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ABSTRACT: Chronic cerebral hypoperfusion (CCH)-triggered blood−brain
barrier (BBB) dysfunction is a core pathological change occurring in vascular
dementia (VD). Despite the recent advances in the exploration of the structural
basis of BBB impairment and the routes of entry of harmful compounds after a BBB
leakage, the molecular mechanisms inducing BBB impairment remain largely
unknown in terms of VD. Here, we employed a CCH-induced VD model and
discovered increased vascular cell adhesion molecule 1 (VCAM1) expression on the
brain endothelial cells (ECs). The expression of VCAM1 was directly correlated
with the severity of BBB impairment. Moreover, the VCAM1 expression was
associated with different regional white matter lesions. Furthermore, a compound
that could block VCAM1 activation, K-7174, was also found to alleviate BBB
leakage and protect the white matter integrity, whereas pharmacological
manipulation of the BBB leakage did not affect the VCAM1 expression. Thus,
our results demonstrated that VCAM1 is an important regulator that leads to BBB dysfunction following CCH. Blocking VCAM1-
mediated BBB impairment may thus offer a new strategy to treat CCH-related neurodegenerative diseases.
KEYWORDS: vascular dementia, blood−brain barrier, VCAM1, chronic cerebral hypoperfusion, white matter lesions,
endothelial inflammation

1. INTRODUCTION
The blood−brain barrier (BBB) prevents neurotoxic plasma
components, blood cells, and pathogens from entering the
brain.1 Meanwhile, the BBB plays a crucial role in regulating
the transport of molecules into and out of the central nervous
system (CNS). This regulation is essential for maintaining the
tightly controlled chemical composition of the neuronal milieu,
which is necessary for proper neuronal functioning.2,3

Mounting evidence suggests that BBB dysfunction is pivotal
in the pathogenesis of vascular dementia (VD),4 which
imposes a serious health burden on the society.5 The BBB
dysfunction and white matter lesions (WMLs) are two primary
pathological changes as a result of chronic cerebral
hypoperfusion (CCH) in VD. The BBB impairment is the
key factor linking CCH to WMLs in VD. In VD, BBB
impairment is more severe in areas near the WMLs than in
areas of apparently normal white matter.6,7 Consequently,
considerable research has been directed toward elucidating the
pathological alterations of the BBB in VD. The anatomical
structure of the BBB is composed of endothelial cells (ECs),
pericytes, astrocytic end-foot, and junctional complexes
including tight junctions and adherens junctions.2 Several
important cellular mechanisms have been discovered during
the exploration of the structural changes of the BBB in VD,
including EC dysfunction, pericyte loss, and junctional

complexes remodeling. Furthermore, research has shown that
circulating pathogens and other potentially toxic substances
can enter the brain through two primary pathways: the tight
junctions between ECs and the endocytosis of ECs.8 However,
these studies have primarily focused on the structural aspects
of BBB dysfunction and pathways of harmful material,
neglecting an in-depth exploration of the underlying trigger
factors. Consequently, the molecular mechanisms underlying
BBB dysfunction remain largely elusive.

The function of BBB is highly dependent on ECs.9 The
combination of physical barrier properties (i.e., tight junctions
and low transcytosis), molecular barrier properties (i.e., efflux
transporters, specific metabolism, and low leukocyte adhesion
molecule), as well as specific transporters to deliver required
nutrients allows the ECs to tightly regulate the CNS
homeostasis.10 Impaired EC function allows toxic substances
from the blood to enter the brain, resulting in irreversible brain
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injury. Throughout the development of VD, a series of
molecular cascade responses associated with ECs closely
correlate with the onset of cerebrovascular injury and VD.11

Hence, we postulated that EC dysfunction serves as the central
trigger for BBB impairment in VD. Elevated levels of plasma-
soluble vascular cell adhesion molecule 1 (VCAM1) serve as a
marker of endothelial dysfunction in both the brain and
systemic circulation.12 VCAM1, a member of the immunoglo-
bulin superfamily, functions as a crucial cell adhesion molecule
prominently expressed on the surface of activated ECs.
VCAM1 upregulates the inflammatory response in ECs and
interacts with the integrin receptor alpha4 beta1 (VLA4),
facilitating the recognition of circulating lymphocytes and
monocytes and mediating their entry into the brain
parenchyma, thus promoting inflammation.13 Endothelial
inflammation driven by VCAM1 represents a typical
pathological alteration with EC injury.8 Following the
reduction of cerebral blood flow, a plethora of proinflamma-
tory factors, mediators, and chemokines are released,
consequently inducing the expression of VCAM1, thereby
amplifying the inflammatory response.14 Additionally, studies
have reported a negative correlation between soluble VCAM1
levels in the blood and cognitive impairment as well as
cerebrovascular dysfunction.12 Thus, we postulate that
VCAM1 may play a significant role in inducing BBB
dysfunction following CCH.

2. RESULTS
2.1. VCAM1 Upregulates on ECs of Cerebral Micro-

vessels Following CCH. VCAM1 is a cell adhesion molecule
specifically expressed on ECs, facilitating the entry of immune
cells into the brain parenchyma.15 This study first investigated
VCAM1 expression on cerebral blood vessels following CCH.
VCAM1 expression was low in the blood vessels of sham mice
(Figure 1A,B), consistent with previous findings.16 However, 1
day following CCH, a significant increase in VCAM1
expression was observed on CC microvessels compared to
sham mice. To investigate whether VCAM1 upregulation
occurred only in the acute phase, we extended the observation
period to 28 days. Subsequently, we continuously observed
increased VCAM1 expression from 3 to 28 days following
CCH. However, the expression gradually decreased from 3 to
28 days compared to 1 day post-surgery (Figure 1A,B). Similar
changes in VCAM1 expression were observed in cingulated
gyrus (Cing) and external capsule (EC) microvessels (Figure
S1). To further validate VCAM1 expression on brain ECs, we
performed costaining of CD31 and VCAM1 on brain
microvessels. VCAM1 colocalized with CD31 in the CC
(Figure 1C), suggesting that CCH induces VCAM1
upregulation on the brain ECs.

