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Abstract

Background Age-related changes in the cerebrovasculature, including blood-brain barrier (BBB) disruption and
vascular dementia, are emerging as potential risks for many neurodegenerative diseases. Therefore, the endothelial
cells that constitute the cerebrovasculature may play key roles in preventing brain injury. Our previous study showed
that CU06-1004, an endothelial cell dysfunction blocker, prevented vascular leakage, enhanced vascular integrity in
ischemic reperfusion injury, and promoted the normalization of tumor vasculature. Here, we evaluated the effects of
CU06-1004 on age-related cerebrovascular functional decline in the aged mouse brain.

Results In this study, we investigated the protective effects of CU06-1004 against oxidative stress—induced damage
in human brain microvascular endothelial cells (HBMECs). HBMECs were treated with hydrogen peroxide (H,0,) to
establish an oxidative stress—induced model of cellular injury. Compared with H,0, treatment alone, pretreatment of
HBMECs with CU06-1004 considerably reduced oxidative stress—induced cytotoxicity, reactive oxygen species gen-
eration, senescence-associated [3-galactosidase activity, senescence marker expression, and the expression levels of
inflammatory proteins. Based on the observed cytoprotective effects of CU06-1004 in HBMECs, we examined whether
CU06-1004 displayed protective effects against cerebrovascular aging in mice. Long-term administration of CU06-
1004 alleviated age-associated cerebral microvascular rarefaction and cerebrovascular senescence in the aged mouse
brain. CU06-1004 supplementation also reduced the extravasation of plasma IgG by improving BBB integrity in the
aged mouse brain, associated with reductions in neuronal injury. A series of behavioral tests also revealed improved
motor and cognitive functions in aged mice that received long-term CU06-1004 administration.

Conclusions These findings suggest that CU06-1004 may represent a promising therapeutic approach for delaying
age-related cerebrovascular impairment and improving cognitive function in old age.

Keywords CU06-1004, Blood-brain barrier, Aging, Brain microvascular endothelial cell (BMEC), Reactive oxygen
species (ROS), Cerebrovasculature, Inflammation, Neurodegenerative disorders

Background
The blood-brain barrier (BBB) is a physical barrier com-
posed of brain microvascular endothelial cells (BMECs)
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During aging, various stimuli and environmental fac-
tors can cause BMECs to lose their abilities to pro-
liferate, migrate, and repair damage [3, 4]. Damaged
BMEC:s transition into senescence, an irreversible state
of growth arrest. The accumulation of senescent cells in
organs leads to the release of high levels of inflamma-
tory cytokines, matrix metalloproteinases, and immune
regulators, which can induce the development of a
senescence-associated secretory phenotype (SASP) in
the surrounding microenvironment. SASP development,
which can occur even if only 2-3% of endothelial cells
become senescent, is thought to be the primary cause of
age-related diseases [5, 6]. The induction of senescence
among BMECs in the cerebrovascular system could
result in BBB disruption, mild cognitive impairment, and
vascular dementia, with major implications for the devel-
opment of cerebrovascular diseases and neurodegenera-
tive disorders [7-9].

Accumulating evidence demonstrates that oxidative
stress and inflammation are the primary factors driv-
ing cellular senescence [10, 11]. Inflammatory cytokines
secreted by senescent cells trigger further inflammation
and senescence in surrounding tissues [12]. Addition-
ally, the increased presence of inflammatory cytokines
reduces endogenous antioxidative enzyme levels and
induces the accumulation of reactive oxygen species
(ROS) in tissue [13]. The cerebrovascular system is par-
ticularly sensitive to oxidative stress, and the accumula-
tion of ROS can lead to BBB disruptions [13—15]. Many
studies have shown that the BBB structure and function
deteriorate during aging, leading to increased BBB per-
meability [16—18]. Disruption of the BBB is associated
with the loss of motor neurons, neuroinflammation, and
cognitive impairment [19]. However, few pharmaceutical
interventions have been identified as therapeutic candi-
dates for preserving BBB functionality and preventing
cerebrovascular aging [20-22].

CUO06-1004 is a small molecule known to activate the
cAMP/Rac/cortactin pathway, strengthening the tight
junction barrier in endothelial cells and blocking hyper-
permeability [23, 24]. Acute CU06-1004 treatment for
ischemia/reperfusion-induced BBB injury reduced cer-
ebral edema and astrocyte end-foot disruption by sta-
bilizing endothelial cell junctions [25]. Based on these
previous findings, we investigated the effects of CU06-
1004 on age-related cerebrovascular functional decline
in the aged mouse brain. To investigate the role and
potential molecular mechanisms of CU06-1004 in the
aged brain, we used both an in vitro cell model of hydro-
gen peroxide (H,0,)-induced oxidative stress injury and
an in vivo mouse model of natural aging. Our results
showed that CU06-1004 treatment inhibited oxidative
stress—induced senescence in HBMECs and reduced
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inflammation by suppressing nuclear factor-kappa B (NF-
kB) signaling. Furthermore, we report the novel finding
that long-term oral CU06-1004 administration improves
age-associated cerebral microvascular rarefaction in aged
mice. Notably, treatment with CU06-1004 increased the
expression of tight junction proteins in the endothelial
cells of the cerebral microvasculature, which are critical
for BBB maintenance. Consequently, CU06-1004 treat-
ment attenuated neuropathological changes in the aged
brain. We also found that CU06-1004 treatment res-
cued cognitive deficits and enhanced muscle function in
23-month-old mice. Our results demonstrate that CU06-
1004 effectively ameliorates age-associated cerebrovascu-
lar aging and brain injury, suggesting that CU06-1004 has
the potential for use as an effective therapy protecting
against the development and progression of age-related
cerebrovascular diseases.

Materials and methods

Drug treatment

CUO06-1004 was synthesized as described previously [23].
Briefly, CU06-1004 was synthesized via tetrahydropyran
deprotection and subsequent glycosidation with 4,6-di-
O-acetyl-2,3-didieoxyhex-2-enopyran in the presence of
an acid. A working solution of CU06-1004 (10 pg/pl) was
prepared in dimethyl sulfoxide (DMSO, Sigma, #D2650)
for in vitro experiments. For in vivo experiments, CU06-
1004 was dissolved in olive oil (Sigma, #01514) for oral
administration. Mice (72 weeks old) were divided into
two groups. The old-vehicle group was administered
vehicle only (n=15), and the old-1004 group was admin-
istered CU06-1004 (10 mg/kg, n=15). Both vehicle and
CUO06-1004 treatments were orally administered 6 days
per week using a Zonde needle (100 pl, Jeung Do Bio &
Plant Co, #]D-S124) for 6 months (age 18—24 months).
No symptoms, such as diarrhea, were observed. How-
ever, natural weight loss was observed with increased age
in both old-vehicle and old-1004 mice, with no significant
difference in body weights between the two aged groups.

Experimental animals

Male C57BL/6 ] mice (72 weeks old) were purchased
from Charles River Laboratories Japan (Yokohama,
Kanagawa, Japan). Additionally, 6-week-old male
C57BL/6 ] mice (DBL, Korea) were used as young mice,
and 24-month-old male C57BL/6 ] mice were used as
aged mice. All mice were housed under controlled con-
ditions (24 °C+1 °C, 12-h light/dark cycles, 55% humid-
ity, and specific pathogen—free) and provided with free
access to food and water. All animal facilities and experi-
ments were performed in accordance with the Korean
Food and Drug Administration guidelines. All proce-
dures were approved by the Institutional Animal Care
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and Use Committee at Yonsei University (permit num-
ber: IACUC-A-202010-1154-01).

Primary cultures of human brain microvascular endothelial
cells

Human BMECs (HBMECs) were purchased from Sci-
enCell (Cat. No. 1000) and cultured in endothelial cell
growth medium 2 (EGM-2; Lonza, CC-3156) sup-
plemented with the EGM-2 SingleQuots kit (Lonza,
CC-4176), 20% fetal bovine serum, and 1% penicillin/
streptomycin (Cat. No. 0503). Cells were routinely pas-
saged at 80-90% confluency, and cells between passages
3 and 6 were used for experiments. Cells were maintained
at 37 °C in a humidified atmosphere containing 5% CO,.

