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A transcriptomic analysis of cerebral 
microvessels reveals the involvement 
of Notch1 signaling in endothelial 
mitochondrial‑dysfunction‑dependent BBB 
disruption
Min Joung Lee1, Jiebo Zhu1,2,3, Jong Hun An1,2,3, Seong Eun Lee4,5, Tae Yeon Kim6, Eungseok Oh7, 
Yea Eun Kang4,5*, Woosuk Chung2,8,9* and Jun Young Heo1,2,3* 

Abstract 

Background:  Endothelial cells (ECs) in cerebral vessels are considered the primary targets in acute hemorrhagic 
brain injuries. EC dysfunction can aggravate neuronal injuries by causing secondary inflammatory responses and 
blood–brain barrier (BBB) disruption. Previous studies have reported that enhancement of mitochondrial function 
within ECs may reduce BBB disruption and decrease the severity of acute brain injuries. However, the molecular sign-
aling pathways through which enhanced EC mitochondrial function is enhanced to exert this BBB protective effect 
have not been fully elucidated.

Methods:  To identify signaling pathways involved in linking EC-specific mitochondrial dysfunction and BBB disrup-
tion, we first performed RNA sequencing using isolated cerebral vessels from TEKCRIF1 KO mice, a mouse strain that 
displays EC-specific mitochondrial dysfunction. After identification, we assessed the significance of candidate signal-
ing pathways using an intracerebral hemorrhage (ICH) mouse model. BBB integrity was assessed using an IgG leakage 
assay, and symptomatic changes were evaluated using behavioral assays.

Results:  Transcriptome analyses of the TEKCRIF1 KO mouse revealed significant changes in Notch1 signaling, a 
pathway intimately involved in BBB maintenance. We also observed a decrease in Notch1 signaling and expression 
of the mitochondrial oxidative phosphorylation (OxPhos) complex in the ICH mouse model, which also exhibits BBB 
disruption. To further assess the function of Notch1 signaling in relation to BBB disruption, we injected ICH model 
mice with adropin, a protein that interacts with the Notch1 ligand NB-3 and activates Notch1 signaling. We found that 
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Background
Brain endothelial cells (ECs), a component of the neuro-
vascular unit, which also includes neurons, astrocytes, 
smooth muscle cells and pericytes, constitute the BBB 
[1, 2], which functions in the active transport of essen-
tial nutrients to the brain while blocking brain access to 
harmful substances in peripheral blood [3]. Transcrip-
tomic analysis of brain ECs has been suggested as a strat-
egy for investigating possible pathways underlying BBB 
dysfunction in different neurological disease models 
[4–6]. Angiogenic processes in ECs prevent secondary 
damage arising from cerebrovascular impairments, such 
as ischemic disorder and hemorrhage (ICH), after acute 
primary brain injury [7, 8]. Endothelial phosphatase and 
tensin homolog (PTEN)/AKT signaling regulates BBB 
permeability by suppressing transcytosis [9]. However, 
the signaling pathway that modulates the accompanying 
mitochondrial defect in ECs and approaches for enhanc-
ing endothelial function to protect the BBB still need 
investigation.

ECs comprising the BBB are known to have a higher 
mitochondrial volume compared with peripheral ECs 
[2]. ECs require a tremendous amount of energy—sup-
plied by mitochondrial respiration—to accomplish their 
innate function as a BBB component [10]. Mitochondrial 
function induced by inhibition of the mitochondrial res-
piratory chain complex aggravates the consequences of 
BBB disruption in an ischemic stroke model, increasing 
infarct volume [11]. As we recently reported, TEKCRIF1 
KO mice, with EC-specific deletion of the mitochondrial 
OxPhos-related gene, Crif1, also known as Gadd45gip1 
(encoding GADD45G-interacting protein 1), display pro-
found BBB defects accompanied by reduced expression of 
junctional proteins in ECs [12]. Although studies strongly 
suggest that mitochondrial energy metabolism in ECs is 
critical for maintaining BBB function, regulatory signal-
ing pathways involved in BBB maintenance in the context 
of EC dysfunction have not been fully elucidated.

One representative neurological disease associated 
with BBB disruption is ICH, a cerebrovascular pathol-
ogy that primarily occurs after stroke [13]. ICH is 
characterized by cerebral vascular deterioration involv-
ing BBB disruption, increased intracranial pressure 
through hematoma production, and hemolysis-induced 

neurotoxicity [14, 15]. Because mitochondrial dysfunc-
tion in ECs leads to secondary brain damage [11], it may 
also be a therapeutic target for reducing secondary brain 
impairment in ICH [16]. To overcome ICH-induced neu-
ronal damage and achieve functional recovery, research-
ers have investigated treatment with the Nrf2 activator, 
dimethyl fumarate [17], and upregulation of the micro 
RNA, miR-137-3p, with the green tea extract, EGCG 
[18], which reduce or inhibit oxidative stress. Notwith-
standing such suggested treatments for cerebrovascular 
disease, a mitochondrial-targeting modulator has not 
yet been reported. Thus, we investigated the modulatory 
signaling pathway underlying mitochondrial defects in 
ECs comprising the BBB.