2.2. BBB Breakdown Severely Following CCH. BBB
tightly regulates substance exchange between the blood and
the CNS, thereby maintaining the brain parenchymal micro-

Figure 1. Vascular cell adhesion molecule 1 (VCAM1) upregulates on endothelial cells (ECs) of cerebral microvessels after chronic cerebral
hypoperfusion (CCH). (A,B) Immunofluorescence staining and quantification of VCAM1 on blood vessels at different time points in the corpus
callosum (CC); blood vessels were labeled by lectin (lectin, green; VCAM1, red; the region within the white dashed box is CC; n = 5). (C) Triple
staining for CD31, VCAM1, and DAPI demonstrated VCAM1 colocalization with ECs (CD31, red; VCAM1, green; and DAPI, blue). Scales are
shown in the figure; ns, not significant; *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the sham group; one-way analysis of variance
(ANOVA), followed by Dunnett’s post hoc test.
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Figure 2. BBB breakdown severely following CCH. (A) Schematic diagram illustrating the detection of BBB permeability. (B) Gross anatomical
changes in the brain in the control group, sham group, and 1, 3, 7, 14, and 28 days groups after EB injection. (C) Time-dependent change in the
brain wet/dry weight ratio in the control group, sham group, and 1, 3, 7, 14, and 28 days groups following CCH (n = 5). (D) Quantification of EB
content in the control group, sham group, and 1, 3, 7, 14, and 28 days groups following CCH (n = 5). (E,F) Fluorescence staining and
quantification of EB leakage at different time points in the CC; blood vessels were labeled by lectin (lectin, green; EB, red; and arrows indicate EB
leaking out of the blood vessels, n = 5). (G,H) Fluorescence staining and quantification of IgG accumulation at different time points in the CC;
blood vessels were labeled by lectin (lectin, red; IgG, green; and arrows indicate IgG leaking out of the blood vessels, n = 5). Scales are shown in the
figure; NS, not significant compared to the control group; ns, not significant; *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the sham group;
one-way ANOVA, followed by Dunnett’s post hoc test.
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Figure 3. BBB impairment directly correlates with upregulation of VCAM1 on ECs. (A,G) Immunofluorescence staining and quantification of EB
and VCAM1 to evaluate the correlation between VCAM1 expression and EB leakage in the CC 3 days post-surgery (VCAM1, green; EB, red; and
the region within the white dashed box is CC; n = 14). (B,H) Immunofluorescence staining and quantification of IgG and VCAM1 to evaluate the
correlation between VCAM1 expression and IgG brain accumulation in the CC 3 days post-surgery (VCAM1, green; IgG, red; and the region
within the white dashed box is CC; n = 13). (C,I) Immunofluorescence staining and quantification of the blood vessels in four brain areas; blood
vessels were labeled by lectin (lectin, green; n = 9), (C) left: region in the white dashed box is the white matter. (D,J) Immunofluorescence staining
and quantification of VCAM1 in four brain regions 3 days post-surgery; blood vessels were labeled by lectin (VCAM1, red; lectin, green; n = 9),
(D) left: region in the white dashed box is the white matter. (E,K) Immunofluorescence staining and quantification of EB leakage in four brain
areas 3 days post-surgery; blood vessels were labeled by lectin (lectin, green; EB, red; n = 7). (E) left: region in the white dashed box is the white
matter. (F,L) Immunofluorescence staining and quantification of IgG accumulation in four brain areas 3 days post-surgery; blood vessels were
labeled by lectin (lectin, red; IgG, green; n = 9); four brain areas include the cortex (blue box), cingulate gyrus (Cing, yellow), corpus callosum
(CC, orange), and external capsule (EC, purple). Scales are shown in the figure; ns, not significant; *p < 0.05, **p < 0.01, and ***p < 0.001
compared to the sham group; one-way ANOVA, followed by Dunnett’s post hoc test.
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Figure 4. Increased expression of VCAM1 corresponds to different regions of the white matter. (A,C) Immunofluorescence staining and
quantification of oligodendrocytes in the CC at different time points after CCH (Olig2, green; n = 5). (B) Immunofluorescence staining of Olig2
and CC1 to assess oligodendrocyte alterations in the CC at different time points after CCH (Olig2, green; CC1, red). (D) Quantification of OPCs
in the CC at different time points after CCH (Olig2+ and CC1−; n = 5). (E) Triple staining for Olig2, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), and DAPI to evaluate changes in the apoptotic oligodendrocyte number in the CC at different times after CCH
(Olig2, green; TUNEL, red; and DAPI, blue). (F,J) Immunofluorescence staining and quantification of oligodendrocytes in four brain areas of the
sham group and lesion group (Olig2, green; n = 7). In (F), the upper portion depicts the fluorescence staining images of the sham and lesion
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environment.1−3 Prior studies indicate a strong association
between CCH and BBB dysfunction in VD.11 The dynamic
alterations in BBB integrity and cascade reaction that occur
following CCH remain largely unclear. We initiated our
investigation by assessing the alteration in BBB permeability
following CCH. Increased brain water content indicates
increased BBB permeability.17−19 Therefore, we first assessed
the changes in brain water content at each time point following
CCH. We found that brain water content increased 1 day after
CCH, with the most severe brain edema occurring 3 days after
CCH (Figure 2B,C). Recovery commenced 7 days after CCH,
and brain water content nearly restored to the normal level 28
days after CCH compared to the sham (Figure 2C). To
evaluate the temporal profile of BBB permeability changes, we
injected Evans Blue (EB) via the tail vein (Figure 2A) and
quantified the amount of EB in the white matter through
colorimetric analyses at different time points following CCH.
As expected, EB accumulated in the brain parenchyma
following CCH. EB leakage significantly increased at 3 days
post-surgery compared to the sham group. The increase
remained significant 7 days post-surgery. However, EB leakage
returned to the sham mice level 14 days post-surgery (Figure
2B,D). Furthermore, we simultaneously observed the brain
water content and EB content in the control group without
CCH and the sham surgery. The results showed that,
compared to the control group, there were no significant
changes in the brain water content and EB content in the sham
surgery group (Figure 2B−D). Then, immune fluorescence
staining was employed to further evaluate EB accumulation in
the corresponding white matter area following CCH. In the
CC, EB fluorescence intensity peaked at 3 days post-surgery
and gradually decreased from 7 to 28 days post-surgery (Figure
2E,F). Conversely, the tracer was undetectable in the brain
parenchyma region of the sham group (Figure 2E,F). Owing to
the increased permeability of the BBB, a fundamental change
occurs in the neuropathic interface; that is, the plasma proteins
flow into the CNS.20 As such, plasma immunoglobulin G
(IgG) has been extensively used as a reliable marker of BBB
disruption in human tissues and relevant animal models.21 We
next examined whether the expression of IgG altered after
CCH. Consistently, immunostaining revealed abundant
deposition of the plasma-derived IgG outside vessels in the
CC following CCH (Figure 2G). The fluorescence intensity of
IgG was highest at 3 days post-surgery, which gradually
decreased from 7 days to 28 days post-surgery (Figure 2H).
The results demonstrated that BBB leakage occurred as early as
1 day after CCH, most severe at 3 days, followed by
spontaneous recovery from 7 to 28 days post-surgery. Similar

