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Abstract 

Background – Chronic cerebral hypoperfusion (CCH) is an important pathophysiological mechanism of 
vascular cognitive impairment (VCI). The heterogeneous effects of CCH complicate establishing single 
target therapies against VCI and its more severe form, vascular dementia (VaD). Intermittent fasting (IF) 
has multiple targets and is neuroprotective across a range of disease conditions including stroke, but its 
effects against CCH-induced neurovascular pathologies remain to be elucidated. We therefore assessed 
the effect of IF against CCH-associated neurovascular pathologies and investigated its underlying 
mechanisms.  
Methods – Male C57BL/6NTac mice were subjected to either ad libitum feeding (AL) or IF (16 hours of 
fasting per day) for 4 months. In both groups, CCH was experimentally induced by the bilateral common 
carotid artery stenosis (BCAS) method. Sham operated groups were used as controls. Measures of leaky 
microvessels, blood-brain barrier (BBB) permeability, protein expression of tight junctions, extracellular 
matrix components and white matter changes were determined to investigate the effect of IF against 
CCH-induced neurovascular pathologies.  
Results – IF alleviated CCH-induced neurovascular pathologies by reducing the number of leaky 
microvessels, BBB breakdown and loss of tight junctional proteins. In addition, IF mitigated the severity of 
white matter lesions, and maintained myelin basic protein levels, while concurrently reducing 
hippocampal neuronal cell death. Furthermore, IF reduced the CCH-induced increase in levels of matrix 
metalloproteinase (MMP)-2 and its upstream activator MT1-MMP, which are involved in the breakdown 
of the extracellular matrix that is a core component of the BBB. Additionally, we observed that IF 
reduced CCH-induced increase in the oxidative stress marker malondialdehyde, and increased 
antioxidant markers glutathione and superoxide dismutase. Overall, our data suggest that IF attenuates 
neurovascular damage, metalloproteinase and oxidative stress-associated pathways, and cell death in the 
brain following CCH in a mouse model of VCI.  
Conclusion – Although IF has yet to be assessed in human patients with VaD, our data suggest that IF 
may be an effective means of preventing the onset or suppressing the development of neurovascular 
pathologies in VCI and VaD. 

Key words: Vascular dementia; Vascular cognitive impairment; Intermittent fasting; Neuronal death; White matter lesions; Blood 
brain barrier breakdown, Chronic cerebral hypoperfusion 
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Introduction 
Vascular cognitive impairment (VCI) embodies a 

spectrum of cognitive deficits that range from mild 
cognitive impairment to vascular dementia (VaD). 
Due to a considerable increase in the aging 
population, VCI is becoming a major public health 
concern worldwide (1,2). VCI is associated with 
cerebrovascular diseases that arise from vascular 
pathological processes such as atherosclerosis, 
microvascular protein deposits, haemorrhages and 
microbleeds (3–8). These vascular pathologies lead to 
a state of reduced blood flow to the brain that is 
referred to as chronic cerebral hypoperfusion (CCH) 
(9–13). Decreased cerebral perfusion has been 
reported to correlate with dementia severity, and has 
shown to be a predictive marker to identify 
individuals with mild cognitive impairment who 
develop dementia (14,15). VaD patients have 
neurovascular pathologies such as blood-brain barrier 
(BBB) dysfunction, vascular damage, white matter 
lesion (WML) formation, glial activation, neuronal 
loss, and hippocampal atrophy (16–18). The bilateral 
common carotid artery stenosis (BCAS) mouse model 
of VCI is based on inducing brain CCH, and is a 
well-established model that mimics the neurovascular 
pathology observed in VaD patients (19,20). 

CCH induces a cascade of cellular and molecular 
mechanisms that contributes to the pathogenesis of 
VCI – including oxidative stress and inflammation. 
CCH has been reported to increase the levels of matrix 
metalloproteinases (MMPs), proinflammatory cyto-
kines such as interleukin-1 beta (IL-1β), interleukin-6 
(IL-6) and tumour necrosis factor (TNF) (17,21–26), 
and promote cortical microbleeds, which are 
structural lesions in the brain that compromise 
cerebrovascular integrity and perfusion (27). A high 
frequency of microbleeds have been associated with 
an increased risk of cognitive deterioration and 
dementia (28–30). While microbleeds in the brain 
account for gross pathology in CCH, at the cellular 
level, the structural and functional integrity of the 
brain depends on the delivery of substrates between 
the blood and the brain through the blood brain 
barrier (BBB). Indeed, it has recently been reported 
that BBB dysfunction may be an initiator of WMLs 
and cognitive decline in VaD (31–33). 

Intermittent fasting (IF) is defined as an eating 
pattern that cycles between periods of eating and 
fasting. IF has been extensively reported to extend 
both health and lifespan, and decrease the 
development of age-related disorders including 
cardiovascular, metabolic and neurodegenerative 
diseases (34). Recently, IF has gained much interest as 
being more effective than caloric restriction for 
inducing neuroprotective effects in the brain (35,36). 

Mechanistically, IF has been reported to enhance 
neuroprotection through the upregulation of 
neuroprotective proteins while reducing the 
activation of pathological pathways involving cellular 
stress, inflammasomes, and programmed cell death 
under ischemic conditions (37–42). However, the 
effects of IF on neurovascular pathology during CCH 
have not been investigated. 

In this study, we demonstrate for the first time 
that IF promotes neuroprotective effects in a BCAS 
model of VaD by maintaining the integrity of the 
neurovascular structures in the brain. We specifically 
show that IF attenuated vascular pathology by 
reducing microvascular leakage and BBB dysfunction, 
while maintaining the expression of tight junction (TJ) 
proteins. IF was also effective in decreasing WML 
formation, hippocampal neuronal cell death and cell 
death markers, while maintaining myelin basic 
protein levels. Our data suggest that the effects of IF 
on the structural integrity of the neurovasculature 
may be mediated through mechanisms that decrease 
oxidative stress and matrix metalloproteinase 
expression. Overall, our findings indicate that 
prophylactic IF may be a potential therapy in 
reducing and preventing neurovascular pathology 
associated with VaD. 

Materials and Methods 
Experimental Animals  

Six-week-old wild-type male C57BL/6NTac 
mice (n=150) were obtained from InVivos, Singapore 
and housed upon arrival at the National University of 
Singapore Animal Facility. As shown in Figure 1A, at 
eight weeks of age, the mice were randomly assigned 
to either the ad libitum (AL) or the intermittent fasting 
(IF) diet regimen. Mice under the IF regimen 
underwent 16 hours of fasting every 24-hour period, 
with food available for the remaining 8 hours from 
07:00 to 15:00 for four months (Lights on at 7:00, lights 
off at 18:00). All in vivo experimental procedures were 
approved by the National University of Singapore, 
Singapore Animal Care and Use Committee and 
performed according to the guidelines set forth by the 
National Advisory Committee for Laboratory Animal 
Research, Singapore. All efforts were made to 
minimize any suffering and number of animals used. 
All sections of the manuscript were performed and 
reported in accordance to ARRIVE (Animal Research 
Reporting In Vivo Experiments) guidelines. In a 
separate set of experiments, animals from both AL 
and IF groups (10-20 animals per group) underwent 
physiological measurements such as body weight, 
blood glucose and ketone levels throughout the four 
months as shown in Figure 1B-D.  
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Figure 1: Effect of intermittent fasting on physiological measurements and blood flow in the brain following BCAS in a mouse model of VCI. A. Schematic 
representation of the experimental design and outputs performed. B. Mean body weight measurements over 25 weeks. ***P<0.001, ****P<0.0001 compared with AL. C. Blood 
glucose measurements over 25 weeks. D. Blood ketone measurements over 25 weeks. **P<0.01, ***P<0.001 compared with AL. E. Representative contrast images and 
quantification of CBF at baseline, effective blood flow reduction post-surgery, and the final level of cerebral blood flow before sacrifice at each individual end point demonstrated 
significant changes in cerebral blood flow following BCAS. Histographs illustrating the comparison of CBF levels at the sacrifice timepoint. The rate of blood flow was expressed 
in perfusion units (PU) using the PeriMed Software. *P<0.05, ***P<0.001 compared with corresponding AL BCAS; ****P<0.0001 compared with corresponding Sham. Data are 
represented as mean ± standard error of the mean of n=10-12 mice in each experimental group. Abbreviations: AL, ad libitum; BBB, blood-brain barrier; BCAS, bilateral common 
carotid artery stenosis; CBF, cerebral blood flow; IF, intermittent fasting; VCI, vascular cognitive impairment. 
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Bilateral Common Carotid Artery Stenosis 
(BCAS) Mouse Model 

At six months of age, AL and IF experimental 
animals were further divided into three experimental 
groups: Sham, 15-day bilateral common carotid artery 
stenosis (BCAS) and 30-day BCAS. C57BL/6NTac 
mice were subjected to chronic cerebral hypoper-
fusion injury by bilateral common carotid artery 
stenosis (BCAS) surgery, as previously described (20). 
Briefly, the animals were anesthetized with isoflurane 
(1.5- 2% at a flow rate of 0.4-0.8 litre/min), and a 
vertical midline incision was made in the neck. The 
left and right common carotid arteries were isolated 
from surrounding tissues and exposed individually, 
and loosely ligated with silk thread for easy 
manipulation of the arteries. The common carotid 
arteries were each constricted with microcoils of an 
internal diameter 0.18mm, specifically designed for 
the mice (microcoil specifications: piano wire with 
gold plating, piano wire diameter 0.08mm, coiling 
pitch 0.5mm, and total length of 2.5mm; Sawane 
Spring Co. Ltd, Japan). The silk threads were 
removed, and the site of surgery was closed. The mice 
were monitored post-surgery until they were awake. 
Sham animals were subjected to a midline cervical 
incision and their common carotid arteries were 
exposed, but no microcoils were inserted around the 
arteries. The animals received BCAS surgery during 
feeding hours in the daytime between 8am-12pm. All 
animals were euthanised at their respective endpoints 
after BCAS for subsequent experimental analysis. 