Measurement of cell viability

Colorimetric ~ 3-(4,5-dimetylthialzol-2-yl)-2,5-diphenyl-
tertrazolium bromide (MTT; Thermo Fisher Scientific,
#M6494) assay was used to measure cell viability. MTT
is reduced to formazan by mitochondrial dehydroge-
nases, and the absorbance (570 nm) is directly propor-
tional to the viable cell count. HBMECs were seeded into
a gelatin-coated 24-well plate at 1x 10° cells/well and
incubated at 37 °C in EGM-2 medium overnight. The fol-
lowing day, the cells were treated with either CU06-1004
or H,0,. The cells were then washed with 1 x phosphate-
buffered saline (PBS) and incubated for 4 h at 37 °C with
MTT solution (0.1 mg/ml) to evaluate cell viability. After
the 4-h incubation, the MTT solution was removed,
and a 50:50 solution of DMSO and ethanol was added
(200 pl/well) to solubilize formazan crystals. Absorb-
ance was detected at a wavelength of 570 nm, and cell
viability was calculated as a percentage of the absorbance
detected from the control cells.

RNA isolation and reverse transcription-polymerase chain

reaction

To perform reverse transcription—polymerase chain reac-
tion (RT-PCR), total RNA was extracted from HBMECs
using easy-BLUE™ (iNtRON, #17061). Total RNA was
reverse transcribed into cDNA using M-MLV Reverse
Transcriptase (Promega Corporation, #M1701) in the
presence of oligo(dT) primers and ANTP. The following
temperature protocol was used for reverse transcription:
Denaturation at 70 °C for 5 min, annealing at 25 °C for
10 min, and extension at 42 °C for 50 min. The follow-
ing primers were used for PCR: p21, 5'-GCTTCATGC
CAGCTACTTCC-3" (forward), 5-CCCTTCAAAGTG
CCATCTGT-3' (reverse); pl6, 5-CCTCGTGCTGAT
GCTACTGA-3' (forward), 5-CATCATCATGACCTG
GTCTTCT-3' (reverse); and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), 5-CCACCCATGGCAAAT
TCC-3' (forward), 5-TCGCTCCTGGAAGATGGTG-3'
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(reverse). All results were normalized to GAPDH expres-
sion levels.

Measurement of intracellular reactive oxygen species

The formation of ROS was measured using a ROS-sen-
sitive indicator dye: 2;7’-dichlorodihydrofluorescein
diacetate (H,-DCEDA, Invitrogen, #D399). HBMECs
were seeded at 1x 10* cells/well in a black, clear-bot-
tom, 96-well plate containing 100 pl culture medium
and incubated at 5% CO, and 37 °C overnight. The fol-
lowing day, HBMECs were starved of media for 2 h and
then pretreated with CU06-1004 (10 pg/ml) for 1 h. The
media were removed, and the cells were washed twice
with PBS, followed by incubation with 100 uM H,0O, for
2 h to stimulate ROS development. The cells were then
incubated with 10 uM H,-DCFDA for 30 min at 37 °C.
The fluorescent product formation was quantified with a
spectrofluorometer at 485/520 nm. The fluorescent cells
were then washed twice with PBS and observed using a
fluorescence microscope (Microscope, Olympus DX51;
Camera, Olympus DP72).

Senescence-associated-p-galactosidase staining

Samples were fixed with 3.7% formaldehyde for 10 min
and washed with cold 1 x PBS for 15 min at room tem-
perature (RT). Samples were washed twice more with
PBS and then incubated with senescence-associated
B-galactosidase (SA-B-Gal) staining solution [1 mg/
ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(X-gal, MERCK, #B4252), 5 mM potassium ferrocya-
nide, 5 mM potassium ferricyanide, 150 mM NacCl,
2 mM MgCl,, and 0.01% Nonidet-P-40 (NP-40)] for
24 h at 37 °C without CO,. After the 24-h incubation,
samples were washed with PBS, and the degree of blue
color development was used to indicate aging [26]. Stain-
ing and imaging were observed under a phase-contrast
microscope (Nikon, Japan).

Quantitative immunofluorescent microscopy of cerebral
immunoglobulin G extravasation

The integrity of the BBB was determined by the detection
of cerebral perivascular extravasation of the plasma pro-
tein immunoglobulin G (IgG), a widely used and estab-
lished method [27]. To clear blood and remove vascular
IgG, 24-month-old mice were anesthetized using aver-
tin (2, 2, 2-tribromoethanol, Sigma Aldrich, #T48402;
250 mg/kg of body weight) and perfused with 0.9% saline
solution injected into the apex of the left ventricle. Brain
tissues were immersion-fixed in 4% paraformaldehyde for
24 h and immersed in 15% and 30% sucrose each day. The
tissues were then frozen in optimal cutting temperature
(OCT) compound and stored at—80 °C. Brain cryosec-
tions (25-um-thick) were placed on Polysine "-coated
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microscope slides (Leica, #3800050CL). The sections
were prefixed in acetone for 30 min at—70 °C. Non-spe-
cific binding was blocked by incubation with 10% goat
serum in PBS for 30 min. Sections were incubated with
goat anti-mouse IgG conjugated with Alexa 488 (1 mg/ml,
1:50, Invitrogen, #A28175) at 4 °C for 20 h. After washing
sections with 0.2% Tris-buffered saline containing Tween
20 (TBST) and 1 x PBS, the sections were mounted with
mounting solution (DAKO, #S3023). Immunofluores-
cent images were acquired using a Zeiss LSM980 confo-
cal microscope (Zeiss, Germany) at 20 x magnification.
Images were analyzed by Zen blue software (Zeiss, Ger-
many). Quantification of fluorescence intensity was per-
formed using Photoshop version CS6 (Adobe Systems,
San Jose, CA). For each cortical and hippocampal region,
5-6 images were randomly obtained from each brain sec-
tion, and all images were used for subsequent quantita-
tive analyses.

Quantitation of IL-6 and TNF-a by enzyme-linked
immunosorbent assay

Cardiac puncture was performed to obtain blood sam-
ples. Blood was collected in serum-separating tube (Bec-
ton Dickinson, # BD365967) and incubated for 30 min at
RT. Samples were centrifuged at 201 x g for 10 min at RT
to obtain murine serum. Serum concentrations of inter-
leukin (IL)-6 and tumor necrosis factor-alpha (TNF-a)
were determined using Quantikine ELISA Kit (R&D sys-
tems, #M6000B, #MTAOQ0B), according to the manufac-
turer’s protocol.

Histology and immunohistochemical analysis

After 6 months of drug administration, 24-month-old
mice were anesthetized using avertin (2, 2, 2-tribro-
moethanol, Sigma Aldrich, #T48402; 250 mg/kg of
body weight) and perfused with 0.9% saline solution
injected into the apex of the left ventricle. Brain tissue
was removed and fixed in 4% paraformaldehyde in PBS
(pH 7.4) overnight at 4 °C. Following overnight fixation,
brain tissue was incubated in 15% sucrose overnight at
4 °C and then transferred to 30% sucrose at 4 °C until the
tissue sank. Fixed tissue was encapsulated in Tissue-Tek
OCT embedding medium for 30 min at RT, transferred
to an embedding mold filled with OCT, frozen on dry
ice, and stored at— 70 °C. Frozen section (25-um-thick)
were cut at—20 °C, and slides were stored at— 80 °C
until stained for immunofluorescence. Sections were pre-
fixed in acetone for 30 min at — 70 °C and air dried. OCT
was washed off with running tap water. Sections were
incubated in blocking solution for 1 h at RT and then
incubated overnight at 4 °C with the following primary
antibodies: CD31 (1 upg/ml, 1:200; Abcam, #ab24590),
glial fibrillary acidic protein (GFAP; 1:200; Millipore,
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#MAB360), claudin-5 (0.5 mg/ml, 1:200; Invitrogen,
#35-2500), and occludin (0.25 mg/ml, 1:200; Invitrogen,
#711500). After incubation, sections were washed three
times with 0.2% Triton X-100 in PBS (10 min/wash) and
further incubated separately with appropriate 488-con-
jugated secondary antibody (1 mg/ml, 1:400, Invitrogen,
#A28175), 594-conjugated secondary antibody (2 mg/ml,
1:400; Invitrogen, #A21207), and 4/,6-diamidino-2-phe-
nylindole (DAPL; 1 mg/ml, 1:1000, Duolink, #D9542).
Stained sections were analyzed using a confocal micro-
scope (LSM 880 META; Carl-Zeiss).