In the present study, we used RNA-sequencing to eval-
uate endothelial-related molecular signaling in isolated 
brain microvessels from TEKCRIF1 KO mice. Ingenuity 
Pathway Analysis (IPA) revealed that Notch1 signaling is 
a potential upstream regulator of DEGs in Crif1-deficient 
brain microvessels. We specifically tested the hypothesis 
that Notch1 expression is decreased in ICH model mice 
in association with diminished mitochondrial OxPhos 
function and BBB disruption. We further demonstrated 
that activation of Notch1 signaling by treatment with 
adropin exerted a preventive effect against the develop-
ment of ICH.

Methods
Animals
For RNA sequencing, we used TEK-cre, Crif1+/+ for 
control, as mentioned WT and TEK-cre, Crif1flox/flox, as 
mentioned TEKCRIF1 KO mouse which we previously 
published [12].

For ICH mouse mode, Male 8-week-old C57BL/6 mice 
were purchased from Dooyeol Biotech (South Korea). 
Mice were maintained in a controlled facility at 22–24 
℃ with a 12  h light–dark cycle. Animal experiments 
were approved by the Institutional Animal Care and Use 
Committee of Chungnam National University (Ethical 
approval number, 202103A-CNU-022).

Isolation of brain microvessels
The mouse brain tissue was immediately transferred to 
MCDB 131 medium on ice (Thermo Fisher, 10372019). 

adropin prevented BBB disruption and reduced the extent (area) of the injury compared with that in vehicle controls, 
in association with alteration of mitochondrial function.

Conclusion:  These results suggest that the Notch1 signaling pathway acts as an upstream regulator of DEGs and can 
be a target to regulate the changes involved with endothelial mitochondrial dysfunction-dependent BBB disruption. 
Thus, treatment methods that activate Notch1 may be beneficial in acute brain injuries by protecting BBB integrity.

Keywords:  Blood–brain barrier, Endothelial cell, Mitochondria, Intracellular stroke
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After homogenizing the brain tissue, centrifuge at 2000g 
for 5 min at 4 °C. The pellet was resuspended in 15% dex-
tran/PBS (Signa-Aldrich, 31390), and then the samples 
were centrifuged at 10,000g for 15 min at 4 °C. After the 
pellets were washed using 1 ml of PBS, transferred to a 
40-μm cell strainer with 10  ml PBS. The microvessels 
were collected using 0.5% BSA/MCDB 131 medium and 
then centrifuged at 5000 g for 10 min at 4 °C [19].

RNA preparation, library preparation, and sequencing
RNA extraction from isolated brain microvessels was 
performed (three samples per WT and KO group) using 
TRIzol (Thermo Tisher Scientific) following the manu-
facturer’s protocol. RNA sequencing was performed by 
Ebiogen (Seoul, Republic of Korea). RNA samples were 
checked RNA purity (260/280 > 1.8) and RNA integrity 
number (RIN) value by Agilent 2100 Bioanalyzer (Agilent 
Technologies, Amstelveen, The Netherlands) and used 
RNA samples with RNA values that are greater than or 
equal to 7.0. RNA quantification was performed using an 
ND-2000 spectrophotometer (Thermo Inc., DE, USA). 
The NEBNext Ultra II Directional RNA-Seq Kit (NEW 
ENGLAND BioLabs, Inc., UK) was used to prepare 
libraries from total RNA. Quantification was performed 
using the library quantification kit using a StepOne Real-
Time PCR System (Life Technologies, Inc., USA). High-
throughput sequencing was performed as paired-end 100 
sequencing using HiSeq X10 (Illumina, Inc., USA).

Bioinformatics transcriptome analysis
Quality control of raw reads resulting from sequencing 
was performed using FastQC. Adapter and low-quality 
reads (< Q20) were removed using FASTX_Trimmer and 
BBMap. The trimmed reads were mapped to the refer-
ence genome using TopHat. The levels of gene expres-
sion were estimated using FPKM (Fragments per kilobase 
of exon per million reads) values and RPKM (Reads per 
kilobase of transcript per million mapped reads). For dif-
ferentially expressed gene (DEG) analysis, we performed 
the “DESeq2” R package. Gene set enrichment analysis 
(GSEA) was performed using the “fgsea” R package. Gene 
sets included the KEGG pathway (Kyoto Encyclopaedia 
of Genes and Genomes) and C5 GOBP-Notch signal-
ing pathway gene sets from MSigDB (v7.5.1, http://​softw​
are.​broad​insti​tute.​org/​gsea) using obtained DEG with 
p-value < 0.05 and |fold change|≥ 2. For GSEA analysis 
used KEGG pathway analysis, the results represented in 
the graph were significantly up-or down-regulated in the 
KO group based on normalized enrichment score (NES). 
Heat maps were generated by the R program. Ingenuity 
Pathway Analysis (IPA) (Qiagen) was used for canonical 
pathways and upstream regulators related to genes. The 
RNA sequencing raw data are available at the National 

Center for Biotechnology Information (NCBI) Gene 
Expression Omnibus (GEO) database with accession 
number: GSE207106.