Cerebral Blood Flow Measurements  
The Laser Speckle Contrast Imager (PSI system, 

Perimed Inc.) was used to obtain high-resolution 
cerebral blood flow (CBF) measurements before BCAS 
(baseline), immediately after BCAS surgery 
(post-BCAS) and finally at the end points of BCAS 
(before sacrifice). As shown in Figure 1E, the brain 
regions of interest (ROI) between the bregma and the 
lambda were selected to measure arbitrary units of 
CBF in the area between the cerebral hemispheres. 
Briefly, the fur on the head was removed by shaving 
and the skull was exposed via a midline skin incision. 
The skull was cleaned gently using a cotton applicator 
with 1×phosphate-buffered solution (PBS). 
Throughout the imaging of CBF, the skull was kept 
moist and in order to improve imaging resolution, a 
non-toxic silicon oil was applied on the skull. Body 
temperature was maintained at 37 ± 0.5°C throughout 
the measurement periods. In the PeriCam PSI System, 
a CCD camera (2448×2048 pixels) that can take images 
in real-time was installed 10cm above the skull (speed 
120 frames per second). Images were then acquired 

and analysed using a dedicated software package 
(PIMSoft, Perimed Inc.).  

Immunoblot Analysis  
Animals were euthanized by inhaled carbon 

dioxide and the brains were harvested at their 
respective time points. Different brain regions (cortex, 
hippocampus, and cerebellum) were isolated 
immediately on ice and frozen in dry ice for future 
analysis (n=4-7 in each experimental group). Detailed 
immunoblot analysis procedures were performed as 
previously described (43). Briefly, brain tissues were 
homogenised in lysis buffer (Thermo Fisher Scientific, 
#78510) and combined with protease (Thermo Fisher 
Scientific, #78443) and phosphatase (Thermo Fisher 
Scientific, #78428) inhibitors to prevent proteolysis 
and dephosphorylation of proteins respectively 
during extraction, and then combined with 2x 
Laemelli buffer (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). Protein samples were then separated on 
5-12.5% v/v sodium dodecyl sulfate (SDS) gel 
matrixes. Polyacrylamide gel electrophoresis of 
SDS-treated proteins were separated based on their 
sizes. The proteins on the gels were then transferred 
onto nitrocellulose membranes to allow for probing. 
The nitrocellulose membranes were incubated with 
the following primary antibodies: ZO-1 (Thermo 
Fisher, 61-7300, 1:1000), Occludin (Invitrogen, 711500, 
1:1000), Claudin-5 (Thermo Fisher, 35-2500, 1:1000), 
JAM-A (Santa Cruz, sc25629, 1:1000), MBP (Cell 
Signaling, #78896S, 1:1000), Cleaved Caspase-3 (Cell 
Signaling, #9664, 1:1000), Total Caspase-3 (Cell 
Signaling, #9662, 1:1000), MMP2 (Cell Signaling, 
#87809S, 1:1000), MMP9 (Millipore, AB19016, 1:1000), 
MT1-MMP (Cell Signaling, #13130S, 1:1000), Malon-
dialdehyde (Abcam, ab6463, 1:1000), Superoxide 
Dismutase (Abcam, ab13498, 1:1000), Glutathione 
(Abcam, ab19534, 1:1000), Vinculin (Cell Signaling, 
#13901, 1:1000) and β-actin (Sigma-Aldrich, A5441, 
1:1000) overnight at 4°C with agitation. Following 
primary antibody incubation overnight, membranes 
were washed for 10 minutes thrice with 1×TBST 
before incubation with horseradish peroxidase 
(HRP)-conjugated secondary antibodies of dilution 
1:1000 (Goat Anti-Rabbit – Cell Signaling Technology, 
Danvers, MA, USA; Goat Anti-Mouse – 
Sigma-Aldrich, St. Louis, MO, USA) for 1 hour at 
room temperature with agitation. Following 
secondary antibody incubation, membranes were 
washed for 10 minutes thrice with 1×TBST. Finally, 
the membranes were imaged using ChemiDocXRS+ 
imaging system (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA) after the substrate, enhanced chemilumi-
nescence (ECL), was added (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). ImageJ software (Version 
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1.46; National Institute of Health, Bethesda, MD, 
USA) was used to quantify proteins in relation to their 
corresponding housekeeping gene (β-actin/Vinculin). 

DiI Vasculature Staining  
At the end of each timepoint, a subset of animals 

(5 animals per experimental group) were deeply 
anaesthetized with isoflurane, and perfusion through 
the heart was performed as described previously (44). 
Cardiac perfusion began with 25mL of chilled 1×PBS 
(pH 7.4) followed by perfusion of 10mL DiI solution 
(Sigma Aldrich, D-282, #42364, Invitrogen), and 
finally perfusion with 25mL of chilled fixative 4% 
paraformaldehyde. Once the perfusion was 
completed, the brains were harvested and placed in 
vials containing 4% paraformaldehyde solution for 
immersion-fixation overnight at 4°C. The brains were 
then embedded in 5% agarose before sectioning by a 
vibratome (Leica VT1200) at a 100µm thickness and 
collected on slides. The tissue sections were viewed 
under a confocal microscope under a Texas Red 
Fluorescence Filter (TissueGnostics, TissueFAXS Slide 
Scanner). 100 coronal sections to represent the area 
between the bregma and lambda of each brain were 
examined under the confocal microscope. The 
representative image chosen were consistent at the 
50th percentile, to best represent the area closest to the 
bregma. 

Evans Blue Staining  
At the end of each timepoint, a subset of animals 

(6-7 animals per experimental group) underwent 
Evans Blue (EB) Staining analysis as described 
previously (45). Briefly, the animals were anesthetised 
using isoflurane. 2% EB solution (Sigma Aldrich, 
E-2129-10G, diluted in 1xPBS and filtered, 2ml/kg) 
was injected through the femoral vein into the mice. 
The EB was allowed to circulate in the mice for 
30mins. At the end of the 30mins, the mice were 
euthanized with carbon dioxide. Cardiac perfusion of 
20ml 1×PBS was performed to remove residual EB in 
the blood, after which the brain was harvested and 
stored in dry ice. Brain tissues were weighed, and the 
amount of 50% 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 
homogenised in TCA solution. The mixture was then 
sonicated (10 cycles, 30 seconds on, 30 seconds off). 
Subsequently, the mixture was then 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 (30mins, 
15,000rcf, 4°C) and the supernatant was collected. The 
supernatant was loaded in a 96-well plate with 
supplementation of 95% ethanol in a 1:3 ratio, 

respectively. The plate was then placed into a 
spectrophotometer at 620nm to determine the EB 
concentration.  

Luxol Fast Blue and Cresyl Violet Staining  
Luxol fast blue (LFB) staining and expression of 

myelin basic protein (MBP) revealed myelin integrity, 
while cresyl violet staining and expression of cell 
death markers were indicative assessments for 
neuronal loss in the hippocampus and different brain 
regions. Mouse brain tissues were fixed in 10% 
neutral buffered formalin and then processed into 
paraffin wax blocks. Coronal sections (3µm thick) 
were obtained via microtome sectioning (Leica 
Biosystems, RM2255) and collected on slides (Trajan 
Scientific and Medical, Australia). Luxol Fast Blue 
(LFB) staining was performed to detect the severity of 
white matter lesions (WMLs) in 5 regions (corpus 
collosum paramedian, corpus callosum median, 
caudoputamen, internal capsule and optic tract) in the 
brain. Briefly, tissue sections were de-waxed and 
rehydrated before immersion into the LFB solution 
(Abcam, UK) at 37°C overnight. Excess staining was 
removed using 95% ethanol treatment followed by 
washing in deionized water. Gray and white matter 
differentiation was initiated with the treatment of 
0.05% aqueous lithium carbonate (Abcam, UK) for 
20s, followed by 70% ethanol until the nuclei was 
decolorized. Sections were then immersed in Cresyl 
Violet solution (Abcam, UK) for 5 mins and the excess 
staining was washed in deionized water. The sections 
were then dehydrated in an ethanol gradient 
(70-100%), and finally cleared in xylene and mounted 
onto the slides (Fluoromount-G Mounting Medium, 
Invitrogen). Brightfield images were taken under ×60 
magnification using an Olympus upright 
Fluorescence Microscope BX53. A WML severity 
index was calculated by giving each brain region a 
grade of either: Grade 0 (normal), Grade 1 
(disarrangement of nerve fibres), Grade 2 (formation 
of marked vacuoles), or Grade 3 (disappearance of 
myelinated fibres). The severity of the WMLs was 
scored by three blinded examiners and the number of 
neurons in CA1, CA2 and CA3 regions of the hippo-
campus were counted as previously described (46).  