Western blot analysis

Western blotting was performed as previously described
[28]. Briefly, HBMECs were lysed using radioimmunopre-
cipitation assay (RIPA) buffer (100 mM Tris—Cl, 5 mM
EDTA, 50 mM NaCl, 50 mM B-glycerophosphate, 50 mM
NaF, 0.1 mM NazVO, 0.5% NP-40, 1% Triton X-100, and
0.5% sodium deoxycholate) at 4 °C. Sample protein con-
centrations were quantified using the SMART = BCA
Protein Assay Kit (iNtRON, #21071). Cell lysates (25 ug)
were separated by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis and transferred to nitrocellulose
membranes. Membranes were blocked with 3% bovine
serum albumin in 0.1% TBST and probed with pri-
mary antibodies. Membranes were then incubated with
horseradish peroxidase—conjugated goat anti-rabbit IgG
(0.8 mg/ml, 1:1000, Thermo Scientific, #31460) or goat
anti-mouse IgG (0.8 mg/ml, 1:1000, Thermo Scientific,
#31430) secondary antibodies. B-Actin was used as the
loading control. The following primary antibodies were
obtained from Cell Signaling Technology and were used
at a 1:1000 dilution: phospho—NF-«B inhibitor (IkB)-a
(#9242), IkB-a (#9242). The other primary antibodies
used were intracellular adhesion molecule 1 (ICAM-1;
200 pg/ml, 1:1000, Santa Cruz Biotechnology, #SC-8439),
vascular cell adhesion molecule 1 (VCAM-1; 200 pg/ml,
1:1000, Santa Cruz Biotechnology, #SC-13160), cycloox-
ygenase 2 (COX-2; 200 ug/ml, 1:1000, Santa Cruz Bio-
technology, #SC-376861), and p-actin (1 pg/ml, 1:2000,
Thermo Fisher Scientific, #MA5-15739).

Behavior tests

Wire hang test

The wire hang test was conducted to evaluate mouse
forelimb strength. The apparatus consisted of a stainless-
steel wire (90 cm in length, 2 mm in diameter) secured
horizontally between two vertical stands, 30 cm above a
soft, padded surface. The wire hang test was conducted
when mice were 23 months of age. The mouse was forced
to grasp the central position of the wire with its forepaws,
and the time until the mouse fell from the wire to the pad
was measured. When the time reached 150 s, the mouse
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was released from the wire, and the time was recorded as
150 s. The trial was repeated three times for each mouse,
and the average value across all three trials was used for
evaluation. Mice were allowed to rest for 3 min between
consecutive attempts.

Rotarod test

The rotarod test was conducted to assess motor coor-
dination. Mice were placed on a rotarod device (Four
Lane Rotarod; Ugo Basile, Italy, #MSW-007) consisting
of a rod rotating at an accelerating speed that the mice
must balance on. If the mouse loses its balance and falls,
the rod automatically stops and records the time to fall
and the rotating speed at the time of the fall. Prior to the
first test, the mice were habituated to the testing system
until they were able to stay on a rod rotating at a constant
speed of 2 rpm for approximately 1 min. During testing,
each animal was placed on the apparatus three times for
300 s per trial. The initial rotation speed was 4 rpm and
increased to 50 rpm over 300 s. When the mouse fell, the
session was over, and the Ugo Basile program stopped
the timer [29].

T-maze alteration

Spatial working memory was assessed using a simple
T-maze test [30]. Each trial consisted of a sample run
and a choice run. During the sample run, one of the goal
arms was blocked, forcing the mouse to enter the other
goal arm (e.g., the left arm). A 30-s interval separated the
sample run from the choice run, and a 30-s interval was
used between trials. During the choice run, both arms
were open, and the mouse was able to choose either arm.
Even without a reward, driven by curiosity, mice usually
selected the previously unvisited arm (e.g., the right arm).
The animal was considered to have made a correct choice
(4) if it visited the previously unsampled arm and an
incorrect (—) choice if it visited the previously sampled
arm. A total of 10 free choices made by each mouse were
measured, and the percentage of correct arm choices
during the choice trials was calculated. Each arm of the
T-maze was cleaned between sessions using ethanol to
remove any olfactory cues, which may have affected the
behavior of the next mouse tested.

Statistical analysis

Data were analyzed using repeated-measures one-way
analysis of variance, followed by a post hoc Tukey’s
multiple comparison test. Data are presented as the
mean =+ standard deviation (SD) or as the mean =+ stand-
ard error of the mean (SEM). P-value less than 0.05 was
significant. All statistical analyses were performed using
GraphPad Prism version 8 (GraphPad Software, San
Diego, CA, USA).
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Results

CU06-1004 reduces H,0,-induced inhibition of HBMEC
growth

Prior to investigating the protective properties of CU06-
1004 (Fig. 1A) against H,0O, treatment, the cytotoxic
potential of CU06-1004 was examined in HBMECs. The
MTT assay indicated no cytotoxic effects for CU06-1004
treatment at concentrations ranging from 1 to 20 pg/ml
(1, 2, 5, 10, and 20 pg/ml). Conversely, CU06-1004 treat-
ment significantly increased HBMEC growth in a dose-
dependent manner (Fig. 1B). Further MTT analyses
revealed that treatment with 50 uM H,O, did not inhibit
HBMEC growth, whereas treatment with 100 uM H,0O,
significantly inhibited HBMEC growth (Fig. 1C). How-
ever, CU06-1004 pretreatment effectively prevented the
H,0,-induced inhibition of cell growth (Fig. 1D). These
results demonstrate that CU06-1004 pretreatment is
able to prevent the H,0,-induced inhibition of HBMEC
growth.

CU06-1004 inhibits H,0,-induced ROS generation

and alleviates the inflammatory response of HBMECs

To elucidate the possible mechanisms through which
CU06-1004 prevents the H,0,-induced inhibition of
HBMEC growth and determine the effect of CU06-1004
on H,0,-induced oxidative stress, we used H,-DCFDA,
a cell-permeable dye that fluoresces upon oxidation by
ROS. HBMECs treated with H,0, for 2 h showed sig-
nificantly enhanced ROS generation compared with
untreated HBMECs. However, pretreatment with CU06-
1004 for 1 h significantly inhibited the H,O,-induced
increase in ROS generation in a dose-dependent manner
(Fig. 2A, B). Many studies have determined that oxidative
stress induces an inflammatory response, either directly
or indirectly, and oxidative stress and inflammation are
primary mechanisms related to the onset of age-related
vascular endothelial dysfunction [31-33]. Therefore, to
investigate whether CU06-1004 pretreatment was able
to alleviate the inflammatory response induced by oxi-
dative stress, we examined the expression of inflamma-
tory proteins in H,O,-treated HBMECs. As shown in
Fig. 2C-G, CU06-1004 pretreatment effectively inhib-
ited the H,0,-induced expression of ICAM-1, VCAM-1,
and COX-2, an inflammation-mediating enzyme. Fur-
thermore, the transcription factor NF-«B is considered
a major mediator of the inflammatory response, and
the level of phosphorylated IkBa, an indicator of NF-xB
activity, was significantly reduced in HBMECs pre-
treated with CU06-1004. Together, these results suggest
that CU06-1004 pretreatment exerts a protective effect
against ROS-induced damage by inhibiting the inflam-
matory response in HBMECs.
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Fig. 1 CU06-1004 reduces H,0, -induced inhibition of HBMEC growth. A Chemical structure of CU06-1004. B Human brain microvascular
endothelial cells (HBMECs) were incubated with increasing concentrations of CU06-1004 (1, 2, 5, 10, 20 pg/ml) for 48 h. Cell viability was determined
using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. C Cell viability of HBMECs treated with increasing concentrations
of H,0, for 24 h. Cell viability was determined using MTT assay. D HBMECs were pretreated with CU06-1004 (5-20 pg/ml) for 1 h before 100 uM
H,0, exposure. After 24 h, cell viability was determined using MTT assay. All data were analyzed with one-way analysis of variance followed by
Tukey’s multiple comparisons test. B-C. **P < 0.001 vs. control. n.s,, not significant. D. ##P < 0.001 vs. control. **P < 0.001 vs. H,O,. Results are
presented as the mean, and error bars represent the standard error of the mean