Protein extraction and Western blot
Proteins from isolated brain microvessels and brain tis-
sue were extracted using RIPA buffer with protease 
inhibitor and phosphatase inhibitor cocktail (Roche 
Applied Science, Vienna, Austria) described previously 
[12]. Protein samples were separated by SDS-PAGE and 
transferred to the PVDF membrane (Millipore, Burl-
ington, MA, USA). Membranes were blocked with 5% 
skim milk for 1 h and then incubated at 4 ℃, overnight 
with specific primary antibodies against Crif1 (1:1000, 
sc-134882, Santa Cruz Biotechnology, CA, USA), Notch1 
(1:1000, 3608, Cell Signaling, MA, USA), Hes1 (1:500, 
sc-166410. Santa Cruz Biotechnology, CA, USA), Total 
OXPHOS complex (1:1000, ab110413, Abcam), adro-
pin (1:500, NBP1-26387, Novus biologicals, CO, USA), 
β-actin (1:1000, sc-47778, Santa Cruz Biotechnology, CA, 
USA). After washing three times for 10 min with TBS/T, 
membranes were incubated with secondary antibodies 
(1:1000, Sigma-Aldrich, St. Louis, MO, USA) for 2  h at 
room temperature. Membranes were washed, and sig-
nals were observed using an ECL solution (WEST-ZOL). 
Images were quantified with ImageJ software.

Surgical procedures for the ICH model and treatments
Stereotaxic Z-axis was modified at 40° from the verti-
cal state to avoid motor cortex damage by needle inser-
tion [20]. 8-week-old C57BL/6 mice were anesthetized 
using sevoflurane and put on a stereotaxic frame (DAVID 
KOPF INSTRUMENTS, CA, USA). After a small inci-
sion in the skin, collagenase type VII-S (0.5U, Sigma, 
St. Louis, MO) was injected (0.2  µl/min, AP + 0.4  mm, 
ML + 3.8  mm from bregma and DV -3.2  mm from the 
skull) using 33 G blunt needle. The needle was left for 
5 min and removed, then sutured the skin. The mice were 
allowed to recover. Adropin (Novopro, Shanghai, China) 
was dissolved in saline and adropin (900  nmol/kg) was 
administered by intraperitoneal injection at 1 h after col-
lagenase injection.

Measurement of hematoma volume
Brain tissues of mice injected collagenase were isolated 
and fixed with 4% paraformaldehyde. Brains were sliced 
into five 1-mm-thick coronal sections. Sections were 
scanned and then analyzed hematoma volume by ImageJ.

Immunohistochemistry staining
Eight-week-old C57BL/6 mice and ICH model mice 
were perfused and fixed with 4% paraformaldehyde for 
IgG staining. The brains were dehydrated in 30% sucrose 

http://software.broadinstitute.org/gsea
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solution and then frozen and sliced using a cryotome. The 
sections were washed with PBS for 5 min and incubated 
with 2.5% blocking serum (VECTOR lab, CA, USA) for 
20 min. after that, the sections were incubated with Goat-
anti-mouse IgG antibody (H + L), and biotinylated (VEC-
TOR lab, CA, USA) for 30 min. After washing for 5 min 
with PBS, incubated in peroxidase substrate solution 
(Dako North America Inc., USA) until the desired stain 
intensity develops, about 10 s. The sections were washed 
and then mounted on a slide glass. For cresyl violet stain-
ing, the brain tissue sections were put on a slice glass and 
incubated with 0.2% cresyl violet for 5 min at 37 ℃. After 
washing with water and 90% EtOH, the sections were 
dehydrated and mounted.

Immunofluorescence staining
Isolated microvessels from the brain were resuspended in 
PBS and put 50 µl on a micro slide glass and air-dry and 
then permeabilized the microvessels with 0.1% NP-40 in 
PBS for 15 min. After blocking the samples with 5% BSA 
in PBS for 1 h, the samples were incubated overnight at 
4 ℃ with primary antibodies; anti-CD31(Millipore, CA, 
USA), anti-NDUFA9 (Abcam, CA, USA), anti-Crif1 
(Santa Cruz Biotech, USA). After washing with 0.1% 
NP-40 in PBS three times, incubated the samples with 
secondary antibodies conjugated with Alexa Fluor 488, 
594, and 647 (Jackson, PA, USA) for 1 h at room temper-
ature. After washing, the samples were air-dried and then 
mounted using a fluorescent mounting solution (Dako 
North America Inc., USA). The samples were imaged 
using Leica confocal microscope (Leica, Bensheim, 
Germany).

Open‑field test
A Mouse was placed in a 40 × 40 × 40-cm box respec-
tively. The movement was recorded for 10 min. Velocity 
and total moved distance were analyzed by EthoVision 
XT 11.5 software.

Cylinder test
Each mouse was placed in a cylinder (diameter 12  cm, 
height 20 cm). The movement was recorded for 10 min. 
Forelimb-use asymmetry was assessed by quantifying the 
percentage of impaired and non-impaired forelimb use; 
contralateral paw use = (right-left)/(right + left) × 100 
[21].

Analysis of oxygen consumption rate with isolated 
mitochondria
The striatum region (AP + 2.4  mm ~ AP + 0.8 from 
bregma) was prepared for isolation of mitochondria. 
After separating the brain tissue next to the hematoma 
region, the tissue was homogenized in mitochondrial 

isolation buffer (70  mm sucrose, 210  mM mannitol, 
5  mM, HEPES, 1  mM EGTA, 0.5% fatty acid-free BSA, 
pH 7.2) on ice. The samples were centrifuged (600  g, 
5  min, 4  °C), and the supernatants were transferred to 
new tube and re-centrifuged (17,000  g, 10  min, 4  °C). 
The pellets were suspended with mitochondrial isolation 
buffer and the concentration of isolated mitochondria 
were analyzed. Next, isolated mitochondria were diluted 
in mitochondrial assay buffer (70 mM sucrose, 220 mM 
mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 
1 mM EGTA, 0.2% fatty acid-free BSA, 10 mM succinate, 
2 mM rotenone, pH 7.2) and seeded in an XF-24 plate (25 
ug per well, Agilent, CA, USA). OCR analysis was per-
formed at 37  °C using the XF24 analyzer (Agilent, CA, 
USA). Basal respiration was measured twice before meas-
uring OCR after sequential injection of ADP, oligomycin, 
CCCP and antimycin A.