Statistical Analysis  
Experimental data were analysed by GraphPad 

Prism 8.0 software (GraphPad Software, San Diego, 
CA, USA). All values were expressed as mean ± 
standard error of the mean. One-way analysis of 
variance was used, followed by a Bonferroni post-hoc 
test to determine the significance between experi-
mental groups. A P-value < 0.05 was deemed to be 
statistically significant. All experimental groups were 
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compared against AL Sham conditions. 

Results  
Intermittent fasting reduces body weight and 
increases plasma ketone levels, while 
improving cerebral blood flow recovery 
following chronic cerebral hypoperfusion  

The summarized study design includes the 
timing of interventions, and blood and tissue 
collection (Fig. 1). At eight weeks of age, the mice 
were randomly assigned to either the ad libitum (AL) 
or the intermittent fasting (IF) diet regimen (Fig.1A). 
Male C57BL/6NTac mice were fed a normal chow 
diet (on a caloric basis: 58% carbohydrate, 24% 
protein, and 18% fat). Mice were randomly assigned 
to Sham, 15-day BCAS and 30-day BCAS groups at six 
months of age when surgeries were performed. First, 
we monitored the physiological effects of IF on these 
mice. The IF group had a significantly lower body 
weight, a non-significant reduction in blood glucose 
level and a significant increase in blood ketone level 

than AL mice (Fig. 1B-D). We examined dynamic 
changes and recovery of cerebral blood flow (CBF) in 
the animals (Fig. 1E) using the Laser Speckle Imaging 
Technique. The CBF was measured at three time 
points i.e. baseline, post-surgery and before sacrifice 
in both AL and IF animals over 15 and 30 days 
following BCAS. At baseline, animals from all 
experimental groups had high CBF as indicated by the 
red perfusion colour. Sham did not show any 
reduction in CBF, as no microcoils were inserted onto 
the common carotid arteries. However, expectedly, 
following BCAS surgery (Post-surgery), AL and IF 
groups had a significant reduction in CBF compared 
to their corresponding Sham counterparts. Before 
sacrifice, at 15 days and 30 days post-surgery, CBF 
was found to increase and be restored in BCAS 
animals. Interestingly, for the first time in the VaD 
model, we show that IF was able to demonstrate a 
better CBF recovery as compared to AL following 
hypoperfusive injury. 

 

 
Figure 2: Effect of intermittent fasting on leaky blood vessel incidence and blood-brain barrier integrity following BCAS. A-B. Representative DiI staining 
images and quantification illustrating leaky blood vessel incidence in AL and IF mice following BCAS. Arrowheads point to leaky areas of the vessels. Data are represented as mean 
± standard error of the mean of n=5 mice in each experimental group. ****P<0.0001 compared with AL Sham; ++++P<0.0001 compared with AL BCAS. C-D. Representative 
dorsal and ventral views of mouse brains injected with Evans Blue dye and respective quantification. Data are represented as mean ± standard error of the mean of n=5-7 mice 
in each experimental group. **P<0.01 compared with AL Sham; +P<0.05, +++P<0.001, ++++P<0.0001 compared to corresponding AL group. E-J. Representative immunoblots and 
quantification of tight junction proteins zonula occludens (ZO)-1, occludin, claudin-5 and junctional adhesion molecule (JAM)-A in the cortex (E-F), hippocampus (G-H) and 
cerebellum (I-J). Data are expressed as mean ± standard error of the mean. n=4-7 mice in each experimental group. β-actin or vinculin was used as a loading control. *P<0.05, 
**P<0.01, ***P<0.001 compared with AL Sham; +P<0.05, ++P<0.01, +++P<0.001, ++++P<0.0001, compared with corresponding AL BCAS. Abbreviations: AL, ad libitum; BCAS, 
bilateral common carotid artery stenosis; IF, intermittent fasting; VCI, vascular cognitive impairment.  
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Intermittent fasting decreases microvascular 
leakage and maintains blood-brain barrier 
integrity following chronic cerebral 
hypoperfusion 

We next analysed the effect of IF against 
hallmark vascular pathologies involving cerebrovas-
cular structural and BBB integrities following CCH. 
The first vascular pathology examined was the 
number of microvascular leakages that occurred 
following CCH injury. Fluorescence imaging of 
vasculature staining using a carbocyanine dye 
perfusion indicated a significant increase in the 
average number of microvascular leaks at 30 days 
after BCAS in AL animals, while IF significantly 
reduced the number of microvascular leaks (Fig. 
2A-B).  

The second vascular pathology examined was 
the extent of BBB damage following CCH injury. We 
analysed BBB damage using the Evans Blue technique 
and additionally examined TJ protein expression 
levels via immunoblot analysis in the AL and IF mice 
following BCAS (Fig. 2C-J). BBB permeability after 
CCH was found to be significantly increased 
following 15 and 30 days of BCAS under AL 
conditions. In contrast, IF reduced BBB permeability 
in both sham and BCAS mice (Fig. 2C-D). To further 
analyse the structural integrity of the BBB, we next 
examined the expression levels of TJ proteins between 
endothelial cells in the cortex, hippocampus and 
cerebellar regions (Fig. 2E-J). There was evidence of 
reduced TJ expression following BCAS compared to 
Sham in AL animals, and IF was able to increase and 
maintain higher levels of TJ expression in all three 
brain regions. TJ protein zonula occludens (ZO-1) 
showed a significant reduction in expression levels 
following 30-day of BCAS at the cortex and the 
hippocampus, and a non-significant reduction in the 
cerebellum. Conversely, IF increased the expression of 
ZO-1 in the cortex and cerebellum at both 15-day and 
30-day time points (Fig. 2E-J). Expression of occludin 
was significantly reduced following 15-day and 
30-day BCAS at the cortex and cerebellum regions in 
AL animals, while IF increased occludin expression 
significantly at both 15-day and 30-day timepoints in 
the cortex and cerebellum, but only at the 30-day 
timepoint in the hippocampus (Fig. 2E-J). Claudin-5 
levels were maintained following 15-day BCAS, but 
increased following 30-day BCAS in the cortex and 
cerebellum. In the hippocampus, Claudin-5 levels 
showed a significant reduction in AL mice following 
the 30-day BCAS timepoint. IF increased Claudin-5 
levels in the cortex at the 15-day timepoint, and 
reduced Claudin-5 levels at the cerebellum at the 
30-day timepoint. IF maintained Claudin-5 levels 

following 15-day and 30-day BCAS in the 
hippocampus (Fig. 2E-J). Junctional adhesion 
molecule (JAM-A) expression was reduced 
significantly in AL animals following BCAS in the 
cerebellum and non-significantly in the cortex, but 
maintained in the hippocampus. IF maintained 
JAM-A expression levels in the cortex and 
hippocampus, but increased expression at the 15-day 
timepoint in the cerebellum (Fig. 2E-J). These data 
thus indicated that IF likely protected against 
CCH-induced BBB breakdown by maintaining TJ 
proteins compared to the AL diet.  

Intermittent fasting attenuates white matter 
lesion injury, hippocampal neuronal loss and 
cell death following chronic cerebral 
hypoperfusion 

We next analysed the effect of IF on neuronal 
pathologies such as white matter (WM) integrity, 
neuronal loss and cerebral cell death. The first 
neuronal pathology we examined was WM integrity 
and the corresponding WM protein known as myelin 
basic protein (MBP) (Fig. 3). WM integrity after 15 or 
30 days of CCH was assessed in 5 brain regions 
including the corpus callosum (paramedian), corpus 
collosum (medial), caudoputamen, internal capsule 
and optic tract (Fig. 3A-K). The severity of WM 
damage was significantly increased in the corpus 
callosum (paramedian) at the 30-day timepoint (Fig. 
3B-C) and caudoputamen at 15-day and 30-day 
timepoints (Fig. 3F-G) in AL mice following BCAS. At 
the corpus callosum (medial) (Fig. 3D-E) and internal 
capsule (Fig. 3H-I), AL animals showed a 
non-significant, but more severe disruption in white 
matter compared to their IF counterparts. We found 
no change in white matter disruption at the optic tract 
(Fig. 3J-K). IF was able to generally maintain a lower 
WM severity score as compared to their AL 
counterparts at all 5 regions, specifically significant at 
the internal capsule in Sham and 15-day timepoints. 
We found a significant decrease in the expression of 
MBP in the cortex and cerebellum at the 30-day 
timepoint in AL animals (Fig. 3L-M, P-Q). IF 
increased MBP expression in the cerebellum in BCAS 
mice at the 15-day timepoint (Fig. 3P-Q). 