findings were observed in other white matter regions (Figure
S2).

2.3. BBB Impairment Directly Correlates with
Upregulation of VCAM1 on ECs. We observed a similarity
between the trend of BBB permeability changes and VCAM1
expression changes after CCH, with the peak expression of
VCAM1 preceding the peak of BBB leakage (Figure 1A,B).
This observation suggests that BBB dysfunction may be
associated with the upregulation of VCAM1. To further
explore their relationship, we quantified the VCAM1 intensity
and EB leakage, as well as IgG accumulation in the same brain
area. Overall, we observed a positive correlation between the
expression of VCAM1 and the severity of EB deposition
(Figure 3A), as well as IgG accumulation in the CC (Figure
3B). Furthermore, a significant positive correlation was
observed among VCAM1 expression, EB leakage, and IgG
accumulation (Figure 3G,H). These data suggest that VCAM1
may be a potent permeability factor for BBB dysfunction after
CCH. To confirm this conclusion, we further compared
VCAM1 density and BBB leakage in various brain regions after
CCH. We investigated the correspondence between the
distribution patterns of VCAM1 expression and BBB leakage.
Initially, we compared VCAM1 expression on microvasculars
in each brain region after CCH. We selected the time point of
3 days post-surgery and quantified the VCAM1 expression of
four brain regions, including the cortex, CC, Cing, and EC. To
except for differences in blood vessel density among brain
regions (Figure 3C,I), we used the VCAM1 area/lectin area
index to evaluate VCAM1 expression in each region. The
highest expression of VCAM1 was observed in EC, followed by
the CC, Cing, and finally the cortex (Figure 3D,J). This finding
suggests that different brain regions have different sensitivity to
ischemic. Subsequently, we examined if similar variations in
BBB permeability existed across different brain regions. We
observed that EB leakage was more pronounced in the white
matter compared to the cortex, with the EC exhibiting the
most substantial leakage, followed by the CC and then the
Cing (Figure 3E,K). The results of IgG immunofluorescence
staining were consistent (Figure 3F,L). This observation
suggests that the BBB leakage is more pronounced in the
white matter than in the cortex, with the EC experiencing the
most severe injury following CCH. It is noteworthy that the
areas with higher expression of VCAM1 showed more severe
BBB leakage. This finding suggests varying degrees of
inflammatory activation across different brain regions following
CCH, consistent with the distribution patterns of BBB leakage.
Additionally, this correlation suggests that endothelial
inflammation is a significant factor contributing to BBB
leakage following CCH.

Figure 4. continued

groups, while the lower portion shows the stained images of the four brain regions in both groups. Specifically, region 1 represents the cortex in the
sham group, region 2 is the Cing in the sham group, region 3 is the CC in the sham group, region 4 is the EC in the sham group, region 5
corresponds to the cortex in the lesion group, region 6 is the Cing in the lesion group, region 7 represents the CC in the lesion group, and region 8
corresponds to the EC in the lesion group. (G) Quantification of mature oligodendrocytes in the CC at different time points after CCH (Olig2+