Statistics
All results are presented as mean ± standard deviation 
(SD). The statistical significance of all the experimen-
tal data was analyzed by a two-tailed unpaired Student’s 
t-test and one-way ANOVA followed by Games-How-
ell’s multiple comparison test using GraphPad Prism 8 
(GraphPad Software Inc., San Diego, CA, USA). The sta-
tistical significance of all the data is indicated by *P < 0.05, 
**P < 0.01, ***P < 0.001 (Vehicle vs. ICH), #P < 0.05 (ICH 
vs. ICH + Adropin).

Result
Isolation and identification of cerebral microvessels 
in the TEKCRIF1 KO mouse
To identify molecular changes in ECs that accompany 
mitochondrial defects, we first isolated microvessels from 
brain tissue of TEKCRIF1 mice following the process 
shown schematically in Fig.  1A and described in Meth-
ods [19]. The morphology of the intact microvessels is 
shown in Fig. 1B. To verify Crif1 deletion in microvessels, 
we performed Western blotting of isolated microves-
sels using an anti-Crif1 antibody. As expected, Crif1 
protein expression was decreased by more than 60% in 
TEKCRIF1 KO mice compared with WT mice (Fig. 1C, 
D). Consistent with Western blotting results, immuno-
fluorescence analyses revealed a decrease in the intensity 
of Crif1 fluorescence in microvessels in TEKCRIF1 KO 
mice. These analyses further showed a decrease in colo-
calization of NDUFA9 (mitochondrial complex I subunit) 
with the EC marker CD31 in TEKCRIF1 KO mice com-
pared with WT mice (Fig. 1E, F). Thus, ECs in microves-
sels isolated from TEKCRIF1 KO mice showed a decrease 
in a mitochondrial marker upon Crif1 deletion.
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Transcriptomic analyses of isolated brain microvessels 
from TEKCRIF1 KO mice reveal a decrease 
in BBB‑maintenance‑related genes
To identify relevant regulatory signaling pathways under-
lying the mitochondrial defect caused by the Crif1 gene 
deficiency in ECs, we performed RNA sequencing on 
microvessels isolated from brain tissue of TEKCRIF1 
mice. First, to validate our microvessel preparation, 
we confirmed the cellular composition by comparing 

FPKM (fragments per kilobase of exon per million reads 
mapped) values for the EC marker genes Pecam1 (plate-
let/endothelial cell adhesion molecule 1) and Tjp1 (tight 
junction protein 1), astrocyte marker Aqp4 (aquaporin 
4), and pericyte marker Anpep (alanyl aminopeptidase, 
membrane) (Additional file  1: Fig.  S1A). This analysis 
showed that isolated microvessels are composed of ECs 
with astrocytes and pericytes, and that their composi-
tion was not significantly different between WT and 

Fig. 1  Mitochondrial dysfunction in isolated brain microvessels from TEKCRIF1 KO mice. A Schematic depiction of methods for isolating 
microvessels from the brain. B Morphology of isolated brain microvessels from a TEKCRIF1 WT mouse. Scale bar: 100 μm. C, D Western blot analysis 
showing the decrease in Crif1 protein in KO mice (n = 7 mice/group). E, F Immunofluorescence staining showing the decrease in Crif1, NDUFA9 
(mitochondrial complex I subunit), and CD31 (EC marker) in isolated microvessels from TEKCRIF1 KO mice (n = 5 mice/group 6 slides per group). 
Scale bar: 20 μm. Immunofluorescence staining intensity was quantified using ImageJ. Data are presented as means ± SD from three independent 
experiments performed under the same conditions (**P < 0.01, ***P < 0.001 vs. WT)
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KO mice. A volcano plot analysis showed a decrease in 
Crif1 (Gadd45gip1) expression in microvessels from 
TEKCRIF1 KO mice compared with those from WT 
mice, consistent with FPKM values and Crif1 mRNA lev-
els (Fig. 2A–C, Additional file 1: Fig. S1B). RNA sequenc-
ing identified a total of 1,119 differentially expressed 
genes (p-value < 0.05) (Additional file  1: Fig.  S1C). We 
then used gene set enrichment analysis (GSEA) in con-
junction with the KEGG pathway database to investigate 
correlated signaling pathways (Fig. 2D). Down-regulated 
signaling pathways identified included extracellular 
matrix (ECM) receptor and actin cytoskeleton regula-
tion, which correlate with maintenance of BBB structure 
[22–24]. Other down-regulated pathways identified 
included cell survival signaling pathways, such as MAPK 
[25] and Wnt pathways, which are involved in promot-
ing angiogenesis [25, 26]. Interestingly, in addition to 
the expected pathways, we found that Notch1 signaling, 
which is known as a pathway for blood vessel homeosta-
sis [27], was down-regulated. A network analysis (IPA), 
performed to further identify the regulatory mechanism 
and key factors involved in mitochondrial-dysfunction-
related BBB disruption in ECs (Fig.  2E) showed that 
vasculature development and angiogenesis were down-
regulated in TEKCRIF1 KO mice, as we observed in 
our previous paper [12]. Moreover, this analysis further 
established that down-regulation of Notch1, a power-
ful upstream transcriptional regulator, exerts a signifi-
cant (p-value < 0.05) inhibitory influence on correlated 
pathway-related molecules with high absolute-value Z 
scores, including EGFR (epidermal growth factor recep-
tor), TP53 (tumor protein 53), PPARGC1A (peroxisome 
proliferative activated receptor, gamma, coactivator 1 
alpha), and WNT1 (Wnt family member 1). These results 
are consistent with experimental RNA sequencing results 
showing the Expr ratio (Fig. 2F, Additional file 2: Table 1). 
Taken together, these findings indicate that the Notch1 
signaling pathway is a candidate mechanism for regulat-
ing BBB maintenance in the context of EC mitochondrial 
dysfunction.