The second neuronal pathology examined was 
hippocampal neuronal loss. BCAS-induced neuronal 
loss was evident in hippocampal regions (Fig. 4A-F). 
Sham controls in all three regions showed densely 
packed nuclei, but there were signs of neuronal loss at 
CA1, CA2 and CA3 regions evident following BCAS 
in AL animals. In the CA1 region, neuronal count was 
reduced at the 30-day timepoint in AL animals (Fig. 
4A-B). In the CA2 region, the neuronal count showed 
a non-significant reduction in neuronal numbers 
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following BCAS in AL animals (Fig. 4C-D). In the 
CA3 region, there was a reduction in neuronal 
numbers at the 15-day timepoint following BCAS in 
AL animals (Fig. 4E-F). IF was able to rescue 

degeneration of neurons significantly at the 15- and 
30-day time points as compared to their AL 
counterparts in all three hippocampal regions (Fig. 
4A-F).  

 

 
Figure 3: Effect of intermittent fasting on white matter integrity in the brain following BCAS. A. Schematic diagrams illustrating areas where white matter severity 
was measured, namely the corpus callosum (medial), corpus callosum (paramedian), caudoputamen, internal capsule and optic tract. B-K. Representative Luxol fast blue stained 
images and quantification illustrating white matter changes at the corpus callosum (paramedian) (B-C), corpus callosum (medial) (D-E), caudoputamen (F-G), internal capsule (H-I) 
and optic tract (J-K). The severity of white matter damage was graded as follows: Grade 0=no disruptions, Grade 1=disarrangement of nerve fibres, Grade 2=formation of 
marked vacuoles, and Grade 3=disappearance of myelinated fibres. Arrowheads point only to marked vacuoles throughout the image. Magnification x60. Scale bar, 20 μm. Images 
were taken under identical exposures and conditions. Data are represented as mean ± standard error of the mean. n=5 mice in each experimental group. *P<0.05 compared with 
AL Sham; +P<0.05, ++P<0.01 compared with corresponding AL group. L-Q. Representative immunoblots and quantification of myelin basic protein (MBP) expression following 
BCAS in the cortex (L-M), hippocampus (N-O) and cerebellum (P-Q). Data are represented as mean ± standard error of the mean. n=4-7 mice in each experimental group. 
β-actin was used as a loading control. *P<0.05 compared with AL Sham; ++P<0.01 compared with corresponding AL BCAS. Abbreviations: AL, ad libitum; BCAS, bilateral common 
carotid artery stenosis; IF, intermittent fasting; VCI, vascular cognitive impairment. 
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Figure 4: Effect of intermittent fasting on hippocampal neuronal loss and apoptotic death in the brain following BCAS A-F. Representative cresyl violet images 
and quantification illustrating Nissl positively stained neurons in hippocampal CA1 (A-B), CA2 (C-D) and CA3 (E-F) regions. Magnification x60. Scale bar, 20 μm. Images were 
taken under identical exposures and conditions. Data are represented as mean ± standard error of the mean. n=5 mice in each experimental group. *P<0.05 compared with AL 
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Sham; +P<0.05, ++P<0.01, ++++P<0.0001 compared with corresponding AL BCAS. G-L. Representative immunoblots and quantification illustrating apoptosis marker cleaved 
caspase-3 at the cortex (G-H), hippocampus (I-J) and cerebellum (K-L). Data are represented as mean ± standard error of the mean. n=4-7 mice in each experimental group. 
β-actin was used as a loading control. *P<0.05 compared with AL Sham; +P<0.05, ++P<0.01 compared with corresponding AL group. Abbreviations: AL, ad libitum; BCAS, bilateral 
common carotid artery stenosis; Cl, cleaved; IF, intermittent fasting; VCI, vascular cognitive impairment.  

 
The third and final neuronal pathology 

examined was cerebral cell death following CCH. 
Therefore, we analysed the expression levels of 
caspase-3 in the cortex, hippocampus and cerebellum 
as a marker for apoptotic cell death (Fig. 4G-L). Our 
data shows that although total caspase-3 levels 
remained unchanged in all three brain regions. 
Cleaved caspase-3 was found to show little change in 
the cortex (Fig. 4G-H), a non-significant increase in 
the hippocampus (Fig. 4I-J), and a significant increase 
at the 15-day timepoint at the cerebellum (Fig. 4K-L) 
in AL animals, which suggests CCH-mediated brain 
loss to be partly mediated by activation of the 
apoptotic caspase pathway. IF animals had reduced 
expression of cleaved caspase-3 at the sham and 
30-day BCAS timepoints at the cortex, and at the 
15-day timepoint at the cerebellum. 

Intermittent fasting decreases matrix 
metalloproteinase and oxidative stress levels 
in the brain following chronic cerebral 
hypoperfusion 

As various cellular and molecular pathways 
have been implicated in CCH-induced brain injury, 
we postulated the involvement of matrix metallo-
proteinases (MMPs) in the breakdown of the 
extracellular matrix in the brain that could mediate 
both vascular and neuronal pathologies (Fig. 5). Our 
data established evidence for significantly increased 
expression of membrane type-1 matrix metallo-
proteinase (MT1-MMP) at the cortex, and 
non-significant increase in MT1-MMP levels in the 
hippocampus and cerebellum following BCAS (Fig. 
5A-F). IF was able to significantly reduce MT1-MMP 
levels at the 15-and 30-day timepoints in the 
hippocampus and at the 30-day timepoint in the 
cerebellum (Fig. 5C-F). Downstream pro-MMP-2 
showed a significant increase following BCAS in the 
cortex at the 30-day timepoint, and a non-significant 
increase in the hippocampus and cerebellum in AL 
animals (Fig. 5A-F). IF was able to significantly reduce 
the CCH-induced increase of pro-MMP-2 levels at the 
cortex and cerebellum at the 15-day and 30-day time 
points, and at 30-day timepoint in the hippocampus 
(Fig. 5A-F). Additionally, we found a decrease in 
pro-MMP-9 levels at the 15-day and 30-day 
timepoints in the cortex, but no changes in expression 
of pro-MMP-9 at the hippocampus and cerebellum, 
although pro-MMP-9 levels were downregulated in 
the hippocampus in IF BCAS animals at the 30-day 
timepoint (Fig. 5A-F) suggesting that the MMP-9 

pathway is not induced during CCH-associated 
injury.  

Another mechanism we postulated to be 
involved in CCH-induced brain injury was oxidative 
stress. We, therefore, analysed oxidative stress 
markers in the cortex, hippocampus and cerebellum 
(Fig. 5G-L). Our data showed that the oxidative stress 
marker, malondialdehyde, was significantly increased 
following 30 days of BCAS injury in AL animals at the 
cortex, but non-significantly in the hippocampus and 
cerebellum (Fig. 5G-L). IF reduced malondialdehyde 
levels at the 30-day timepoint in the cortex and at the 
15-day timepoint in the hippocampus and cerebellum 
(Fig. 5G-L). Antioxidant glutathione levels were 
non-significantly lower in AL animals at the cortex 
and cerebellum following BCAS, and at the hippo-
campus, glutathione levels remained unchanged. IF 
was able to significantly increase expression levels of 
glutathione at the cortex and cerebellum at the 30-day 
timepoint, but showed no change at the hippocampus 
(Fig. 5G-L). Antioxidant superoxide dismutase was 
lower at the 15-day timepoint at the cortex and 
hippocampus but showed non-significant lower levels 
at the cerebellum. IF was able to increase superoxide 
dismutase levels at the cortex and cerebellum at the 
30-day and 15-day time points respectively (Fig. 
5G-L). 