CU06-1004 reverses H,0,-induced senescence in HBMECs

To investigate the effect of CU06-1004 treatment
on HBMECs with a senescent phenotype, cells were
treated with 100 pM H,O, to induce cellular senescence
(Fig. 3A). At 3 days post-H,0O, exposure, the presence of
senescent HBMECs was confirmed by the presence of
cells with an enlarged shape and cytoplasmic granular-
ity. After 5 days, the SA-B-Gal staining assay was used to
assess the level of senescence among HBMECs exposed
to H,O,. A threefold increase in the percentage of SA-p-
Gal™ cells was observed in H,0,-treated HBMECs com-
pared with control cells. However, pretreatment with
CU06-1004 significantly inhibited this effect and reduced
the percentage of SA-B-Gal™ cells to twofold that of con-
trol cells (Fig. 3B). Senescence is a state of permanent
cellular arrest that is established and maintained by the

expression of cyclin-dependent kinase inhibitors. As
p16™¥42 and p21 are known to mediate permanent cell
cycle arrest [34, 35], we used RT-PCR to determine the
mRNA levels associated with these genes. The expression
levels of p16 ™K and p21 were downregulated in the
CUO06-1004 treatment group, confirming the anti-senes-
cence effect of CU06-1004 in HBMEC:s (Fig. 3C-E).

CU06-1004 alleviates age-associated cerebral
microvascular rarefaction and vascular aging in mice
Based on results showing the anti-inflammatory and
anti-senescence effects of CU06-1004 in HBMECs, we
examined whether the long-term administration of
CU06-1004 (10 mg/kg via oral gavage) to 18-month-
old mice (late middle age) had protective effects against
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Fig.2 CU06-1004 inhibits H,0,-induced reactive oxygen species generation and alleviates the inflammatory response in HBMECs. A
Representative fluorescent images indicating reactive oxygen species (ROS) production in human brain microvascular epithelial cells (HBMECs).
HBMECs were pretreated with 5 and 10 ug/ml CU06-1004 for 1 h, followed by incubation with 100 uM H,O, for 2 h. Cells were then labeled with 2;
7'-dichlorodihydrofluorescein diacetate (H,-DCFDA) to measure ROS production. B The levels of ROS were detected by fluorescence microscopy
with H,-DCFDA as the fluorescent probe. Quantitative analysis was performed by measuring the fluorescence intensity relative to control cells. C
CU06-1004 suppressed ROS-mediated nuclear factor-kappa-B (NF-kB) activation in HBMECs. HBMECs were pretreated with CU06-1004 for 1 h and
treated with H,0, for 6 h. D-G Quantitative analysis of intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and
cyclooxygenase-2 (COX-2) expression levels normalized to 3-actin levels. Phosphorylated NF-kB inhibitor (p-IkBa) expression levels are normalized
to total IkBa levels. All expression levels were evaluated by western blotting. All data were analyzed with one-way analysis of variance, followed by
Tukey’s multiple comparison test. P < 0.05, ##P <0.001 vs. control. **P<0.01, **P < 0.001 vs. H,0,. Results are presented as the mean, and error bars
represent the standard error of the mean
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Fig. 3 CU06-1004 reverses H,0,-induced senescence in HBMECs. A Senescence-associated 3-galactosidase (SA-3-Gal) staining in human brain
microvascular endothelial cells (HBMECs) treated with 100 uM H,O, for 1-2 days, with or without CU06-1004 (1004), and then maintained in fresh
media for 5 days. Representative microscopic images were captured with phase-contrast microscopy. B Quantification of SA-3-Gal-positive cells

shown in A. C-E The relative mRNA levels of p16 and p21 in senescent HBMECs following exposure to H,O, or CU06-1004 were quantified by
reverse transcriptase—polymerase chain reaction. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. All data were analyzed with one-way
analysis of variance, followed by Tukey’s multiple comparison test. ##P<0.001 vs. control. ***P<0.001 vs. H,0,. n.s,, not significant. Results are
presented as the mean, and error bars represent the standard error of the mean

cerebrovascular aging. First, we measured the maximal
cortical diameter and the brain-to-body weight ratio at
the postmortem examination. The mean cortical diam-
eter decreased by 8% in 24-month-old mice (late age)
compared with 6-week-old mice (young age). However,
among 24-month-old mice, no differences in corti-
cal diameter were detected between those treated with
vehicle (old-vehicle) and those treated with CU06-1004
(old-1004; Fig. 4A, B). We also measured the brain-to-
body weight ratio because this measure serves as a rough
estimate of intelligence and brain function in animals
[36]. The relative brain-to-body weight ratio was sig-
nificantly reduced in the old-vehicle group but was less
reduced in the old-1004 group (Fig. 4C). The brains of

CUO06-1004-treated mice were heavier than the brains
of vehicle-treated mice (Additional file 1: Figure S1). To
examine age-related changes in the brain microvascula-
ture, the patterning of the brain vasculature in the cortex
and hippocampus was analyzed in the aged mouse brain
through the immunofluorescent staining of endothelial
markers. A significant reduction in capillary vessel den-
sity was observed for the microvasculature of old mice
compared with the microvasculature of young mice.
However, greater capillary vessel density and higher
numbers of branch points were observed in the old-
1004 group than in the old-vehicle group, suggesting that
CU06-1004 improves vessel maintenance and inhibits
cerebral microvascular rarefaction in aged mice (Fig. 4D,
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E). Additionally, SA-B-Gal™ cells were observed in vessels
located in the cortex of aged mice, but the prevalence of
SA-B-Gal* cells decreased in the old-1004 group com-
pared with the old-vehicle group (Fig. 4F). Interestingly,
in the old-1004 group, SA-B-Gal™ cell prevalence was
reduced in both vascular and non-vascular region, sug-
gesting that CUO06-1004 may alleviate cerebrovascular
aging in both vascular and non-vascular cells (Fig. 4G).
These results suggest that long-term administration of
CUO06-1004 prevents age-associated cerebral microvas-
cular rarefaction and cerebrovascular aging.

CU06-1004 treatment prevents the disruption of BBB
integrity during aging

We then investigated whether age-induced cerebral
microvascular rarefaction affects BBB integrity. BBB
integrity was determined by detecting the cerebral
extravasation of the plasma protein IgG. As shown in
Fig. 5A, B, IgG was almost absent from the cortical and
hippocampal parenchyma of young mice but was highly
abundant in the parenchyma of aged mice. Notably,
the IgG abundance was significantly decreased in the
0ld-1004 group compared with the old-vehicle group.
As BBB permeability is highly dependent on cerebro-
vascular endothelial tight junctions, we next examined
tight junction integrity in the brains of young and aged
mice. Compared with young mice, the cerebral vessels
of aged mice expressed lower levels of the tight junc-
tion proteins claudin-5 and occludin, but claudin-5
was upregulated in aged mice that received CU06-1004
treatment (old-1004). However, no difference in occlu-
din expression levels was observed between the aged
groups (Fig. 5C, D). In addition, the protein expression
levels of claudin-5 and occludin in aged mice brain tis-
sues following old-1004, which revealed significantly
increased protein expressions in old-1004 mice com-
pared with old-vehicle (Additional file 2: Figure S2).
We used electron microscopy to further examine the
changes in tight junction complexes that might be
responsible for cerebrovascular leakage. In young mice,

(See figure on next page.)
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ultrastructural analysis showed seamless tight junctions
within a smooth endothelial layer surrounded by astro-
cytic end-feet. In aged mice, the capillary wall appeared
thicker, and the astrocytic end-feet were considerably
swollen; however, the tight junctional complex was less
damaged in the old-1004 group than in the old-vehicle
group (Additional file 3: Figure S3). These results indi-
cate that aging accelerates the onset of BBB dysfunc-
tion, and the long-term administration of CU06-1004
might prevent damage to BBB integrity associated with

aging.