Expression levels of Notch1‑signaling‑related genes 
and protein are decreased in TEKCRIF1 KO mice
We next performed an in-depth analysis of the involve-
ment of Notch1-related genes using a gene set vari-
ation analysis (GSVA), which indicates the degree of 

coordinated expression of genes in this pathway. A total 
of 166 Notch1 signaling pathway-related genes showed 
a tendency toward decreased expression in TEKCRIF1 
KO mice compared with WT mice (Additional file  1: 
Fig.  S1D). The GSVA score obtained using differen-
tially expressed Notch signaling-related genes (|fold 
change|≥ 1.2, p-value ≤ 0.05) was significantly decreased 
in isolated brain microvessels from TEKCRIF1 KO mice 
comparing with those from WT mice (Fig. 3A). Next, we 
investigated expression of the Notch1 signaling pathway 
gene set by analyzing fold change (|FC|≥ 1.2) and p-val-
ues (< 0.1) in WT and KO groups, presented as a heatmap 
(Fig. 3B). The RPKM (reads per kilobase of transcript per 
million mapped reads) value of Notch1 was significantly 
decreased in microvessels from TEKCRIF1 KO mice 
compared with those from WT mice (Fig. 3C). To verify 
that changes in Notch1 protein expression were consist-
ent with transcriptomic analyses, we performed Western 
blotting on isolated brain microvessels from TEKCRIF1 
KO and WT mice. Notch1 protein level was decreased 
in microvessels from TEKCRIF1 KO mice compared 
with those from WT mice (Fig. 3D, E). Collectively, these 
observations suggest that Notch1 is a candidate upstream 
regulator of DEGs and may be a target to regulate the 
changes involved with endothelial mitochondrial dys-
function-dependent BBB disruption.

Notch1 expression is decreased in the injured area 
in association with BBB disruption in an ICH mouse model
ICH is a cerebrovascular pathology characterized by a 
large hemorrhage inside the brain parenchyma accom-
panied by BBB disruption [28, 29]. To identify the 
effect of the Notch1 signaling pathway in BBB protec-
tion, we generated an ICH mouse model. Since the 
striatal area affects motor behavior [30], we first evalu-
ated general movement activity 24  h after collagenase 
injection using an open-field test. ICH injury resulted 
in about a 16% decrease in distance moved and move-
ment velocity compared with vehicle-treated control 
mice (Additional file  1: Fig.  S2A, B). We also assessed 
locomotor asymmetry produced by injury to the right 
hemisphere using a cylinder test [31] and found promi-
nently decreased use of the left paw, indicating fore-
limb asymmetry in the ICH model (Fig. 4A). Following 
assessment of behavioral defects, we measured hema-
toma volume in the injured brain area 24 h after injury 

Fig. 2  Transcriptomic analysis of isolated brain microvessels from TEKCRIF1 KO mice. A Volcano plot showing differentially expressed genes 
in isolated cerebral microvessels from TEKCRIF1 KO mice compared with those from WT mice (n = 3 mice/group). B FPKM values for the Crif1 
(Gadd45gip1) gene. C Crif1 mRNA level, analyzed by qPCR (n = 6 mice/group). Data are presented as means ± SD (**P < 0.01, ***P < 0.001 vs. WT). 
(D) Up- and down-regulated pathways in isolated brain microvessels from TEKCRIF1 KO mice. Pathways were categorized using the KEGG pathway 
database. E Network analysis by IPA. Blue denotes inhibited pathways and orange denotes activated pathways. F List of most potent upstream 
regulators related to Crif1 deletion in ECs identified through IPA upstream regulator analysis

(See figure on next page.)
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Fig. 2  (See legend on previous page.)