and CC1+; n = 5). (H,K,L) Immunofluorescence staining and quantification of OPCs [(H,K) Olig2+ and CC1−] and mature oligodendrocytes
[(H,L) Olig2+ and CC1+] in four brain areas of the sham and lesion groups (Olig2, green; CC1, red; n = 5). Left part of (H): the region in the
white virtual box is the white matter. In the sham group, region 1 represents the cortex, region 2 corresponds to the Cing, region 3 to the CC, and
region 4 to the EC. In the lesion group, region 5 represents the cortex, region 6 corresponds to the Cing, region 7 to the CC, and region 8 to the
EC. (I) Quantification of apoptotic oligodendrocytes in the CC at different time points after CCH (Olig2+ and TUNEL+; n = 5). Scales are shown
in the figure. ns, not significant; *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the sham group. One-way ANOVA, followed by Dunnett’s
post hoc test.
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Figure 5. Imatinib effectively protected both the BBB and the brain parenchyma following CCH. (A) Schematic illustration of the imatinib
treatment procedures. (B,G) Immunofluorescence staining and quantification of EB leakage following imatinib treatment in the CC; blood vessels
were labeled by lectin (lectin, green; EB, red; and the region within the white dashed box is CC; n = 5). (C,H) Representative EB images and
quantification of the EB content (n = 10). (D,I) Immunofluorescence staining and quantification of IgG brain accumulation following imatinib
treatment in the CC; blood vessels were labeled by lectin (lectin, red; IgG, green; and the region within the white dashed box is CC; n = 5). (E,J)
Immunofluorescence staining and quantification of oligodendrocytes in the CC (Olig2, green; DAPI, blue; n = 5). (F,K) Immunofluorescence
staining and quantification of VCAM1 expression following imatinib treatment in the CC; blood vessels were labeled by lectin (lectin, green;
VCAM1, red; n = 5). Scales are included in the figure. ns, not significant compared to the lesion group; NS, not significant; #p < 0.05, ##p < 0.01,
and ###p < 0.001 compared to the saline group. One-way ANOVA, followed by Dunnett’s post hoc test.
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Figure 6. Extravasation of EB and IgG and loss of oligodendroglias is improved following VCAM1 inhibitor (K-7174) treatment. (A) Schematic
illustration of the procedures for VCAM1 inhibitor treatment. (B,G) Immunofluorescence staining and quantification of VCAM1 following
VCAM1 inhibitor treatment in the CC; blood vessels were labeled by lectin (lectin, green; VCAM1, red; and the region within the white dashed
box is CC; n = 5). (C,H) Representative images depicting EB distribution and quantification of EB content following VCAM1 inhibitor treatment
(n = 10). (D,I) Immunofluorescence staining and quantification of EB leakage following VCAM1 inhibitor treatment in the CC; blood vessels were
labeled by lectin (lectin, green; EB, red; and the region within the white dashed box is CC; n = 5). (E,J) Immunofluorescence staining and
quantification of oligodendrocytes following VCAM1 inhibitor treatment in the CC (Olig2, green; DAPI, blue; n = 5). (F,K) Immunofluorescence
staining and quantification of IgG brain accumulation following VCAM1 inhibitor treatment in the CC; blood vessels were labeled by lectin (lectin,
red; IgG, green; and the region within the white dashed box is CC; n = 5). Scales are provided in the figure. ns, not significant compared to the
lesion group; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared to the saline group. One-way ANOVA, followed by Dunnett’s post hoc test.
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2.4. Increased Expression of VCAM1 Corresponds to
Different Regions of the White Matter. Previous studies
have demonstrated that WMLs, resulting from BBB leakage
following CCH, represent another fundamental pathological
alteration in VD.5,18 To explore the potential association
between WMLs and the upregulation of VCAM1 in micro-
vessels, we initially examined the pathological alterations in the
white matter at different time points following CCH. The
white matter comprises nerve fibers and abundant glial cells.
Normal and stable glial function is crucial for maintaining the
white matter integrity and function.22 Oligodendrocytes
comprise approximately 40% of glia cells, and oligodendrocyte
precursor cells (OPCs) undergo two additional stages of
differentiation to become into immature oligodendrocytes.
Subsequently, oligodendrocytes mature progressively, and
mature oligodendrocytes can synthesize sphingomyelin,
which is the crucial component of the axonal myelin sheath
of neurons. The integrity of the myelin sheath is the
fundamental for functioning of axonal signaling.23 Since
WMLs result from the loss of mature myelin-producing
oligodendrocytes, we initially examined the changes in
oligodendrocytes in the CC following CCH. Staining for
Olig2 in the CC of 3 day group, compared to the sham group,
revealed an approximately 25% decrease in oligodendrocyte
density, which worsened with prolonged ischemia time (Figure
4A,C). Immunostaining of oligodendrocytes in the CC
revealed no alteration in the numbers of OPCs with Olig2
positivity and CC1 negativity at 3 days post-surgery compared
to the sham group (Figure 4B,D). However, the number of
mature oligodendrocytes, showing both Olig2 and CC1
positivity, was significantly reduced compared to the sham
group, and this reduction exacerbated with prolonged ischemia
time (Figure 4B,G). Oligodendrocyte apoptosis was observed
in the CC at 3 days post-surgery (Figure 4E,I). Comparable
findings were also documented in other white matter regions
(Figure S3). Myelin basic protein (MBP) serves as a marker of
the myelin sheath surrounding neuronal axons.24 Immuno-
fluorescence staining showed a gradual decrease in the density
of MBP in each white matter region from 14 to 28 days
following CCH (Figure S4A,C−E). Thus, it was suggested that
demyelination occurred in the white matter following CCH.
Neurofilament (NF) is regarded as a useful indicator for
estimating axonal degeneration.25 Staining results of NF
revealed that axonal injury initiates 28 days post-surgery in
the white matter (Figure S4B,F−H). These results suggest that
WMLs began to occur from 3 days post-surgery and worsened
with time, with the upregulation of VCAM1 preceding the
formation of WMLs (Figure 1A,B), indicating a potential
association between increased VCAM1 expression and WMLs.
Subsequently, we compared the extent of pathological damage
in various brain regions to further explore the correlation
between brain endothelial inflammation and brain parenchy-
mal lesions. Immunofluorescence staining results revealed that
the density of oligodendrocytes decreased by approximately
33% in the EC, 25% in the CC, and 20% in the Cing in the 3
day group compared to the sham group. No changes were
noted in the cortex (Figure 4F,J). Previous results have
indicated that the disruption of oligodendrocyte lineage
homeostasis after CCH was primarily due to the loss of
mature oligodendrocytes. Therefore, we further compared the
changes in the number of mature oligodendrocytes in four
brain regions. As anticipated, the greatest proportion of mature
oligodendrocytes in the EC was lost. The density of mature

oligodendrocyte decreased by 41% in the EC, 31% in the CC,
and 25% in the Cing at 3 days post-surgery (Figure 4H,K,L).
This finding suggests that the pathological damage to the EC
was the most severe after CCH, consistent with the regional
variations in endothelial inflammation and BBB impairment
(Figure 3D−F,J−L). Collectively, these results suggest that
VCAM1-driven endothelial inflammation may be the crucial
pathological mechanism underlying WMLs following CCH.