CU06-1004 attenuates neuropathological changes

in the aged brain

Studies have shown that BBB dysfunction amplifies and
may act as a key process in the development of neu-
roinflammation [37]. Therefore, we evaluated astro-
cyte activation, a widely accepted neuroinflammatory
hallmark, in the brain tissues of young and aged mice.
Histopathological alterations were evaluated using
immunohistochemistry and immunofluorescence stain-
ing. As shown in Fig. 6A, B, GFAP-positive (activated)
astrocytes were significantly increased in hippocam-
pal brain sections from aged mice compared with
hippocampal brain sections from young mice. Dou-
ble immunofluorescence staining showed increased
GFAP-positive astrocytes in the hippocampal sections
of aged mice, suggesting that aging causes the upregu-
lation of activated astrocytes. Notably, the long-term
administration of CU06-1004 reduced systemic aging-
associated increases in TNF-a and IL-6 levels (Fig. 6C).
Additionally, we analyzed expression levels of inflam-
matory proteins from brain tissue extracts. The expres-
sion levels of proteins, such as ICAM-1, VCAM-1, and
COX-2, were lower in brain tissues from aged mice
that received CU06-1004 (old-1004) than in untreated
aged mice (old-vehicle; Fig. 6D—@G). Collectively, these
results indicate that the long-term administration of
CU06-1004 exerts anti-inflammatory and neuroprotec-
tive effects in aged mice.

Fig. 4 The effect of long-term CU06-1004 administration on cerebrovascular aging in mice. A Whole-mount view of brains from 6-week-old
(young), 24-month-old vehicle-treated (old-veh), and 24-month-old CU06-1004-treated mice (old-1004) B, C Quantification of maximal

brain diameter (B) and brain-to-body weight ratio (C, brain index) in young (n =6), old-veh (n=10-12), and old-1004 (n=10-12) mice. D, E
Representative images and quantification of capillary vessel density in the cortical and hippocampal regions of young, old-veh, and old-1004
mice. Scale bar=50 um. F Representative images of Senescence-associated 3-galactosidase staining (SA-B-gal) in cortical regions of young,
old-veh, and old-1004 mice (n=7 per group). G Stained levels of SA 3-gal-positive cells, digitized for analysis by Photoshop. Quantified SA-B-gal
positive densities in vascular region was calculated as the ratio of the area covered by SA-B-gal positive vascular area to the total vascular area.
And quantified SA-B-gal positive densities in non-vascular region was calculated as the ratio of the area covered by SA-B-gal positive non-vascular
area to the total area excluding the vascular area. Interestingly, in the old-1004 group, SA-B-Gal™ cell prevalence was reduced in both vascular and
non-vascular region, suggesting that CU06-1004 may alleviate cerebrovascular aging in both vascular and non-vascular cells (G). All data were
analyzed with one-way analysis of variance, followed by Tukey's multiple comparison test. ##P < 0,001 vs. young. *P< 0.05 vs. old-veh. Results are

presented as the mean, and error bars represent the standard deviation
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Fig. 4 (Seelegend on previous page.)

CU06-1004 treatment, starting in late middle age,
improves motor function and recognition memory

dysfunction

Next, we quantified neuronal nuclear protein A60-posi-
tive (NeuN™) cells in the brains of aged mice. The number

of NeuN™ cells was significantly reduced, and these cells
were less compact in the cortical and hippocampal CA1
regions of the aged mouse brain than in the same regions
of the young mouse brain. However, NeuN" cell numbers
and compactness were restored by CU06-1004 treatment
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Fig. 5 CU06-1004 administration rescued impaired blood-brain barrier integrity and reduced tight junction protein coverage in aged mice. A
Confocal microscopic images of plasma IgG extravasation as a marker of blood-brain barrier disruption. Scale bar=>50 pm. B Quantitative analyses
of mean IgG mean intensity in cortical and hippocampal regions in 6-week-old (young), 24-month-old vehicle-treated (old-veh), and 24-month-old
CU06-1004-treated mice (old-1004). C Double immunostaining of claudin-5 and CD31 (left) and occludin and CD31 (right). Representative images
show the abundance of claudin-5 (green) and occludin (green) in cerebral vessels of young, old-veh, and old-1004 mice. Scale bar=20 um. D
Quantitative analysis of the claudin-5/CD31 and occludin/CD31 ratios (n=6-10 per group). All data were analyzed with one-way analysis of
variance, followed by Tukey’s multiple comparison test. ##P <0001 vs. young. *P<0.05 vs. old-veh. n s, not significant. Results are presented as the
mean, and error bars represent the standard deviation
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(old-1004), demonstrating the efficacy of CU06-1004 in
protecting against neuronal damage in the aged brain
(Fig. 7A, B). We then examined whether aged mice
treated with CU06-1004 showed behavioral and cog-
nitive recovery (Fig. 7C). Motor function and working
memory tests were performed with old-vehicle and old-
1004 mice at 23 months. The rotarod test and wire hang
test are classic methods for evaluating motor coordina-
tion and balance in aged animals. As shown in Fig. 7D,
both the old-vehicle and old-1004 groups exhibited
shorter average times to fall from the accelerating rotat-
ing rod than the young group, but no significant differ-
ence was detected between the old-vehicle and old-1004
groups. In the wire hang test, the old-1004 group showed
a marked increase in hanging time (approximately three-
fold) compared with the average hanging time of the
old-vehicle group, indicating that CU06-1004 enhances
motor coordination and forelimb muscle strength
(Fig. 7E). The T-maze test is a spontaneous alternation
task for assessing spatial working memory. Aged mice
demonstrated a significantly lower percentage of correct
spontaneous alternation choices, indicating an impaired
working memory. However, the old-1004 group displayed
an increased percentage of correct spontaneous alter-
nation choices compared with the old-vehicle group,
indicating a significant effect of CU06-1004 treatment
(Fig. 7F). These results suggest that the long-term admin-
istration of CU06-1004 reduces aging-associated neuro-
muscular strength impairments and damage to spatial
working memory caused by neuronal cell damage.

Discussion

Aging is a biological process characterized by the pro-
gressive deterioration of the structure and function of all
organs over time [38]. Aging is also a major risk factor for
developing various vascular diseases, including cardiovas-
cular diseases, stroke, eye diseases, and neurodegenera-
tive diseases. The vascular system, which supplies oxygen
and nutrients throughout the body, is affected by the
aging process and becomes more susceptible to disease in

(See figure on next page.)
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the aged population. Therefore, the development of novel
therapies capable of slowing the aging process and effec-
tively treating aging-related diseases is critical [39].

CU06-1004, an endothelial cell dysfunction blocker,
prevents vascular leakage, enhances vascular integrity in
ischemic reperfusion injury, and promotes the normali-
zation of tumor vasculature. However, the mechanisms
underlying the roles played by CUO06-1004 in oxida-
tive stress—induced HBMEC senescence, inflammation,
and age-related cerebrovascular dysfunction remain
unknown. In this study, the brains of aged mice showed
higher SA-B-Gal activity than the brains of young mice.
The brain capillaries of young mice appeared as intercon-
nected, tubular structures, whereas the brain capillar-
ies of aged mice appeared fragmented and disconnected
in both the cortical and hippocampal regions. These
changes in capillary structures suggest that BMECs have
become senescent, a state of irreversible cell growth
inhibition known to contribute to the decrease in cer-
ebral capillary density observed during aging (Fig. 4).
Mice 18—-24 months of age are used to represent humans
56—69 years of age. Between the ages of 55 and 85 years,
human brain tissue has been characterized as showing
significant decreases in microvasculature density, similar
to the decreases observed in Alzheimer’s disease patients
[40]. In normal aging, cerebrovascular loss results in
chronic brain hypoperfusion, eventually leading to cogni-
tive impairment and vascular dementia [40]. Recent stud-
ies have shown that cerebrovascular disease is among
the factors that play important roles in Alzheimer’s dis-
ease development. In particular, cerebrovascular density
during normal aging may lead to neuronal apoptosis,
contributing to neurodegeneration [41]. Therefore, main-
taining cerebrovascular homeostasis is important for
preventing cerebrovascular aging and brain pathology.
Moreover, we observed that cerebral microvascular rar-
efaction in aged brain tissue is associated with impaired
BBB integrity, which, in turn, leads to exceedingly high
trans-endothelial permeability and increased passive
extravasation of plasma IgG [42, 43].