Page 8 of 15Lee et al. Fluids and Barriers of the CNS           (2022) 19:64 

(Fig. 4B). Similar to previously reported results [20, 32], 
the average volume of hematoma in the ICH model was 
approximately 23 mm3 (Additional file 1: Fig. S2C). Sec-
ondary brain injury in the ICH model, produced as a 
result of hemorrhage-induced toxic effects, were evalu-
ated by cresyl violet staining, which revealed a damaged 

area around the hematoma region in the striatum of 
ICH model mice (Additional file 1: Fig. S2D). To iden-
tify BBB disruption in the injured area, we performed 
immunostaining with IgG on cryo-sections of brain tis-
sue [33]. As expected, the IgG-positive area increased 
around the region where collagenase was injected in 

Fig. 3  Gene set analysis of Notch1 signaling as a key regulator of BBB maintenance. A Comparison of GSVA scores of Notch1 signaling pathway 
genes. B Heatmap of Notch1 signaling pathway gene expression levels, determined by analyzing fold change (|FC|≥ 1.2) and p-value (≤ 0.1), in WT 
and KO groups (C) RPKM value of the Notch1 gene. Data are presented as means ± SD (*P < 0.05, **P < 0.01, ***P < 0.001 vs. WT). D, E Notch1 protein 
level in isolated brain microvessels from the TEKCRIF1 mouse (n = 8 mice). Data are presented as means ± SD from three independent experiments 
performed under the same conditions (*P < 0.05, **P < 0.01, ***P < 0.001 vs. WT)
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Fig. 4  Pathophysiology of the ICH model and decreased Notch1 signaling in ICH model mice. A Cylinder test performed 24 h after collagenase 
injection (n = 10 mice/group). B Representative brain sections showing hematoma volume in the collagenase-induced ICH mouse model. Scale 
bar: 10 mm. C Representative coronal brain sections showing IgG staining, used to evaluate BBB disruption. Scale bar: 100 μm. D Intensity of IgG 
staining, quantified using ImageJ (n = 3 mice, 7 slides per group). Decreased Notch1 (E) and Hes1 (F) protein levels in ICH model mice (n = 6 for 
Vehicle, n = 10 mice for ICH group). G Mitochondrial respiration in the striatum of Vehicle and ICH groups by OCR analysis (n = 6 mice/group). H 
OCR analysis values. State 2: basal respiration; State 3: after ADP injection; State 4o: after oligomycin injection; State 3u: after CCCP injection. I, J Total 
OxPhos complex protein levels. Data are presented as means ± SD from three independent experiments performed under the same conditions 
(*P < 0.05, **P < 0.01, ***P < 0.001 vs. Vehicle)
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the ICH model compared with the site of vehicle injec-
tion in the control group (Fig. 4C, D).

Based on transcriptomic analyses of the TEKCRIF1 
KO mouse, we hypothesized that BBB disruption, which 
results in secondary brain injury in ICH, is correlated 
with changes in the Notch1 signaling pathway. To iden-
tify changes in this pathway, we isolated the striatal 
region around the hematoma lesion in the ICH mouse 
model and performed Western blotting. Consistent with 
transcriptomic analysis results, Notch1 protein expres-
sion was decreased by ~ 60% in the striatum around the 
hematoma lesion in the ICH group compared with the 
vehicle group (Fig. 4E, F). These results suggest that the 
Notch1 signaling pathway is down-regulated in brain 
areas of the ICH model where cerebrovascular func-
tion is impaired, and taken together with the results of 
transcriptomic analyses of the TEKCRIF1 KO mouse, 
support that idea that this pathway can be a therapeutic 
target for BBB maintenance.

Mitochondrial dysfunction is a co‑occurrence in the injured 
area of the ICH mouse brain
It is known that brain tissue in the ICH model is dam-
aged by oxidative stress arising from iron-induced tox-
icity resulting from the lysis of red blood cells after BBB 
disruption [34, 35]. In addition, the rupture of blood ves-
sels in the ICH model impairs oxygen delivery to brain 
cells, which can lead to mitochondrial dysfunction [16, 
36]. Accordingly, we assessed mitochondrial function by 
measuring oxygen consumption rate (OCR) and analyz-
ing mitochondrial OxPhos complex proteins in mito-
chondria isolated from the same region where changed 
Notch1 expression was observed. OCR, including basal 
respiration (state 2) and maximal respiration (state 3u), 
was lower in the ICH group than in the vehicle control 
group (Fig.  4G, H). Consistent with this, mitochon-
drial OxPhos complex II, III, IV, and V expression were 
decreased in the ICH group (Fig.  4I, J). These results 
demonstrate a mitochondrial defect in the region sur-
rounding the hematoma and suggest that this contributes 
to the change in Notch1 expression.

Reversal of ICH pathophysiology by injection of adropin
Interestingly, our TEKCRIF1 KO transcriptomic analy-
sis showed that the RPKM value for the Enho (energy 
homeostasis associated) gene, which was included in 
Notch1 signaling pathway-related gene sets, was lower in 
TEKCRIF1 KO mice than in WT mice (Additional file 1: 
Fig.  S3A). Notably, Enho encodes the protein adropin, 
which stimulates the Notch1 signaling pathway [37–39]. 
Thus, to determine whether activation of the Notch1 
signaling pathway can rescue ICH-induced pathologies, 
including mitochondrial dysfunction, we treated ICH 