2.5. Enhancing BBB Permeability Does Not Influence
Endothelial Inflammation Following CCH. Previous
results have revealed a robust association between endothelial
inflammation and BBB injury. However, it remains unclear
whether VCAM1-driven endothelial inflammation is the
primary cause of BBB breakdown following CCH or a
secondary consequence of this damage. Hence, we employed
imatinib to further investigate the causal relationship between
them. Imatinib can effectively reduce BBB permeability by
inhibiting the signaling of platelet-derived growth factor
receptor alpha (PDGFR-α) in ischemic stroke.26 Initially, we
evaluated the impact of imatinib treatment on the BBB
integrity and neural function following CCH. We also
investigated whether the decreased BBB permeability affects
endothelial inflammation after CCH. Since BBB leakage was
most pronounced at 3 days post-surgery (Figure 2B−H), we
chose 3 days post-surgery as the observation point. We
observed that imatinib treatment significantly decreased the EB
leakage and IgG accumulation compared to the saline group in
the CC (Figure 5B−D,G−I). This finding suggests that
imatinib effectively preserves the BBB integrity following
CCH. We further evaluated the pathological outcomes
following imatinib treatment and observed an increase in the
number of oligodendroglias compared to the saline group in
the CC (Figure 5E,J). However, VCAM1 levels did not show
significant changes after imatinib treatment (Figure 5F,K).
These findings indicate that decreased BBB permeability
confers protective effects on the brain parenchyma but does
not influence endothelial inflammation.

2.6. Inhibition of VCAM1 Activation Mitigates BBB
Impairment and Brain Parenchyma Injury. Prior research
has shown that inhibiting the VCAM1 expression can mitigate
the inflammatory responses and decrease the infiltration of
circulating immune cells into the brain parenchyma.19 We
assessed the impact of treatment with the VCAM1 inhibitor
(K-7174) on the inflammatory response and its protective
effects on the BBB and brain parenchyma following CCH. We
examined the effects of BCAS on the brain at various time
points post-surgery and noted that vascular leakage and BBB
dysfunction were most pronounced at 3 days post-surgery
(Figure 2B−H). Therefore, we selected 3 days post-surgery to
observe the effects of VCAM1 inhibitor on the BBB, and we
verified the blockade of VCAM1 activation by VCAM1
inhibitors and observed reduced VCAM1 expression in the
K-7174 group compared to the saline group (Figure 6B,G). To
assess whether the VCAM1 inhibitor can alleviate BBB leakage
in vivo, a BBB permeability test was conducted in mice
injected with the VCAM1 inhibitor via the tail vein. A
substantial leakage of EB and IgG was observed in the CC at 3
days after CCH (Figure 2B−H). However, treatment with the
VCAM1 inhibitor significantly attenuated the extravasation of
EB and IgG in the CC (Figure 6C,D,F,H,I,K), indicating that
the VCAM1 inhibitor preserved BBB integrity. Furthermore,
we evaluated the pathological outcomes following VCAM1
inhibitor treatment and observed an increased number of
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oligodendrocytes in K-7174 group compared to the saline
group (Figure 6E,J). Similar alterations were noted in the Cing
and EC (Figure S5). Our previous findings indicated that
demyelination occurred 14 days after CCH, and axonal injury
was observed 28 days after CCH compared to the sham group.
Therefore, in order to further validate the effects of K-7174 on
the pathological phenotype, we prolonged the duration of K-
7174 injection to 28 days post-surgery and observed a
reduction in white matter demyelination and axonal injury in
the K-7174 group compared to the saline group (Figure S6).
These findings suggest that the VCAM1 inhibitor effectively
reduces endothelial inflammation in brain microvessels
following CCH, thereby potentially improving BBB and
reducing brain injury. This observation further supports the
association between BBB dysfunction and WMLs with
endothelial inflammation after CCH.

3. DISCUSSION
VD is becoming a major public health concern worldwide.27

Considerable evidence indicates a link between CCH and
VD,28 although the causal relationship remains unclear. CCH
triggers a cascade of molecular and cellular responses leading
to BBB breakdown and neurodegeneration.29 BBB dysfunction
and WMLs associated with CCH are fundamental pathological
alterations in VD. While CCH, BBB dysfunction, and WMLs
are recognized as common pathophysiologial features in VD,
the molecular mechanisms underlying BBB breakdown and
WMLs following CCH have not yet been properly examined.
In this study, we investigated the temporal progression of BBB
dysfunction and WMLs following CCH. We found that the
BBB leakage precedes other pathological events, such as
mature oligodendrocyte loss, white matter demyelination, and
axonal damage following CCH. Additionally, we conducted a
comprehensive assessment of VCAM1 expression on micro-
vessels at various postoperative time points. Our findings
indicate that CCH upregulates VCAM1 expression on ECs,
resulting in increased BBB permeability and brain parenchymal
injury. Furthermore, treatment with the VCAM1 inhibitor
alleviated BBB impairment and brain parenchyma injury
following CCH.