Discussion 
Our study establishes a consensus of the 

beneficial effect of IF against age-related diseases. The 
effect of IF achieved through intermittent metabolic 
switching which implies recurring periods of a 
bioenergetic challenge. IF leads to depletion of liver 
glycogen stores and production of ketones from 
adipose-cell-derived fatty acids, followed by recovery 
period. This metabolic switch results in coordinated 
molecular and cellular adaptations involving various 
signaling cascades. Current findings indicate such a 
metabolic switch protects against CCH-induced 
neurovascular pathology in an animal model of 
vascular dementia. Prophylactic IF attenuated 
microvascular leakage, BBB permeability, TJ 
breakdown, white matter injury, neuronal loss and 
cell death through a reduction in MMP and oxidative 
stress levels (Fig. 6). Collectively, these data are the 
first to demonstrate the effect of IF on vascular and 
neuronal pathologies following CCH injury, 
identifying IF as a potential therapeutic intervention 
for VCI.  
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Figure 5: Effect of intermittent fasting on matrix metalloproteinase and oxidative stress in the brain following BCAS. A-F. Representative immunoblots and 
quantification illustrating matrix metalloproteinase (MMP)-2, its upstream membrane type (MT)-1 MMP (MT1MMP) and MMP-9 levels in the cortex (A-B), hippocampus (C-D) 
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and cerebellum (E-F). Data are represented as mean ± standard error of the mean. n=5-7 mice in each experimental group. β-actin was used as a loading control. *P<0.05, 
***P<0.001, ****P<0.0001 compared with AL Sham; +P<0.05, ++P<0.01, +++P<0.001, ++++P<0.0001 compared with corresponding AL BCAS. G-L. Representative immunoblots 
and quantification illustrating oxidative stress marker, malondialdehyde, and anti-oxidant markers, glutathione and superoxide dismutase in the cortex (G-H), hippocampus (I-J) 
and cerebellum (K-L). Data are expressed as mean ± standard error of the mean. n=4-7 mice in each experimental group. β-actin was used as a loading control. *P<0.05 
compared with AL Sham; +P<0.05, ++P<0.01 compared with corresponding AL BCAS. Abbreviations: AL, ad libitum; BCAS, bilateral common carotid artery stenosis; IF, 
intermittent fasting; VCI, vascular cognitive impairment.  

 
Figure 6: Schematic diagram illustrating the effects of intermittent fasting on the molecular mechanisms mediating vascular and neuronal pathology in 
the brain following BCAS in a mouse model of VCI. Vascular pathology in the brain following decreased cerebral blood flow (CBF) is defined as changes in the number of 
leaky microvessels and damage to the blood brain barrier (BBB). DiI staining was used to stain the vasculature, and IF was found to decrease the number of leaky microvessels 
in the brain following CCH. Evans blue staining was used to assess the extent of BBB damage in the brain. IF was found to decrease BBB permeability through increased tight 
junction proteins zonula-occludens (ZO)-1, Occludin, Claudin-5 and junctional adhesion molecule (JAM)-A. Vascular pathology in the brain following decreased CBF is defined as 
changes in the white matter pathology and loss of hippocampal neurons. Luxol fast blue (LFB) staining method was used to stain and image 5 different white matter regions 
(corpus callosum medial, corpus callosum paramedian, caudoputamen, internal capsule and optic tract). IF decreased the severity of white matter damage in the brain following 
CCH, through maintenance of myelin basic protein (MBP) levels. Nissl staining was used to visualise the hippocampal neurons in the brain, and IF was found to be able to increase 
neuronal counts through reducing apoptotic death indicated by the levels of cleaved caspase-3 in the brain. IF was found to reduce membrane-type 1 MMP (MT1-MMP) and MMP2 
levels in the brain following CCH. However, MMP9 was not involved in breaking down the extracellular matrix following CCH. IF reduced oxidative stress as indicated through 
markers of lipid oxidation such as malondialdehyde, and antioxidative glutathione, and superoxide dismutase levels. 

 
Following CCH, several hemodynamic changes 

occur in response to decreased blood flow in the 
brain. BCAS surgery induces a reduction of global 
cerebral blood flow by approximately 30-40% before 
collateral development and recovery of blood flow 
(46). Microscopic imaging of capillaries in the brain 
have revealed local heterogeneities in cortical blood 
flow supply during hypoperfusion, such as reduced 
red blood cell perfusion (47). Our present data 
demonstrate that IF can alleviate vascular damage 
induced under hypoperfusion conditions, as IF 

animals had greater cerebral blood flow recovery at 15 
and 30 days after BCAS surgery. In order to 
investigate the deep structural changes, we used a 
vasculature staining technique to observe vascular 
integrity. We showed that the number of 
microvascular leakages was lower in IF than AL 
animals during CCH. Leaky microvasculature are 
structural abnormalities on small vessels that lead to 
reduced cerebral perfusion, and are associated with 
aging and cognitive decline (48,49). Interestingly, we 
observed a rightward shift of leaky vessel formation 
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in the brain at increasing time points. While we did 
not collect data between 15- and 30-days’ time points 
to study the gradual changes of microvessel leakage, 
it may be attributed to repeated compromise of the 
blood vessels due to deteriorating brain pathology. 
Nevertheless, we are able to provide strong evidence 
that IF maintained vascular integrity, which 
improved CBF in the brain following hypoperfusion.  

We investigated BBB permeability following 
CCH, and the effects of prophylactic IF on the 
integrity of the BBB in order to understand the 
mechanisms involved. Increased BBB permeability 
has been reported in animal models of CCH and VCI 
patients (50). However, there were no previous 
studies on the effect of IF on BBB permeability. We 
showed that prophylactic IF was able to maintain the 
integrity of the BBB under hypoperfused conditions 
via the Evans Blue technique. Interestingly, the 
integrity of the BBB was improved even under Sham 
conditions, that may posit the possibility that IF 
improves BBB integrity under normal physiological 
conditions. Investigation into the expression levels of 
molecular targets of BBB integrity, namely the TJ 
proteins, revealed that BBB integrity was maintained 
with IF following CCH via upregulation of TJ protein 
expression. TJ proteins such as zonula occludens 
(ZO-1), Occludin, Claudin-5 and junctional adhesion 
molecule (JAM-A) act as molecular gates between 
endothelial cells of the BBB (51). Our data are 
consistent with similar effects of IF on TJ proteins in 
the gut vasculature (52). While TJ protein expression 
levels were assessed, immunofluorescence studies to 
visualise the localisation of these TJ proteins may 
prove useful to be examined in future studies. 
Pericyte coverage and count, a property of the BBB 
that contributes to its integrity was not examined in 
this study, but has been reported to be decreased in 
the brains of BCAS mice (53). The effect of IF on 
pericyte coverage may prove to be useful in future 
studies on BBB integrity during CCH. 

Following CCH, WMLs are reported to have a 
presumed vascular origin, and are associated with 
cognitive decline in the elderly (54). Reduced blood 
flow to the white matter regions have been shown to 
predict the clinical development of WMLs in the brain 
(55). At the tissue level, the breakdown of myelin 
sheaths causes myelin basic protein (MBP) network 
disassembly. A decrease in MBP expression with 
CCH therefore demonstrates structural disruption of 
the myelin sheath and hence formation of WMLs (56). 
We showed a striking difference between the severity 
of WMLs and MBP expression levels in animals under 
AL and IF diets. We observed that IF animals 
subjected to BCAS exhibited less white matter injury 
and maintenance of MBP levels compared to those on 

the AL diet. Similar results have been reported in 
multiple sclerosis mouse models where IF reduced 
demyelination in the spinal cord (57). 

Another macroscopic neuronal pathologic lesion 
during CCH is neurodegeneration which involves the 
loss of neurons particularly at the hippocampus that 
is associated with memory, behavioural changes and 
cognition (58). Sub-regions of the hippocampus – 
CA1, CA2 and CA3 are responsible for memory 
coding and retrieval. Specifically, the CA1 region is 
involved in the formation, consolidation, and retrieval 
of hippocampal-dependent memories (59); the CA2 
region is involved in the formation of social memory 
(60), and the CA3 region is involved in memory 
processes and neurodegeneration (61). Tightly 
orchestrated programmed cell death signalling events 
are activated in response to CCH, for which cell death 
markers such as caspase-3 play an important 
contributing role in apoptosis and hippocampal 
atrophy (56). We found that neuronal loss, and 
apoptotic cell death activation were present in AL 
animals following CCH, consistent with a previous 
study (56). In this study, we demonstrate less 
neuronal loss in the CA1, CA2 and CA3 hippocampal 
regions in IF mice following CCH. This implicates a 
mechanism through which IF may improve cognitive 
functions. Previous evidence suggests that the 
cerebellum is involved in cognition and behaviour of 
animals (62). Hence, due to the increased levels of 
cleaved caspase-3 observed in the cerebellum, it may 
also be closely linked to cognitive loss during CCH. 
We showed that IF attenuated cerebellar caspase-3 
activation, which thus may mediate improved 
cognitive performance. Moreover, IF was also able to 
decrease cleaved caspase-3 levels in the cortex of 
Sham animals implying that it was able to suppress 
apoptotic cell death at basal conditions for reasons 
and mechanisms that remains to be fully elucidated.  

