
the occurrence and development of diseases. Mice exposed
to low-dose light (5 lux) in the resting phase display a reduc-
tion of hippocampal VEGF and BDNF levels accompanied
by depressive-like symptoms [79]. Thus, environmental light
modifications may be a potential post-stroke therapy. More
than this, circadian clocks regulate the molecular expres-
sion and functional state of angiogenesis to various extents,
therefore another therapeutic strategy may be to change 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
Bmall after stroke promotes angiogenesis and the recovery
of function after stroke. Thus, Bmall may also have thera-
peutic significance in promoting regeneration in ischemic
vascular diseases.
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