model mice with adropin. Adropin was administered 1 h 
after collagenase injection, based on a previous study that 
showed a gradual decrease in adropin expression after 
establishment of ICH and MCAO (middle cerebral artery 
occlusion) stroke mouse models (Fig. 5A) [38, 40]. First, 
we found that adropin expression was increased in adro-
pin-treated ICH mice compared with that in the ICH-
only group (Additional file 1: Fig. S3B, C). As expected, 
up-regulated expression of Hes1, which is a downstream 
protein in the Notch1 signaling pathway, increased the 
expression of cleaved Notch1 in the adropin-treated 
ICH group compared with the ICH-only group (Fig. 5B, 
Additional file 1: Fig. S5D). Compared with the ICH-only 
group, the adropin-treated group also showed increased 
motor behavior in the open-field test (Additional file  1: 
Fig.  S3E), showing a 14% increase in moved distance 
and a 17% increase in movement velocity. Cylinder tests 
showed that adropin treatment enhanced motor coor-
dination by ~ 45% compared with the ICH-only group 
(Fig.  5C). Consistent with these attenuated behavioral 
deficits, we found that hematoma volume was lower in 
the adropin-treated ICH group compared with that in the 
ICH-only group (Fig.  5D, E). IgG-positive areas corre-
sponding to areas of BBB disruption were also decreased 
by adropin treatment (Fig. 5F, G).

Activation of the Notch1 pathway could enhance mito-
chondrial quality control by increasing the activity of the 
mitochondrial fusion/fission machinery [41, 42]. Moreo-
ver, our transcriptomics results suggest that the decrease 
in Notch1 signaling affects mitochondrial defects in the 
TEKCRIF1 KO mouse. To verify that the Notch1 sign-
aling pathway can modulate mitochondrial respira-
tion, we measured OCR and monitored expression of 
mitochondrial OxPhos complex components (Fig.  5H). 
Interestingly, adropin treatment partially recovered 
mitochondrial respiration, including basal respiration 
and state 3 (after oligomycin injection) compared with 
that observed in the ICH-only group (Additional file  1: 
Fig.  S3F). Consistent with this, adropin treatment also 
attenuated OxPhos complex protein levels compared 
with those in the ICH-only group (Additional file  1: 
Fig.  S3G). Taken together, these results indicate that 
adropin treatment partially rescues ICH-related behav-
ioral deficits through enhancement of BBB integrity and 
mitochondrial respiration in ICH model mice via activa-
tion of Notch1 signaling.

Discussion
Disruption and torsion of blood vessels in the brain have 
been regarded as initiators of acute brain injury, includ-
ing ICH and traumatic brain injuries [43, 44]. Moreover, 
peripheral aggregated proteins known to be involved in 
neurodegenerative disease can accumulate and penetrate 
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into the brain parenchyma through a dysfunctional 
BBB [45]. We previously reported that mitochondrial 
defects in ECs are closely related to the BBB disruption 

observed in the TEKCRIF1 KO mouse [12]. To further 
identify the regulatory signaling pathways involved in 
BBB maintenance in the context of EC dysfunction, we 

Fig. 5  Adropin attenuates ICH pathology through activation of the Notch1 signaling pathway. A Experimental time-line for adropin injection in 
ICH model mice. B Attenuated Notch1 and Hes1 protein levels in the adropin-treated ICH group (n = 6 mice/group). C Cylinder test performed on 
ICH model mice after adropin injection (n = 11 mice/group). D Representative brain sections showing hematoma volume after adropin injection 
in an ICH model mouse. Scale bar: 10 mm. E Quantification of hematoma volume (n = 3 mice/group). F Representative coronal brain sections 
showing IgG staining after adropin injection. Scale bar: 100 µm. G IgG staining intensity, quantified using ImageJ (n = 5 mice, 8 slides per group). 
H Mitochondrial respiration in the striatum after adropin injection in ICH model mice, determined by OCR analysis (n = 4 mice/group). Data are 
presented as means ± SD from three independent experiments performed under the same conditions (*P < 0.05, **P < 0.01, ***P < 0.001, Vehicle vs. 
ICH; #P < 0.05, ICH vs. ICH + adropin)
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performed transcriptomic profiling of brain microves-
sels from TEKCRIF1 KO mice. We identified Notch1 
as a candidate gene for BBB disruption, specifically as it 
relates to the accompanying mitochondrial defect in iso-
lated microvessels from brain tissue of the TEKCRIF1 
KO mouse. Furthermore, we discovered reduced activity 
of the Notch1 signaling pathway in a mouse model of the 
cerebrovascular pathology ICH, and that treatment with 
adropin, which stimulates the Notch1 signaling pathway, 
rescued ICH pathological phenotypes, including behav-
ioral impairments and BBB disruption, while modestly 
alleviating mitochondrial respiration deficits.

ECs in blood vessel have different characteristics in dif-
ferent regions of the body [46]. In brain vessels, especially 
those that constitute the BBB, there is a much higher 
distribution of mitochondria compared with periph-
eral blood vessels [2]. Although it is well known that 
mitochondrial function deteriorates in stroke-induced 
animal models in which the cerebrovascular barrier is 
broken [11], why the volume of mitochondria in the 
brain is higher than that of peripheral blood vessel and 
how molecular mechanisms change to promote mito-
chondrial dysfunction in ECs have not been studied. A 
previous transcriptomics analysis on isolated brain ECs 
demonstrated that certain pathways are down-regulated 
in a stroke model, including cell adhesion, extracellular 
matrix organization, and Notch signaling [6]. Moreover, a 
transcriptomics analysis of purified ECs from the cerebral 
cortex during development showed down-regulation of 
a signaling pathway involved in mitochondrial dysfunc-
tion accompanied by changes in an angiogenic-related 
pathway [4]. In the current study, we focused on cerebral 
microvessels in which ECs showed profound mitochon-
drial dysfunction, and identified changes in Notch1, 
PPARGC1A and WNT1 by IPA analysis as mediators of 
BBB disruption and accompanying mitochondrial defect. 
On the basis of transcriptomic results, we go one step 
beyond reports that Notch1 signaling is involved in the 
angiogenesis process, suggesting that Notch1 signaling is 
the specific pathway most sensitive to changes in mito-
chondrial function in ECs constituting the BBB. Addi-
tionally, the role of WNT1 and PPARGC1A pathways will 
need to be further investigated in future studies.