It is important to elucidate the mechanism(s) at 
the molecular and cellular levels by which IF 
alleviates both vascular and neuronal pathologies 
following CCH. Here, we investigated pathways 
previously implicated in BBB breakdown, namely the 
activation of matrix metalloproteinases (MMPs) and 
oxidative stress. Previously, an increase in matrix 
metalloproteinases, particularly MMP-2 under CCH 
has been reported (63,64). In our study, we showed a 
similar finding that MMP-2 was upregulated during 
CCH, and IF reduced the expression of MMP-2 in the 
brain. While the expression levels were assessed, the 
enzymatic activity of the MMPs may prove useful to 
examine in future studies. Similarly, there is also 
evidence that increased oxidative stress levels occur in 
the brain following CCH. We observed that IF 
reduced CCH-induced increases in malondialdehyde 
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levels, suggesting that reduced lipid peroxidation in 
the brain is a plausible mechanism through which IF 
attenuates neurovascular pathologies. Furthermore, 
IF increased anti-oxidant glutathione and superoxide 
dismutase levels in the brain following CCH. Our 
study suggests that IF exerts protective effects against 
vascular and neuronal pathologies through reduced 
levels of MMP and oxidative stress.  

The precise mechanisms through which IF 
promotes VaD pathological tolerance is not yet 
completely deciphered. Nevertheless, future work in 
systematically studying these mechanisms and the 
molecular pathways are warranted. However, it was 
previously established that IF protects against 
age-related diseases such as cardiovascular diseases 
and neurodegeneration by targeting dysregulated 
energy mechanisms, oxidative stress, mitochondrial 
dysfunction, impaired lysosome and proteasome 
function, inflammation, cellular senescence and 
promoting the expression of genes by modulating 
epigenetic mechanisms that are essential for plasticity 
and regeneration (65,66,67,68). These pleiotropic 
adaptations of IF sets the stage for future work in the 
field of VaD.  

In summary, we have provided substantial 
evidence that prophylactic IF is effective in reducing 
vascular and neuronal pathologies following CCH. 
While our study establishes IF as a potential 
therapeutic approach for attenuating VCI-related 
pathologies, further research is needed to test its 
clinical potential. 

Supplementary Material 
Supplementary figures.  
https://www.ijbs.com/v18p6052s1.pdf 
Supplementary data.  
https://www.ijbs.com/v18p6052s2.xlsx 

Acknowledgements 
All figures in this article were created using 

BioRender. Optimisation of laboratory techniques for 
Luxol Fast Blue protocol and CBF protocol were 
kindly done by Dr Luting Poh in the lab team. 

Funding 
This work was supported by the National 

Medical Research Council Research Grants 
(NMRC-CBRG-0102/2016; NMRC/CSA-SI/007/2016 
and NMRC/OFIRG/0036/2017), Singapore.  

Author contributions  
Study conception and design: T.V.A., V.R., 

C.L.H.C., and D.Y.F.; experiment or data collection: 
V.R., and D.Y.F.,: data analysis: V.R., D.Y.F., and 
T.V.A.; data interpretation: V.R., T.V.A., and D.Y.F; 

writing-manuscript preparation and intellectual 
input: V.R., T.V.A., D.Y.F., Q.N.D., H.A.K., T.M.D.S., 
G.R.D., C.G.S., D-.G.J., M.K.P.L., and C.L-.H.C.,; 
supervision and administration: T.V.A., D.Y.F., 
M.K.P.L., and C.L-.H.C. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Rizzi L, Rosset I, Roriz-Cruz M. Global epidemiology of dementia: 

Alzheimer’s and vascular types. Biomed Res Int. 2014;2014.  
2.  Roman G, Sachdev P, Royall D, Bullock R, Orgogozo J-M, López-Pousa S, et al. 

Vascular cognitive disorder: A new diagnostic category updating vascular 
cognitive impairment and vascular dementia. J Neurol Sci. 2004 Nov 
15;226:81–7.  

3.  Akinyemi R, Mukaetova-Ladinska E, Attems J, Ihara M, Kalaria R. Vascular 
risk factors and neurodegeneration in ageing related dementias: Alzheimer’s 
disease and vascular dementia. Curr Alzheimer Res [Internet]. 2013;10(6):642–
53. Available from: https://pubmed.ncbi.nlm.nih.gov/23627757/ 

4.  Cheng Y-W, Chiu M-J, Chen Y-F, Cheng T-W, Lai Y-M, Chen T-F. The 
contribution of vascular risk factors in neurodegenerative disorders: from 
mild cognitive impairment to Alzheimer’s disease. Alzheimer’s Res Ther 2020 
121 [Internet]. 2020;12(1):1–10. Available from: 
https://alzres.biomedcentral.com/articles/10.1186/s13195-020-00658-7 

5.  Gyanwali B, Shaik M, Tan B, Venketasubramanian N, Chen C, Hilal S. Risk 
Factors for and Clinical Relevance of Incident and Progression of Cerebral 
Small Vessel Disease Markers in an Asian Memory Clinic Population. J 
Alzheimers Dis [Internet]. 2019;67(4):1209–19. Available from: 
https://pubmed.ncbi.nlm.nih.gov/30714960/ 

6.  Hilal S, Mok V, Youn YC, Wong A, Ikram MK, Chen CLH. Prevalence, risk 
factors and consequences of cerebral small vessel diseases: data from three 
Asian countries. J Neurol Neurosurg Psychiatry [Internet]. 2017;88(8):669–74. 
Available from: https://pubmed.ncbi.nlm.nih.gov/28600443/ 

7.  Skrobot OA, Black SE, Chen C, DeCarli C, Erkinjuntti T, Ford GA, et al. 
Progress toward standardized diagnosis of vascular cognitive impairment: 
Guidelines from the Vascular Impairment of Cognition Classification 
Consensus Study. Alzheimer’s Dement [Internet]. 2018;14(3):280–92. Available 
from: https://onlinelibrary.wiley.com/doi/full/10.1016/j.jalz.2017.09.007 

8.  Xu X, Chan YH, Chan QL, Gyanwali B, Hilal S, Tan BY, et al. Global 
cerebrovascular burden and long-term clinical outcomes in Asian elderly 
across the spectrum of cognitive impairment. Int psychogeriatrics. 
2018;30(9):1355–63.  

9.  Deng Y, Wang L, Sun X, Liu L, Zhu M, Wang C, et al. Association Between 
Cerebral Hypoperfusion and Cognitive Impairment in Patients With Chronic 
Vertebra-Basilar Stenosis. Front Psychiatry. 2018 Sep 26;0:455.  

10.  O’Sullivan M, Lythgoe DJ, Pereira AC, Summers PE, Jarosz JM, Williams SCR, 
et al. Patterns of cerebral blood flow reduction in patients with ischemic 
leukoaraiosis. Neurology [Internet]. 2002;59(3):321–6. Available from: 
https://n.neurology.org/content/59/3/321 

11.  Ruitenberg A, Heijer T den, Bakker SLM, Swieten JC van, Koudstaal PJ, 
Hofman A, et al. Cerebral hypoperfusion and clinical onset of dementia: The 
Rotterdam study. Ann Neurol [Internet]. 2005;57(6):789–94. Available from: 
https://onlinelibrary.wiley.com/doi/full/10.1002/ana.20493 

12.  Safouris A, Hambye A-S, Sculier C, Papageorgiou SG, Vasdekis SN, Gazagnes 
M-D, et al. Chronic Brain Hypoperfusion due to Multi-Vessel Extracranial 
Atherosclerotic Disease: A Potentially Reversible Cause of Cognitive 
Impairment. J Alzheimer’s Dis. 2015 Jan 1;43(1):23–7.  

13.  Schuff N, Matsumoto S, Kmiecik J, Studholme C, Du A, Ezekiel F, et al. 
Cerebral blood flow in ischemic vascular dementia and Alzheimer’s disease, 
measured by arterial spin-labeling magnetic resonance imaging. Alzheimer’s 
Dement [Internet]. 2009;5(6):454–62. Available from: 
https://onlinelibrary.wiley.com/doi/full/10.1016/j.jalz.2009.04.1233 

14.  Alsop DC, Dai W, Grossman M, Detre JA. Arterial spin labeling blood flow 
MRI: its role in the early characterization of Alzheimer’s disease. J Alzheimers 
Dis [Internet]. 2010;20(3):871–80. Available from: https://pubmed 
.ncbi.nlm.nih.gov/20413865 

15.  Chao L, Buckley S, Kornak J, Schuff N, Madison C, Yaffe K, et al. ASL 
perfusion MRI predicts cognitive decline and conversion from MCI to 
dementia. Alzheimer Dis Assoc Disord. 2010 Jan 1;24:19–27.  