Collectively, these findings indicate that endothelial
inflammation predominantly regulates the occurrence of
increased BBB permeability and WMLs following CCH,
suggesting that endothelial inflammation is the primary diver
of BBB impairment and progressive neural dysfunction.
Targeting endothelial inflammation reversal may represent a
promising therapeutic strategy for VD. The BBB restricts the
free diffusion of molecules from the blood into the brain
parenchymal to maintain brain microenvironment homeo-
stasis.30 The BBB impairment and WMLs are two primary
pathological hallmarks in VD. BBB dysfunction contributes to
the pathology of numerous neurological conditions, such as
stroke,31 Alzheimer’s disease (AD),32 aging33 and cerebral
small vessel disease (CSVD).6 Recent studies have shown that
BBB dysfunction in the hippocampus precedes cognitive
impairment in AD.34 BBB dysfunction serves as an early
biomarker of AD.34 Furthermore, in normal aging, white
matter integrity remains intact despite BBB impairment.35

Moreover, our study revealed that CCH is linked to transient
yet severe BBB impairment. Severe BBB leakage was evident as
early as 1 day following CCH, peaked at 3 days, and
spontaneously resolved between 7 days and 28 days post-
surgery. BBB breakdown precedes the development of WMLs,

characterized by notable oligodendrocyte lineage apoptosis,
demyelination, and axonal degeneration. Moreover, reducing
BBB permeability effectively ameliorates WMLs. In summary,
previous research and our findings indicate that BBB
dysfunction occurs early in the course of neurological diseases,
with BBB impairment serving as a primary contributor to brain
parenchymal injury.

BBB dysfunction serves as the link between blood-derived
pathogens and neural dysfunction. Cellular constituents of the
BBB encompass ECs, pericyte, and other components. ECs
play a crucial role in facilitating direct communication between
the blood and the brain parenchyma. EC function is essential
for preserving BBB integrity. Research has indicated that EC
dysfunction primarily underlies BBB dysfunction in stroke-
prone spontaneously hypertensive rats.36 This rat model serves
as a model for human sporadic CSVD,37 suggesting that EC
dysfunction is a significant contributor to BBB impairment.
Endothelial inflammation is one of the typical pathological
changes of endothelial dysfunction. To investigate whether
VCAM1-driven endothelial inflammation triggers BBB break-
down and WML formation after CCH, we selected white
matter as the focus of our investigation. WMLs represent a
characteristic pathological feature of VD.11 In recent years,
there has been growing recognition of the importance of white
matter in cognition, as white matter tracts form an integral
component of complex neural networks supporting various
neurobehavioral functions.38 However, clinical observations
indicate that different types of dementia exhibit distinct
patterns of involvement. For instance, patients with cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) typically exhibit WMLs in
the temporal pole and the external capsule.39 Likewise, patients
with AD commonly present with WMLs in the parietal lobe.40

Conversely, patients with vascular cognitive impairment
typically exhibit changes in all regions of white matter except
the occipital lobe.41 Certain researchers posit that the extent of
cognitive impairment resulting from WMLs depends on factors
such as their location, volume, and patients’ cognitive
reserve.42 The location of cognitive impairment may be
affected primarily by the location of WMLs.43 Thus, we
divided the white matter into three regions�the CC, EC, and
Cing, to comprehensively examine the dynamic changes
occurring throughout the brain following CCH. Our findings
suggest that VCAM1-driven endothelial inflammation may
primarily contribute to BBB impairment, with other patho-
logical changes potentially secondary to endothelial inflamma-
tion following CCH. First, we noted a strong positive
correlation between the VCAM1 expression and BBB
permeability. Regions exhibiting significant VCAM1 expression
demonstrated severe BBB leakage, whereas those with low
VCAM1 protein levels showed less pronounced BBB leakage.
These findings together imply that VCAM1 may be a potent
endothelial permeability factor. Second, the peak expression of
VCAM1 on ECs precedes the peaks of BBB leakage and WML
formation. Significant expression of VCAM1 on the micro-
vessels was observed at 1 day post-surgery, that is, at the early
stage of CCH. The expression of VCAM1 protein gradually
decreased from 3 to 28 days post-surgery. Nevertheless, the
peak of BBB leakage was observed at 3 days post-surgery. Our
findings demonstrated that EB leakage and IgG brain
accumulation were most pronounced at 3 days post-surgery.
The majority of the pathological changes in the brain
parenchyma occurred primarily after 3 days post-surgery.
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Significant loss of mature oligodendrocytes in the white matter
occurred 3 days post-surgery, leading to apoptosis of
oligodendroglial lineage cells and disrupted homeostasis,
ultimately resulting in irreversible WMLs. Moreover, demyeli-
nation of the white matter was observed up to 14 days post-
surgery, with axonal injury noted at 28 days post-surgery,
which resulted in neurological degeneration. While VCAM1
upregulation on microvascular is a transient process and can
spontaneously recover following CCH, VCAM1-induced brain
parenchymal injury persists. Third, various brain regions
exhibit different sensitivity to ischemia, leading to varying
degrees of endothelial inflammation, BBB leakage, and brain
parenchymal injury. Nonetheless, the distribution pattern
remained consistent, with brain regions exhibiting severe
endothelial inflammation also demonstrating more pro-
nounced BBB leakage and brain parenchymal damage.
Remarkably, the white matter exhibited greater sensitivity to
ischemia compared to the cortex, consistent with the
significant WMLs in VD. White matter vascular changes
were most prominent in VD.44 This heightened sensitivity of
the white matter to hypoperfusion is attributed to their reliance
on the centripetal long medullary artery and centrifugal
anterior choroidal artery or bean artery, with limited
anastomoses and watershed blood-supply areas. Finally,
intraperitoneal injection of imatinib, known for its efficacy in
BBB protection following CCH,18,26 reduced BBB permeability
and ameliorated various pathological events, albeit without
affecting VCAM1 expression of brain microvessels. In
conclusion, VCAM1 upregulation emerges as a pivotal
pathophysiological mechanism underlying BBB impairment
and WMLs in VD, underscoring its significant implications for
the development of novel therapeutic strategies in VD.
Consequently, we administered the VCAM1 inhibitor via the
tail vein, which led to significantly reduced VCAM1 activation
compared to the saline group, resulting in notable improve-
ment in BBB leakage and WMLs following CCH. This
discovery underscores the critical role of VCAM1 in the
progression of VD. Sensitive endothelial inflammation
response in the white matter following CCH may contribute
to the white matter’s susceptibility to injury. Therefore, drugs
targeting VCAM1 could be useful for the early intervention of
neurological diseases. While our findings indicate VCAM1’s
involvement in the overall regulation of BBB dysfunction after
CCH, the specific pathological cascade linking them remains
unclear. Thus, additional neuropathological studies are
necessary to elucidate this crucial aspect of BBB dysfunction
and brain endothelial inflammation.