Fig. 6 Effects of CU06-1004 on neuropathological changes in the aging brain. Aging affects the induction of astrocyte activation. A
Histopathological analysis of astrocyte activation in the brains of 6-week-old (young), 24-month-old vehicle-treated (old-veh), and 24-month-old
CU06-1004-treated mice (old-1004). Histopathological alterations were evaluated using immunohistochemistry (3,3’-diaminobenzidine [DAB])

and immunofluorescence staining. The cytoplasmic glial fibrillary acidic protein (GFAP)-positive astrocytes were observed in the hippocampus of
all three groups. Double immunofluorescence showed increased GFAP-positive astrocytes in the hippocampus of aged mice compared with the
hippocampus of young mice. Scale bar =50 um. B Astrocyte activation was quantified using fluorescent intensity. C Serum levels of tumor necrosis
factor-alpha (TNF-a) and interleukin (IL)-6 in young, old-veh, and old-1004 mice. D-G Expression of inflammatory proteins in brain tissue extracts.
B-actin was the internal control (n=2-5 per group). ICAM-1, intracellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; COX-2,
cyclooxygenase 2. All data were analyzed with one-way analysis of variance, followed by Tukey’s multiple comparison test. ##p < 0.001 vs. young.
*P<0.05,**P<0.01, **P<0.001 vs. old-veh. B, C Results are presented as the mean, and error bars represent the standard deviation. E-G Results are
presented as the mean, and error bars represent the standard error of the mean
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Here, we show that the long-term administration of
CU06-1004 to aged mice alleviates age-associated cer-
ebral microvascular rarefaction and inhibits the leakage
of plasma IgG into the brain parenchyma by suppress-
ing cellular senescence and upregulating the stability of
claudin-5, the most enriched tight junction protein in the
aged mouse brain (Fig. 5).

BBB integrity is also strongly affected by oxidative
stress, and increased ROS production contributes to
cerebral endothelium dysfunction and increased BBB
permeability [44]. Additionally, cerebral endothelial cells
have high concentrations of mitochondria, increasing
the risks of cellular oxidative damage [45]. The oxida-
tion—inflammation theory of aging also proposes that
age-associated oxidative stress is a driving factor in cel-
lular senescence [11]. Consistent with previous studies,
we observed that the H,0,-induced generation of exces-
sive free radicals activated HBMEC senescence, result-
ing in cells exhibiting classical SASP characteristics, such
as an enlarged cell shape, cytoplasmic granularity, and
increased SA-B-Gal activity. H,O, exposure activated cell
cycle inhibition pathways, including p16™** and p21,
and strongly suppressed cell proliferative capacity. By
contrast, HBMECs supplemented with CU06-1004 were
characterized by attenuated SA-B-Gal activity and the
marked downregulation of inflammatory proteins asso-
ciated with SASP, potentially due to NF-kB inhibition.
Additionally, CU06-1004 treatment appeared to prevent
senescence-associated cell cycle arrest by inhibiting the
cell cycle suppressors p16™ 4 and p21. HBMECs treated
with CU06-1004 showed improved proliferative capac-
ity following H,O, exposure compared with control cells
(Fig. 3). Overall, these results indicate that CU06-1004
inhibits the development of oxidative stress—induced
senescence-associated features and the inflammatory
response in HBMEC:s.

Increased chronic systemic inflammation during aging
results in increased proinflammatory cytokines and other
factors that damage the cerebrovasculature [46—49].
Chronic systemic inflammation, a type of low-grade,
persistent inflammation, causes tissue degeneration.
Additionally, chronic, low-grade inflammation contrib-
utes to various age-related pathologies in the tissues of

(See figure on next page.)
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the nervous and musculoskeletal systems [31, 50, 51].
We found that long-term CU06-1004 administration
reduced systemic inflammation due to increased plasma
concentrations of proinflammatory cytokines, such as
TNF-a and IL-6. These results suggest that in addition
to protecting against vascular damage, CU06-1004 may
also inhibit inflammation in the brain and other tissues
a (Fig. 6). In this study, we did not directly investigate
the protective effects of CU06-1004 in tissues other than
the brain. However, we observed improved motor func-
tion and recognition memory in aged mice receiving
long-term CU06-1004 administration (Fig. 7). A prior
study demonstrated that changes in structure and func-
tion due to aging result in decreased capillary densities in
other tissues, reducing blood flow to muscles and affect-
ing exercise performance [52]. Therefore, we suggest that
long-term administration of CU06-1004 may enhance
exercise capacity by not only affecting the cerebrovascu-
lature but also improving blood flow to muscles. These
findings emphasize the importance of the BBB in main-
taining the normal function of the central nervous sys-
tem, resisting neuronal injury, and improving cognitive
function (Additional file 4: Fig. S4).

Conclusions

In conclusion, this study demonstrated that cerebro-
vascular aging might contribute to age-related cerebro-
vascular damage and neuroinflammation. In HBMECs,
the endothelial cells found in cerebral blood vessels,
treatment with CU06-1004, a known endothelial dys-
function blocker, was able to protect against oxidative
stress—induced senescence and inflammation through
ROS scavenging, leading to reduced cytotoxicity. Long-
term administration of CU06-1004 in aged mice alle-
viated motor and cognitive deficits and associated
cerebral damage, including cerebral microvascular rare-
faction, neuronal losses, and chronic neuroinflammation,
together with improved BBB integrity. Collectively, these
results suggest that CU06-1004 could represent a useful
therapeutic strategy for preventing cerebrovascular aging
and age-associated brain injury.

Fig. 7 CU06-1004 reduces neuronal loss and cognitive deficits in aged mice. A Neuronal nuclei (NeuN) were visualized using immunofluorescence
staining in brain tissues from 6-week-old (young), 24-month-old vehicle-treated (old-veh), and 24-month-old CU06-1004-treated mice (old-1004).
Scale bar =50 pm. B The number of NeuN-positive cells/mm? was calculated in cortical and hippocampal CA1 regions in young, old-veh, and
old-1004 mice. C-F Behavior tests were conducted on 23-month-old mice. D Rotarod test; E Wire hang test; F T-maze test. Mice were given oral
injections of olive oil (vehicle) or CU06-1004 (10 mg/kg) for 6 months, and behavioral tests were performed separately at 23 months (n=10-12
mice per group). #P<0.05, ##¥P<0.001 vs. young. *P< 0.05, ***P<0.001 vs. old-veh. B Results are presented as the mean, and error bars represent the
standard deviation. D—F Results are presented as the mean, and error bars represent the standard error of the mean
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Abbreviations

BBB Blood-brain barrier

BMEC Brain microvascular endothelial cell

CD31 Cluster of differentiation 31

COX-2 Cyclooxygenase-2

DMSO Dimethyl sulfoxide

EGM-2 Endothelial cell growth medium 2

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFAP Glial fibrillary acidic protein

H,-DCFDA 2',7’-Dichlorodihydrofluorescein diacetate
H,0, Hydrogen peroxide

HBMEC Human brain microvascular endothelial cell

ICAM-1 Intercellular adhesion molecule 1

[e]€] Immunoglobulin G

IkBa Nuclear factor of kappa light polypeptide gene enhancer in B cells
inhibitor, alpha

IL-6 Interleukin 6

MTT 3-(4,5-Dimetylthialzol-2-yl)-2,5-diphenyltertrazolium bromide

NeuN Neuronal nuclear protein

NF-kB Nuclear factor-kappa B

oCT Optimal cutting temperature

PBS Phosphate-buffered saline

ROS Reactive oxygen species

RT Room temperature

RT-PCR Reverse transcriptase—polymerase chain reaction

SA-B-Gal  Senescence-associated 3-galactosidase

SASP Senescence-associated secretory phenotype

TBST Tris-buffered saline containing Tween-20

TNF-a Tumor necrosis factor-alpha

VCAM-1  Vascular adhesion molecule-1

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512987-023-00410-x.