16.  Muñoz Maniega S, Chappell FM, Valdés Hernández MC, Armitage PA, Makin 
SD, Heye AK, et al. Integrity of normal-appearing white matter: Influence of 
age, visible lesion burden and hypertension in patients with small-vessel 
disease. J Cereb Blood Flow Metab [Internet]. 2017;37(2):644–56. Available 
from: https://journals.sagepub.com/doi/10.1177/0271678X16635657 

17.  Schmitz M, Hermann P, Oikonomou P, Stoeck K, Ebert E, Poliakova T, et al. 
Cytokine profiles and the role of cellular prion protein in patients with 
vascular dementia and vascular encephalopathy. Neurobiol Aging [Internet]. 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

6066 

2015;36(9):2597–606. Available from: https://www.sciencedirect.com/ 
science/article/pii/S0197458015002778 

18.  Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic cerebral small 
vessel disease: insights from neuroimaging. Lancet Neurol [Internet]. 
2013;12(5):483–97. Available from: 
http://www.thelancet.com/article/S1474442213700607/fulltext 

19.  Madureira S, Verdelho A, Pantoni L, Scheltens P. White matter changes: New 
perspectives on imaging, clinical aspects, and intervention. J Aging Res. 
2011;2011.  

20.  Shibata M, Ohtani R, Ihara M, Tomimoto H. White Matter Lesions and Glial 
Activation in a Novel Mouse Model of Chronic Cerebral Hypoperfusion. 
Stroke [Internet]. 2004 Nov 1;35(11):2598–603. Available from: 
https://doi.org/10.1161/01.STR.0000143725.19053.60 

21.  Belkhelfa M, Beder N, Mouhoub D, Amri M, Hayet R, Nabila T, et al. The 
involvement of neuroinflammation and necroptosis in the hippocampus 
during vascular dementia. J Neuroimmunol. 2018 Apr 1;320.  

22.  Ceulemans A-G, Zgavc T, Kooijman R, Hachimi-Idrissi S, Sarre S, Michotte Y. 
The dual role of the neuroinflammatory response after ischemic stroke: 
modulatory effects of hypothermia. J Neuroinflammation [Internet]. 2010 Nov 
1;7:74. Available from: https://pubmed.ncbi.nlm.nih.gov/21040547 

23.  Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. Age 
and Age-Related Diseases: Role of Inflammation Triggers and Cytokines. 
Front Immunol [Internet]. 2018 Apr 9;9:586. Available from: 
https://pubmed.ncbi.nlm.nih.gov/29686666 

24.  Zuliani G, Ranzini M, Guerra G, Rossi L, Munari MR, Zurlo A, et al. Plasma 
cytokine profile in older subjects with late onset Alzheimer’s disease or 
vascular dementia. J Psychiatr Res. 2007 Oct 1;41:686–93.  

25.  Kim, Kang SW, Mallilankaraman K, Baik SH, Lim JC, Balaganapathy P, et al. 
Transcriptome analysis reveals intermittent fasting-induced genetic changes 
in ischemic stroke. Hum Mol Genet [Internet]. 2018 Jul 1;27(13):2405. Available 
from: https://doi.org/10.1093/hmg/ddy138 

26.  Nakaji K, Ihara M, Takahashi C, Itohara S, Noda M, Takahashi R, et al. Matrix 
Metalloproteinase-2 Plays a Critical Role in the Pathogenesis of White Matter 
Lesions After Chronic Cerebral Hypoperfusion in Rodents. Stroke [Internet]. 
2006 Nov 1;37(11):2816–23. Available from: https://doi.org/10.1161/ 
01.STR.0000244808.17972.55 

27.  Okamoto Y, Yamamoto T, Kalaria RN, Senzaki H, Maki T, Hase Y, et al. 
Cerebral hypoperfusion accelerates cerebral amyloid angiopathy and 
promotes cortical microinfarcts. Acta Neuropathol [Internet]. 2011/12/15. 
2012 Mar;123(3):381–94. Available from: https://pubmed.ncbi.nlm.nih.gov/ 
22170742 

28.  Akoudad S, Wolters F, Viswanathan A, Bruijn R, Lugt A, Hofman A, et al. 
Association of Cerebral Microbleeds With Cognitive Decline and Dementia. 
JAMA Neurol. 2016 Jun 6;73.  

29.  Lee J, Sohn EH, Oh E, Lee AY. Characteristics of Cerebral Microbleeds. 
Dement neurocognitive Disord [Internet]. 2018/12/06. 2018 Sep;17(3):73–82. 
Available from: https://pubmed.ncbi.nlm.nih.gov/30906396 

30.  Nakamori M, Hosomi N, Tachiyama K, Kamimura T, Matsushima H, Hayashi 
Y, et al. Lobar microbleeds are associated with cognitive impairment in 
patients with lacunar infarction. Sci Rep [Internet]. 2020;10(1):16410. Available 
from: https://doi.org/10.1038/s41598-020-73404-6 

31.  Huang J, Li J, Feng C, Huang X, Wong L, Liu X, et al. Blood-Brain Barrier 
Damage as the Starting Point of Leukoaraiosis Caused by Cerebral Chronic 
Hypoperfusion and Its Involved Mechanisms: Effect of Agrin and 
Aquaporin-4. Biomed Res Int. 2018;2018.  

32.  Wardlaw JM, Makin SJ, Hernández MCV, Armitage PA, Heye AK, Chappell 
FM, et al. Blood-brain barrier failure as a core mechanism in cerebral small 
vessel disease and dementia: evidence from a cohort study. Alzheimer’s 
Dement [Internet]. 2017;13(6):634–43. Available from: 
https://onlinelibrary.wiley.com/doi/full/10.1016/j.jalz.2016.09.006 

33.  Zhang CE, Wong SM, Uiterwijk R, Backes WH, Jansen JFA, Jeukens CRLPN, et 
al. Blood–brain barrier leakage in relation to white matter hyperintensity 
volume and cognition in small vessel disease and normal aging. Brain Imaging 
Behav 2018 132 [Internet]. 2018;13(2):389–95. Available from: 
https://link.springer.com/article/10.1007/s11682-018-9855-7 

34.  Mattson M. Emerging neuroprotective strategies for Alzheimer’s disease: 
Dietary restriction, telomerase activation, and stem cell therapy. Exp Gerontol. 
2000 Aug 1;35:489–502.  

35.  Dias G, Murphy T, Stangl D, Ahmet S, Morisse B, Nix A, et al. Intermittent 
fasting enhances long-term memory consolidation, adult hippocampal 
neurogenesis, and expression of longevity gene Klotho. Mol Psychiatry. 2021 
May 25;1–15.  

36.  Pak HH, Haws SA, Green CL, Koller M, Lavarias MT, Richardson NE, et al. 
Fasting drives the metabolic, molecular and geroprotective effects of a 
calorie-restricted diet in mice. Nat Metab [Internet]. 2021;3(10):1327–41. 
Available from: https://doi.org/10.1038/s42255-021-00466-9 

37.  Ahn JH, Noh Y, Shin BN, Kim S-S, Park JH, Lee T-K, et al. Intermittent fasting 
increases SOD2 and catalase immunoreactivities in the hippocampus but does 
not protect from neuronal death following transient ischemia in gerbils. Mol 
Med Rep [Internet]. 2018/09/21. 2018 Dec;18(6):4802–12. Available from: 
https://pubmed.ncbi.nlm.nih.gov/30272360 

38.  Arumugam T V, Phillips TM, Cheng A, Morrell CH, Mattson MP, Wan R. Age 
and energy intake interact to modify cell stress pathways and stroke outcome. 
Ann Neurol [Internet]. 2010 Jan;67(1):41–52. Available from: 
https://pubmed.ncbi.nlm.nih.gov/20186857 

39.  Fann D, Santro T, Manzanero S, Widiapradja A, Cheng Y-L, Lee S-Y, et al. 
Intermittent Fasting Attenuates Inflammasome Activity in Ischemic Stroke. 
Exp Neurol. 2014 May 4;257.  

40.  Mattson MP, Wan R. Beneficial effects of intermittent fasting and caloric 
restriction on the cardiovascular and cerebrovascular systems. J Nutr Biochem 
[Internet]. 2005;16(3):129–37. Available from: https://www.sciencedirect 
.com/science/article/pii/S095528630400261X 

41.  Poh L, Rajeev V, Selvaraji S, Lai MKP, Chen CL-H, Arumugam T V., et al. 
Intermittent fasting attenuates inflammasome-associated apoptotic and 
pyroptotic death in the brain following chronic hypoperfusion. Neurochem 
Int. 2021 Sep;148.  