4. CONCLUSIONS
In summary, our findings implied that VCAM1 regulates BBB
permeability and the formation of WMLs following CCH. We
found that VCAM1 upregulation results in BBB dysfunction,
initiating a cascade of pathological events, including mature
oligodendrocyte death and WML formation. The inhibition of
VCAM1 effectively protected both the BBB and the brain
parenchyma. Thus, our findings have important implications
for understanding the pathogenesis of VD and suggest that
VCAM1 upregulation is a key trigger point. Based on these
insights, potential therapeutic strategies for VD can be
developed.

5. MATERIALS AND METHODS
5.1. Animals. Adult male C57BL/6J mice (weight: 25−30 g and

age: 9−12 weeks) selected for this study were housed at a
temperature of 24−26 °C on a 12 h light/dark cycle with free access
to food and water. All experimental procedures were approved by the
National Institutes of Health guide for the care and use of Laboratory
animals. Every effort was made to minimize the number of animals
and their suffering. In the quantitative analysis of brain water content
and EB at different time points after CCH, mice were divided into the
control group, sham group, 1 day group, 3 day group, 7 day group, 14
day group, and 28 day group following CCH. In the experiment of
observing different time points after CCH, mice were randomly
assigned to the sham group, 1 day group, 3 day group, 7 day group, 14
day group, and 28 day group. In the imatinib treatment experiment,
mice were randomly assigned into the sham group, lesion group,
saline group, and imatinib group. In the K-7174 treatment
experiment, mice were randomly assigned into the sham group,
lesion group, saline group, and K-7174 group. All sham group mice
present in this experiment were mice 3 days after sham surgery; we
evaluated BBB dysfunction and VCAM1 expression in CC at 1, 3, 7,
14, and 28 days post-sham surgery. First, we compared the expression
levels of VCAM1 in the CC at different time points following sham
surgery. As anticipated, there were no significant differences observed
among the groups of mice (Figure S7A,E). Subsequently, we assessed
BBB integrity by measuring dye leakage following the injection of EB
into the tail vein. Consistently, there were no significant differences in
EB content in the CC at various time points post-sham surgery
(Figure S7B,F). Immunofluorescence staining was employed to
corroborate these findings and assess EB accumulation in the CC at
various time points post-sham surgery. The fluorescence intensity of
EB did not differ significantly among the groups (Figure S7C,G).
Following BBB breakdown, endogenous circulating macromolecules
leak into the brain.45 Immunostaining showed no significant variation
in IgG accumulation in the CC among the groups (Figure S7D,H).
These findings indicate that sham-operated mice showed no changes
in BBB permeability or VCAM1 expression at 1−28 days post-sham
surgery. Information regarding the number of mice used for each
specific experiment can be found in the figure legends. Treatment was
administered in a blind manner.

5.2. Establishment of the CCH Model. The BCAS model was
prepared as described previously.46 The micro-coil specifications used
are as follows: NITI material, inner diameter 0.18 mm, wire diameter
0.08 mm, length 2.5 mm, and intercept 0.5 mm (purchased from
SAMINI SPRING CO, Ltd.). The experimental mice were
anesthetized by 1−1.5% isoflurane/air. Body temperature (36.5 °C
± 0.5 °C) was monitored during the experiments using an abdominal
pressure-sensitive probe and a rectal temperature probe. The
isoflurane dose and heated airflow were adjusted continuously to
ensure stable and reproducible depth of anesthesia. A longitudinal
incision of approximately 1 cm was made in the middle of the mouse’s
neck. Then, the common carotid artery (CCA) was exposed by an
operation of the bilateral carotid sheath. The mice in the sham group
were sutured after this operation. The mice in the BCAS group were
twinned by a microcoil around their CCA. The entire surgery was
performed by placing the mice on a heating pad, with the rectal
temperature maintained at 36.5−37 °C. The mice were observed and
cared postoperatively until their consciousness was recovered, with
free access to food and water.

5.3. Measurement of Brain Water Content. The mice were
anesthetized and perfused intracardially with cold 0.9% saline. Next,
the brains were removed, and the brainstem and cerebellum were
removed. To measure brain water content, the brains was weighed
before and after being dehydrated in an oven for 24 h at 100 °C. The
wet/dry brain weight ratio was used to quantify brain water content
for statistical analysis.