Additional file 1: Figure S1. Brain and body weight in aged mice. Brain
and body weight of old-vehicle and old-1004 mice at 24 months of age.
(A) Brain weight (n =12 per group). (B) Body weight (n=12 per group). All
data were analyzed with unpaired two-tailed t test. *P < 0.05 vs. old-veh.
n.s., not significant. Results are presented as the mean, and error bars
represent the standard deviation.

Additional file 2: Figure S2. The protein levels of tight junctions in aged
mice brain. Western blotting analysis was used to assess the protein
expression levels of claudin-5 and occludin in aged mouse brain. (A-B) The
protein levels of claudin-5 and occludin in aged mice brain tissue extracts.
B-actin was the internal control (n=>5 per group). All data were analyzed
with unpaired two-tailed t test. **P<0.01, ***P<0.001 vs. old-veh. Results
are presented as the mean, and error bars represent the standard error of
the mean.

Additional file 3: Figure S3. Electron micrographic images of cerebro-
vasculature in young and aged mice. Transmission electron microscopy
(TEM) was used to observe the blood-brain barrier (BBB) ultrastructure

in 6-week-old (young), 24-month-old vehicle-treated (old-veh), and
24-month-old CU06-1004-treated mice (old-1004). EC; endothelial cell,
VL; vessel lumen, TJ; tight junction, AC; astrocyte, PC; pericyte. Black
arrows indicate brain endothelial TJs. (A-B) Intact BBB in blood vessels (VL)
embedded in closed TJs between brain endothelial cells of young mice.
Scale bar=2 pm. (A1-B1) High-magnification images of the red-boxed
areas in A and B, highlighting endothelial TJs with black arrows. Scale
bar=>500 nm. (C-F) Disrupted BBB in blood vessels (VL), including thicker
capillary walls and swollen astrocytic end-feet in old-veh and old-1004
mice. Scale bar=2 pm. (C1-F1) High-magnifications images of the red-
boxed areas in C-F showing discontinuous and increased gaps between
cerebrovascular TJs, reflecting a disrupted BBB in old-veh and old-1004
mice. Scale bar =500 nm. (G) Junctional complex average width (nm)
was quantitatively analyzed by measuring the average width between
TJs in TEM images from young, old-veh, and old-1004 mice (n=9-12 per
group). Red bars mean tight junctional complex average width between

Page 16 of 17

tight junction complexes. ##P<0.001 vs. young. ***P<0.001 vs. old-veh.
Results are presented as the mean, and error bars represent the standard
deviation.

Additional file 4: Figure S4. Uncropped Image.

Acknowledgements
Not applicable.

Author contributions

We thank CURACLE Co,, Ltd. For providing us with CU06-1004. HJ designed
the project and planned the experiments. HJ performed all experiments

and quantifications. HJ, MY, and SY performed behavior tests in mice. HJ and
YGK discussed the results and wrote the manuscript. HJ, MY, HZ, and YM
contributed to proofreading the manuscript. YGK supervised experiments and
corrected the manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Animal Care and Use Committee
of Yonsei University (approval number; IACUC-A-202010-1154-01).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests. Mice behavior test
graphic was created with BioRender (http://biorender.com).

Received: 31 October 2022 Accepted: 23 January 2023
Published online: 01 February 2023

References

1. Stamatovic SM, Keep RF, Andjelkovic AV. Brain endothelial cell-cell
junctions: how to “open” the blood brain barrier. Curr Neuropharmacol.
2008;6(3):179-92.

2. Gastfriend BD, Palecek SP, Shusta EV. Modeling the blood-brain barrier:
beyond the endothelial cells. Curr Opin Biomed Eng. 2018;5:6-12.

3. LanY,LiY,LiD, LiPWangJ, DiaoY, et al. Engulfment of platelets delays
endothelial cell aging via girdin and its phosphorylation. Int J Mol Med.
2018;42(2):988-97.

4. Kadry H, Noorani B, Cucullo L. A blood-brain barrier overview on struc-
ture, function, impairment, and biomarkers of integrity. Fluids Barriers
CNS. 2020;17(1):69.

5. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, et al.
Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan.
Nature. 2016;530(7589):184-9.

6. McHugh D, Gil J. Senescence and aging: causes, consequences, and
therapeutic avenues. J Cell Biol. 2018;217(1):65-77.

7. van Deursen JM. The role of senescent cells in ageing. Nature.
2014;509(7501):439-46.

8. YangT, SunY, Lu Z Leak RK, Zhang F. The impact of cerebrovascular
aging on vascular cognitive impairment and dementia. Ageing Res
Rev. 2017;34:15-29.

9. Zimmerman B, Rypma B, Gratton G, Fabiani M. Age-related changes in
cerebrovascular health and their effects on neural function and cogni-
tion: a comprehensive review. Psychophysiology. 2021;58(7): e13796.

10. El Assar M, Angulo J, Rodriguez-Manas L. Oxidative stress and vascular
inflammation in aging. Free Radic Biol Med. 2013;65:380-401.


https://doi.org/10.1186/s12987-023-00410-x
https://doi.org/10.1186/s12987-023-00410-x
http://biorender.com

Kim et al. Fluids and Barriers of the CNS (2023) 20:9

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Davalli P, Mitic T, Caporali A, Lauriola A, D'Arca D. ROS, cell senescence,

and novel molecular mechanisms in aging and age-related diseases.
Oxid Med Cell Longev. 2016;2016:3565127.

. Lasry A, Ben-Neriah Y. Senescence-associated inflammatory responses:

aging and cancer perspectives. Trends Immunol. 2015;36(4):217-28.

. Carvalho C, Moreira PI. Oxidative stress: a major player in cerebrovascu-

lar alterations associated to neurodegenerative events. Front Physiol.
2018;9:806.

. Pun PB, Lu J, Moochhala S. Involvement of ROS in BBB dysfunction.

Free Radic Res. 2009;43(4):348-64.

. Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial metabolism of

reactive oxygen species. Biochemistry (Mosc). 2005;70(2):200-14.
Hussain B, Fang C, Chang J. Blood-Brain barrier breakdown: an emerging
biomarker of cognitive impairment in normal aging and dementia. Front
Neurosci. 2021;15: 688090.

Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z,

et al. Blood-brain barrier breakdown in the aging human hippocampus.
Neuron. 2015;85(2):296-302.

Bors L, Toth K, Toth EZ, Bajza A, Csorba A, Szigeti K, et al. Age-dependent
changes at the blood-brain barrier. A comparative structural and
functional study in young adult and middle aged rats. Brain Res Bull.
2018;139:269-77.

Miyazaki K, Ohta Y, Nagai M, Morimoto N, Kurata T, Takehisa Y, et al.
Disruption of neurovascular unit prior to motor neuron degeneration in
amyotrophic lateral sclerosis. J Neurosci Res. 2011;89(5):718-28.

Takata F, Dohgu S, Matsumoto J, Machida T, Kaneshima S, Matsuo M,

et al. Metformin induces up-regulation of blood-brain barrier functions
by activating AMP-activated protein kinase in rat brain microvascular
endothelial cells. Biochem Biophys Res Commun. 2013;433(4):586-90.
Han QY, Zhang H, Zhang X, He DS, Wang SW, Cao X, et al. dI-3-n-
butylphthalide preserves white matter integrity and alleviates cognitive
impairment in mice with chronic cerebral hypoperfusion. CNS Neurosci
Ther. 2019;25(9):1042-53.

Zhou DD, Luo M, Huang SY, Saimaiti A, Shang A, Gan RY, et al. Effects and
mechanisms of resveratrol on aging and age-related diseases. Oxid Med
Cell Longev. 2021;2021:9932218.

Maharjan S, Kim K, Agrawal V, Choi HJ, Kim NJ, Kim YM, et al. Sac-1004,

a novel vascular leakage blocker, enhances endothelial barrier through
the cAMP/Rac/cortactin pathway. Biochem Biophys Res Commun.
2013;435(3):420-7.