Notch1 signaling is involved in heart development 
and repair through activation of EC development, dif-
ferentiation, and proliferation [47]. Once Notch1 is acti-
vated by binding of its ligand, the Notch1 intracellular 
domain (NICD) is released and initiates the transcrip-
tion of target genes, such as Hes1 [48]. Although it has 
been previously reported that changes in Notch1 activity 
are related to mitochondrial fusion and fission [41], the 
current study is the first to report that Notch1 signaling 
activity changes in isolated microvessels from transgenic 

mice (TEKCRIF1 KO) in the setting of EC mitochondrial 
dysfunction. In constructing an ICH model in which BBB 
disruption and mitochondrial dysfunction are consid-
ered characteristic pathologies, we also found an asso-
ciated decrease in Notch1 signaling. Although the ICH 
pathologies originated from not only the endothelial 
level, mitochondrial damage in endothelial cells is a pow-
erful pathogenic factor to initiate the secondary injury in 
ICH [16, 49, 50]. That is, a decrease in Notch1 signaling, 
which occurs in the early stages of ICH with BBB dis-
ruption, is associated with a deficiency in mitochondrial 
function and is therefore considered to be a factor that 
aggravates the pathology. Accordingly, we tested whether 
stimulating Notch1 signaling could prevent the pathol-
ogy and accompanying mitochondrial deficiency. This 
possibility was confirmed by administration of adropin, 
which stimulates Notch1 signaling. Thus, a decrease in 
Notch1 signaling in a local area with a profound defect 
in mitochondrial function is a factor that aggravates ICH 
pathology with BBB disruption, and stimulating Notch1 
signaling can maintain BBB integrity and attenuate mito-
chondrial dysfunction in the surrounding nervous tis-
sue. Accordingly, adropin treatment can attenuate the 
deterioration associated with the pathology and could 
possibly prevent the development of ICH. Also, it can 
protect neuron cells which synthesize adropin [51] and 
the decrease of adropin in ICH could be alleviated since 
secondary brain injury decreased as we observed adropin 
expression in Additional file 1: Fig. S3. Even though our 
results are not consistent with a previous study, adropin 
has previously been shown to attenuate BBB disruption 
without effecting hematoma volume [38], this may be 
due to differences in the dose and injection site of colla-
genase. Also, the previous study used a much lower con-
centrations of adropin compared to the present study. As 
adropin is involved in to energy homeostasis and lipid 
metabolism and can regulate endothelial function [39, 
52, 53], the effects of adropin in cerebral vessels must be 
further studied. Furthermore, adropin is currently sug-
gested as a clinical biomarker of obesity and is reported 
to play a role in cardiovascular protection and type 2 
diabetes mellitus [37, 54, 55]. Our findings are valuable 
in this context insofar as they provide support for clinical 
trials of adropin in patients with disruption of BBB and 
mitochondria, such as ICH disease. Therefore, the effect 
of adropin in cerebral vessels and cerebrovascular disease 
has to be studied in further future.

Focusing on mitochondrial dysfunction in ECs, we 
identified Notch1 signaling as a therapeutic target for 
BBB maintenance in TEKCRIF1 KO mice and demon-
strated a beneficial effect of activating Notch1 signal-
ing in an ICH model. However, the Notch1 signaling 
pathway is also known to be a molecular mechanism 
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that coordinates cellular events by interacting and com-
municating with neighboring cells [56]. Because a tran-
scriptomic study comparing single cultured ECs with ECs 
cocultured with pericytes—a cell type of the neurovascu-
lar unit—showed differences in BBB maintenance-related 
pathway that depended on the presence of neighboring 
cells [57], further studies are needed to investigate inter-
actions between ECs and astrocytes and/or pericytes in 
the neurovascular unit. Taken together, our results sug-
gest that Notch1 signaling is a key regulator under condi-
tions in which mitochondrial function in ECs of the BBB 
is disrupted and strengthen the effect of Notch1 signaling 
as a therapeutic target for maintaining BBB integrity in 
cerebrovascular disease.

Conclusions
In conclusion, we identified the Notch1 signaling path-
way as a therapeutic target for BBB maintenance in 
TEKCRIF1 KO mice, which exhibit a mitochondrial 
defect in ECs. Activation of Notch1 signaling through 
treatment with adropin reduced ICH pathologies, includ-
ing BBB leakage, in association with attenuation of mito-
chondrial function in brain tissue. Our findings suggest 
that Notch1 signaling is a key regulator in ECs of the 
BBB in the setting of mitochondrial dysfunction and 
strengthen the effect of Notch1 signaling as a therapeutic 
target for maintaining BBB integrity in cerebrovascular 
disease.
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