42.  Stranahan AM, Mattson MP. Recruiting adaptive cellular stress responses for 
successful brain ageing. Nat Rev Neurosci [Internet]. 2012 Jan 18;13(3):209–16. 
Available from: https://pubmed.ncbi.nlm.nih.gov/22251954 

43.  Fann, Lee SY, Manzanero S, Tang SC, Gelderblom M, Chunduri P, et al. 
Intravenous immunoglobulin suppresses NLRP1 and NLRP3 
inflammasome-mediated neuronal death in ischemic stroke. Cell Death Dis 
[Internet]. 2013;4(9). Available from: 
https://pubmed.ncbi.nlm.nih.gov/24008734/ 

44.  Li, Song Y, Zhao L, Gaidosh G, Laties AM, Wen R. Direct labeling and 
visualization of blood vessels with lipophilic carbocyanine dye DiI. 2008;  

45.  Wick MJ, Harral JW, Loomis ZL, Dempsey EC. An Optimized Evans Blue 
Protocol to Assess Vascular Leak in the Mouse. J Vis Exp [Internet]. 2018 Sep 
12;(139):57037. Available from: https://pubmed.ncbi.nlm.nih.gov/30272649 

46.  Nishio K, Ihara M, Yamasaki N, Kalaria RN, Maki T, Fujita Y, et al. A mouse 
model characterizing features of vascular dementia with hippocampal 
atrophy. Stroke [Internet]. 2010;41(6):1278–84. Available from: 
https://pubmed.ncbi.nlm.nih.gov/20448204/ 

47.  Srinivasan V, Yu E, Radhakrishnan H, Can A, Climov M, Leahy C, et al. 
Micro-Heterogeneity of Flow in a Mouse Model of Chronic Cerebral 
Hypoperfusion Revealed by Longitudinal Doppler Optical Coherence 
Tomography and Angiography. J Cereb blood flow Metab Off J Int Soc Cereb 
Blood Flow Metab. 2015 Aug 5;  

48.  Gregg NM, Kim AE, Gurol ME, Lopez OL, Aizenstein HJ, Price JC, et al. 
Incidental Cerebral Microbleeds and Cerebral Blood Flow in Elderly 
Individuals. JAMA Neurol [Internet]. 2015 Sep 1;72(9):1021–8. Available from: 
https://doi.org/10.1001/jamaneurol.2015.1359 

49.  Martinez-Ramirez S, Greenberg SM, Viswanathan A. Cerebral microbleeds: 
overview and implications in cognitive impairment. Alzheimers Res Ther 
[Internet]. 2014;6(3):33. Available from: https://doi.org/10.1186/alzrt263 

50.  Duncombe J, Kitamura A, Hase Y, Ihara M, Kalaria RN, Horsburgh K. Chronic 
cerebral hypoperfusion: a key mechanism leading to vascular cognitive 
impairment and dementia. Closing the translational gap between rodent 
models and human vascular cognitive impairment and dementia. Clin Sci 
[Internet]. 2017;131(19):2451–68. Available from: 
/clinsci/article/131/19/2451/71528/Chronic-cerebral-hypoperfusion-a-key-
mechanism 

51.  Haseloff RF, Dithmer S, Winkler L, Wolburg H, Blasig IE. Transmembrane 
proteins of the tight junctions at the blood–brain barrier: Structural and 
functional aspects. Semin Cell Dev Biol. 2015 Feb 1;38:16–25.  

52.  Liu, Dai X, Zhang H, Shi R, Hui Y, Jin X, et al. Gut microbiota mediates 
intermittent-fasting alleviation of diabetes-induced cognitive impairment. Nat 
Commun [Internet]. 2020;11(1):855. Available from: https://doi.org/ 
10.1038/s41467-020-14676-4 

53.  Liu Q, Radwanski R, Babadjouni R, Patel A, Hodis DM, Baumbacher P, et al. 
Experimental chronic cerebral hypoperfusion results in decreased pericyte 
coverage and increased blood–brain barrier permeability in the corpus 
callosum. J Cereb Blood Flow Metab [Internet]. 2017 Dec 1;39(2):240–50. 
Available from: https://doi.org/10.1177/0271678X17743670 

54.  Murray A, McNeil C, Salarirad S, Deary I, Phillips L, Whalley L, et al. Brain 
hyperintensity location determines outcome in the triad of impaired cognition, 
physical health and depressive symptoms: A cohort study in late life. Arch 
Gerontol Geriatr [Internet]. 2016;63:49–54. Available from: https:// 
www.sciencedirect.com/science/article/pii/S0167494315300686 

55.  Bernbaum M, Menon B, Fick G, Smith E, Goyal M, Frayne R, et al. Reduced 
Blood Flow in Normal White Matter Predicts Development of Leukoaraiosis. J 
Cereb Blood Flow Metab. 2015 May 13;35.  

56.  Poh L, Fann DY, Wong P, Lim HM, Foo SL, Kang S-W, et al. AIM2 
inflammasome mediates hallmark neuropathological alterations and cognitive 
impairment in a mouse model of vascular dementia. Mol Psychiatry 2020 
[Internet]. 2020;1–17. Available from: 
https://www.nature.com/articles/s41380-020-00971-5 

57.  Cignarella F, Cantoni C, Ghezzi L, Salter A, Dorsett Y, Chen L, et al. 
Intermittent Fasting Confers Protection in CNS Autoimmunity by Altering the 
Gut Microbiota. Cell Metab [Internet]. 2018 Jun 5;27(6):1222-1235.e6. Available 
from: https://pubmed.ncbi.nlm.nih.gov/29874567 

58.  Cechetti F, Pagnussat AS, Worm P V, Elsner VR, Ben J, da Costa MS, et al. 
Chronic brain hypoperfusion causes early glial activation and neuronal death, 
and subsequent long-term memory impairment. Brain Res Bull [Internet]. 
2012;87(1):109–16. Available from: https://www.sciencedirect.com/science/ 
article/pii/S0361923011003017 

59.  Bartsch T, Döhring J, Rohr A, Jansen O, Deuschl G. CA1 neurons in the human 
hippocampus are critical for autobiographical memory, mental time travel, 
and autonoetic consciousness. Proc Natl Acad Sci [Internet]. 2011 Oct 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

6067 

18;108(42):17562 LP – 17567. Available from: http://www.pnas.org/ 
content/108/42/17562.abstract 

60.  Chevaleyre V, Piskorowski RA. Hippocampal Area CA2: An Overlooked but 
Promising Therapeutic Target. Trends Mol Med [Internet]. 2016 Aug 
1;22(8):645–55. Available from: https://doi.org/10.1016/j.molmed.2016.06.007 

61.  Cherubini E, Miles R. The CA3 region of the hippocampus: how is it? What is 
it for? How does it do it? Front Cell Neurosci [Internet]. 2015 Feb 5;9:19. 
Available from: https://pubmed.ncbi.nlm.nih.gov/25698930 

62.  Rapoport M, van Reekum R, Mayberg H. The Role of the Cerebellum in 
Cognition and Behavior. J Neuropsychiatry Clin Neurosci [Internet]. 2000 May 
1;12(2):193–8. Available from: https://doi.org/10.1176/jnp.12.2.193 

63.  Ihara M, Tomimoto H, Kinoshita M, Oh J, Noda M, Wakita H, et al. Chronic 
Cerebral Hypoperfusion Induces MMP-2 but Not MMP-9 Expression in the 
Microglia and Vascular Endothelium of White Matter. J Cereb Blood Flow 
Metab [Internet]. 2001 Jul 1;21(7):828–34. Available from: https:// 
doi.org/10.1097/00004647-200107000-00008 

64.  Kim, Choi B-R, Lee YW, Kim D-H, Han YS, Jeon WK, et al. Chronic Cerebral 
Hypoperfusion Induces Alterations of Matrix Metalloproteinase-9 and 
Angiopoietin-2 Levels in the Rat Hippocampus. Exp Neurobiol [Internet]. 
2018/08/30. 2018 Aug;27(4):299–308. Available from: https:// 
pubmed.ncbi.nlm.nih.gov/30181692 

65.  Ng GY, Hande V, Ong MH, Wong BW, Loh ZW, Ho WD, Handison LB, Tan 
IMP, Fann DY, Arumugam TV, Hande MP. Effects of dietary interventions on 
telomere dynamics. Mutat Res Genet Toxicol Environ Mutagen. 2022 
Apr-May;876-877:503472. 

66.  Selvaraji S, Efthymios M, Foo RSY, Fann DY, Lai MKP, Chen CLH, Lim KL, 
Arumugam TV. Time-restricted feeding modulates the DNA methylation 
landscape, attenuates hallmark neuropathology and cognitive impairment in a 
mouse model of vascular dementia. Theranostics. 2022 Mar 21;12(7):3007-3023. 

67.  Rajeev V, Fann DY, Dinh QN, Kim HA, De Silva TM, Lai MKP, Chen CL, 
Drummond GR, Sobey CG, Arumugam TV. Pathophysiology of blood brain 
barrier dysfunction during chronic cerebral hypoperfusion in vascular 
cognitive impairment. Theranostics. 2022 Jan 16;12(4):1639-1658. 

68.  Mattson MP, Arumugam TV. Hallmarks of Brain Aging: Adaptive and 
Pathological Modification by Metabolic States. Cell Metab. 2018 Jun 
5;27(6):1176-1199. 