Zhang H, Park JH, Maharjan S, Park JA, Choi KS, Park H, et al. Sac-1004, a
vascular leakage blocker, reduces cerebral ischemia-reperfusion injury by
suppressing blood-brain barrier disruption and inflammation. J Neuroin-
flammation. 2017;14(1):122.

Kim DY, Zhang H, Park S, KimY, Bae CR, Kim YM, et al. CU06-1004
(endothelial dysfunction blocker) ameliorates astrocyte end-feet swelling
by stabilizing endothelial cell junctions in cerebral ischemia/reperfusion
injury. J Mol Med (Berl). 2020;98(6):875-86.

Geng YQ, Guan JT, Xu XH, Fu YC. Senescence-associated beta-galactosi-
dase activity expression in aging hippocampal neurons. Biochem Biophys
Res Commun. 2010;396(4):866-9.

Elahy M, Jackaman C, Mamo JC, Lam V, Dhaliwal SS, Giles C, et al. Blood-
brain barrier dysfunction developed during normal aging is associated
with inflammation and loss of tight junctions but not with leukocyte
recruitment. Immun Ageing. 2015;12:2.

Kim H, KoY, Park H, Zhang H, Jeong Y, Kim Y, et al. MicroRNA-148a/b-3p
regulates angiogenesis by targeting neuropilin-1 in endothelial cells. Exp
Mol Med. 2019,51(11):1-11.

Rabl R, Horvath A, Breitschaedel C, Flunkert S, Roemer H, Hutter-Paier B.
Quantitative evaluation of orofacial motor function in mice: the pasta
gnawing test, a voluntary and stress-free behavior test. J Neurosci Meth-
ods. 2016;274:125-30.

Deacon RM, Rawlins JN. T-maze alternation in the rodent. Nat Protoc.
2006;1(1):7-12.

Grimm A, Friedland K, Eckert A. Mitochondrial dysfunction: the missing
link between aging and sporadic Alzheimer’s disease. Biogerontology.
2016;17(2):281-96.

Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen
species in inflammation and tissue injury. Antioxid Redox Signal.
2014,20(7):1126-67.

Page 17 of 17

33. Checa J, Aran JM. Reactive oxygen species: drivers of physiological and
pathological processes. J Inflamm Res. 2020;13:1057-73.

34. Karimian A, AhmadiY, Yousefi B. Multiple functions of p21 in cell cycle,
apoptosis and transcriptional regulation after DNA damage. DNA Repair
(Amst). 2016;42:63-71.

35. Branca M, Ciotti M, Santini D, Di Bonito L, Giorgi C, Benedetto A, et al.
p16(INK4A) expression is related to grade of cin and high-risk human
papillomavirus but does not predict virus clearance after conization or
disease outcome. Int J Gynecol Pathol. 2004;23(4):354-65.

36. Custodio RJP, Kim M, Sayson LV, Lee HJ, Ortiz DM, Kim BN, et al. Low stri-
atal T3 is implicated in inattention and memory impairment in an ADHD
mouse model overexpressing thyroid hormone-responsive protein. Com-
mun Biol. 2021;4(1):1101.

37. Takata F, Nakagawa S, Matsumoto J, Dohgu S. Blood-brain barrier dys-
function amplifies the development of neuroinflammation: understand-
ing of cellular events in brain microvascular endothelial cells for preven-
tion and treatment of BBB dysfunction. Front Cell Neurosci. 2021;15:
661838.

38. Harman D. The aging process. Proc Natl Acad Sci U S A.
1981,78(11):7124-8.

39. LiZ Zhang Z, RenY,Wang Y, Fang J, Yue H, et al. Aging and age-related
diseases: from mechanisms to therapeutic strategies. Biogerontology.
2021,22(2):165-87.

40. Wadowski PP, Schorgenhofer C, Rieder T, Ertl S, Pultar J, Serles W, et al.
Microvascular rarefaction in patients with cerebrovascular events. Micro-
vasc Res. 2022;140: 104300.

41. Park JH, Hong JH, Lee SW, Ji HD, Jung JA, Yoon KW, et al. The effect of
chronic cerebral hypoperfusion on the pathology of Alzheimer’s disease:
a positron emission tomography study in rats. Sci Rep. 2019;9(1):14102.

42. Beard RS Jr, Reynolds JJ, Bearden SE. Hyperhomocysteinemia increases
permeability of the blood-brain barrier by NMDA receptor-dependent
regulation of adherens and tight junctions. Blood. 2011;118(7):2007-14.

43. TakechiR, Pallebage-Gamarallage MM, Lam V, Giles C, Mamo JC. Aging-
related changes in blood-brain barrier integrity and the effect of dietary
fat. Neurodegener Dis. 2013;12(3):125-35.

44. Enciu AM, Gherghiceanu M, Popescu BO. Triggers and effectors of oxida-
tive stress at blood-brain barrier level: relevance for brain ageing and
neurodegeneration. Oxid Med Cell Longev. 2013;2013: 297512.

45. Grammas P, Martinez J, Miller B. Cerebral microvascular endothelium and
the pathogenesis of neurodegenerative diseases. Expert Rev Mol Med.
2011;13:e19.

46. Sanada F, Taniyama Y, Muratsu J, Otsu R, Shimizu H, Rakugi H, et al. Source
of chronic inflammation in aging. Front Cardiovasc Med. 2018;5:12.

47. Varatharaj A, Galea I. The blood-brain barrier in systemic inflammation.
Brain Behav Immun. 2017,60:1-12.

48. Vallieres L, Rivest S. Regulation of the genes encoding interleukin-6, its
receptor, and gp130 in the rat brain in response to the immune activator
lipopolysaccharide and the proinflammatory cytokine interleukin-1beta. J
Neurochem. 1997,69(4):1668-83.

49. Bebo BF Jr, Linthicum DS. Expression of mRNA for 55-kDa and 75-kDa
tumor necrosis factor (TNF) receptors in mouse cerebrovascular endothe-
lium: effects of interleukin-1 beta, interferon-gamma and TNF-alpha on
cultured cells. J Neuroimmunol. 1995;62(2):161-7.

50. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its
potential contribution to age-associated diseases. J Gerontol A Biol Sci
Med Sci. 2014;69(Suppl 1):54-9.

51. QuC SongH, Shen J, Xu L, LiY,Qu C, et al. Mfsd2a reverses spatial learn-
ing and memory impairment caused by chronic cerebral hypoperfusion
via protection of the blood-brain barrier. Front Neurosci. 2020;14:461.

52. Olive JL, DeVan AE, McCully KK. The effects of aging and activity on mus-
cle blood flow. Dyn Med. 2002;1:2.

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



	Long-term administration of CU06-1004 ameliorates cerebrovascular aging and BBB injury in aging mouse model
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Drug treatment
	Experimental animals
	Primary cultures of human brain microvascular endothelial cells
	Measurement of cell viability
	RNA isolation and reverse transcription–polymerase chain reaction
	Measurement of intracellular reactive oxygen species
	Senescence-associated-β-galactosidase staining
	Quantitative immunofluorescent microscopy of cerebral immunoglobulin G extravasation
	Quantitation of IL-6 and TNF-α by enzyme-linked immunosorbent assay
	Histology and immunohistochemical analysis
	Western blot analysis
	Behavior tests
	Wire hang test
	Rotarod test

	T-maze alteration
	Statistical analysis

	Results
	CU06-1004 reduces H2O2-induced inhibition of HBMEC growth
	CU06-1004 inhibits H2O2-induced ROS generation and alleviates the inflammatory response of HBMECs
	CU06-1004 reverses H2O2-induced senescence in HBMECs
	CU06-1004 alleviates age-associated cerebral microvascular rarefaction and vascular aging in mice
	CU06-1004 treatment prevents the disruption of BBB integrity during aging
	CU06-1004 attenuates neuropathological changes in the aged brain
	CU06-1004 treatment, starting in late middle age, improves motor function and recognition memory dysfunction

	Discussion
	Conclusions
	Acknowledgements
	References