5.4. EB Extravasation. EB extravasation was performed to assess
the BBB permeability.47 Briefly, 2% EB (2 mL/kg, Sigma-Aldrich) was
injected via the tail vein at various time points, as indicated. The EB
was allowed to circulate in the mice for 30 min. At the end of the 30
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min, the mice were euthanized with carbon dioxide. Cardiac perfusion
of 20 mL 1× PBS was performed to remove the residual EB in the
blood, after which the brain was harvested and stored in dry ice. The
brain tissues were weighed, and approximately 50% of the
trichloroacetic acid (TCA) solution (diluted in 0.9% saline) was
calculated based on a 1:2 ratio of weight (mg)/volume (μL). The
tissue was homogenized in the TCA solution. The mixture was then
sonicated (10 cycles, 30 s on, 30 s off). Subsequently, the mixture was
allowed to incubate overnight at 4 °C on a rotator to allow for the
complete extraction of EB from the brain tissues. The TCA−lysate
mixture was then centrifuged (30 min, 15,000 rcf, 4 °C), after which
the supernatant was collected. The supernatant was loaded in a 96-
well plate with the supplementation of 95% ethanol in a 1:3 ratio,
respectively. The plate was then placed into a spectrophotometer at
620 nm to determine the EB concentration.
5.5. Immunofluorescence. The mice were anesthetized and

perfused intracardially with cold 4% paraformaldehyde (PFA, pH 7.4),
followed by perfusion with PBS. Next, the brains were removed,
postfixed overnight, and finally cryoprotected in phosphate-buffered
sucrose (30%) for 3−5 days. Immunohistochemistry staining for the
frozen sections was performed using a previously described
protocol.48 The following primary antibodies were used in the
study: rabbit anti-immunoglobulin G (IgG, 1:200, 315005003,
Jackson ImmunoResearch), rabbit anti-Olig2 (1:200, AB9610,
Millipore), mouse anti-CC1 (1:200, OP80, Calbiochem), mouse
anti-myelin basic protein (1:200, 808401, Biolegend), mouse anti-
neurofilament (1:200, 801701, Biolegend), mouse anti-VCAM1
(1:200, 66294-1-Ig, Proteintech), rabbit anti-VCAM1 (1:200,
DF6082, Affinity), rabbit anti-CD31 (1:200, GB11063-1-100,
Servicebio), Lectin-488 (1:300, DC-1174, Vector Laboratories), and
Lectin-594 (1:300, DC-1177, Vector Laboratories); the following
secondary antibodies were used in the study: Alexa Fluor 594-
conjugated goat anti-rabbit IgG (1:500, A-11012, Invitrogen, USA),
Alexa Fluor 594-conjugated goat anti-mouse IgG (1:500, A-11032,
Invitrogen, USA), Alexa Fluor 488-conjugated goat anti-rabbit IgG
(1:500, A-11034, Invitrogen, USA), and Alexa Fluor 488-conjugated
goat anti-mouse IgG (1:500, A-11001, Invitrogen, USA). Nuclear
staining was performed using 4′,6′-diamidino-2-phenylindole dihy-
drochloride (DAPI, 1:2000, Thermo Fisher). All images were
visualized by using an Olympus BX53 microscope.
5.6. TUNEL Assay. The TUNEL assay was performed by using the

cell death detection kit (Beyotime, C1086, China) according to the
manufacturer’s instructions. Briefly, the frozen brain tissue slices were
fixed for 30−60 min with 4% polymerization, then washed with PBS,
and fixed with the buffer provided in the kit. After incubating
overnight, the frozen brain tissue slices were washed with PBS. Next,
immunohistochemistry staining for the frozen sections was performed
using a previously described protocol.49 DAPI was used to label the
cell nuclei for 10 min. Under the fluorescence microscope, the cells
with a dark red fluorescence were defined as apoptotic cells.
5.7. Treatment with Imatinib. Imatinib has been found to

maintain the BBB integrity.18 After CCH, the mice were administered
imatinib (150 mg/kg) by i.p. injections every 12 h for 3 days. The
lesion control mice were administered normal saline after CCH. After
the final injection, the mice were euthanized and perfused.
5.8. Treatment with the VCAM1 Inhibitor. VCAM1 plays a

critical role in the inflammatory reactions from the original
recruitment of leukocytes through successive steps in the continuing
process.50 A potent inhibitor of cell adhesion to endothelial cells, K-
7174, was selected. This compound inhibited the VCAM1 expression
but not the expression of intercellular cell adhesion molecule 1 or e-
selectin expression induced by inflammatory cytokines.51 K-7174 (30
mg/kg, MCE) was injected through the tail vein of the mouse 4 h
before and then every day after the operation. The lesion control mice
were administered normal saline after CCH. After the final injection,
the mice were euthanized and perfused.
5.9. Cell Counts. To quantify the number of various cell types in

the Cing, CC, EC, and cortex, five fields were randomly selected from
each section and imaged under a light microscope (BX53, Olympus,
Japan) with a 20× or 40× objective in 10−12 μm-thick z-stacks. A

total of five sections were analyzed. Every cell expressing the selected
marker was manually counted using ImageJ (National Institutes of
Health, USA). The data were presented as the average cell number in
a single field per section.

5.10. Statistical Analysis. Data normality was assessed using the
Shapiro−Wilk test. Comparisons between multiple group compar-
isons were made by one-way ANOVA, followed by Dunnett’s post
hoc test or two-way ANOVA. For all unpaired t tests, the F test for
equality of variance was performed. The data were presented as the
mean ± SD. All statistical analyses were performed with GraphPad
Prism 8.0 software. The values were considered significant at p < 0.05.
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■ ABBREVIATIONS
AD, Alzheimer’s disease; BBB, blood−brain barrier; BCAS,
bilateral common carotid artery stenosis; CC, corpus callosum;
CCA, common carotid artery; CCH, chronic cerebral
hypoperfusion; Cing, cingulated gyrus; CNS, central nervous
system; CSVD, cerebral small vessel disease; EB, Evans Blue;
EC, external capsule; ECs, endothelial cells; IgG, immunoglo-
bulin G; MBP, myelin basic protein; NF, neurofilament;
OPCs, oligodendrocyte precursor cells; TCA, trichloroacetic
acid; TUNEL, terminal deoxynucleotidyl transferase dUTP
nick end labeling; VCAM1, vascular cell adhesion molecule1;
VD, vascular dementia; WMLs, white matter lesions
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