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Abstract  Cerebral small vessel diseases (CSVD) 
are neurological disorders associated with microves-
sels, manifested pathologically as white matter (WM) 
changes and cortical microbleeds, with hyperten-
sion as a risk factor. Additionally, a high-fat diet 
(HFD) can affect peripheral vessel health. Our study 
explored how HFD affects cerebral small vessels in 
normotensive WKY, hypertensive SHR, and SHR/
SP rats. The MRI results revealed that HFD specifi-
cally increased WM hyperintensity in SHR/SP rats. 

Pathologically, it increased WM pallor and vacuola-
tion in SHR and SHR/SP rats. Levels of blood–brain 
barrier (BBB) protein claudin 5 were decreased in 
SHR and SHR/SP compared to WKY, with HFD hav-
ing minimal impact on these levels. Conversely, col-
lagen IV levels remained consistent among the rat 
strains, which were increased by HFD. Consequently, 
HFD caused vessel leakage in all rat strains, particu-
larly within the corpus callosum of SHR/SP rats. To 
understand the underlying mechanisms, we assessed 
the levels of hypoxia-inducible factor-1α (HIF-1α), 
Gp91-phox, and neuroinflammatory markers astro-
cytes, and microglia were increased in SHR and SHR/Supplementary Information  The online version 
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SP compared to WKY and were further elevated by 
HFD in all rat strains. Gp91-phox was also increased 
in SHR and SHR/SP compared to WKY, with HFD 
causing an increase in WKY but little effect in SHR 
and SHR/SP. In conclusion, our study demonstrates 
that HFD, in combined with hypertension, intensifies 
cerebral pathological alterations in CSVD rats. This 
exacerbation involves increased oxidative stress and 
HIF-1α in cerebral vessels, triggering neuroinflam-
mation, vascular basement membrane remodeling, 
IgG leakage, and ultimately WM damage.

Keywords  Cerebral small vessel disease (CSVD) · 
White matter (WM) · High-fat diet (HFD) · SHR · 
SHR/SP · Blood–brain barrier (BBB)

Introduction

Cerebral small vessel diseases (CSVD) encompass a 
variety of chronic neurological conditions resulting 
from damage to the small vessels in the cortex, white 
matter (WM), and subcortical areas of the brain [1–3]. 
Clinically, CSVD can manifest in various ways includ-
ing lacunar strokes, intracerebral hemorrhages, and 
observable WM alterations on MRI scans [4]. The 
symptoms of CSVD are diverse and depend on the 
location and extent of brain damage, including cog-
nitive impairment, executive dysfunction, gait distur-
bances, mood changes, and focal neurological deficits 
such as weakness or sensory loss [5]. Pathologically, 
CSVD comprises several distinct types, among them 
are arteriosclerosis, cerebral amyloid angiopathy 
(CAA), genetic CSVDs (like CADASIL and CARA-
SIL), inflammatory variations, and other subtypes [1]. 
Among these types, arteriosclerosis is most prevalent 
in the elderly population. It is characterized by scle-
rotic changes in small vessel walls leading to impaired 
autoregulation and reduced perfusion of cortical and 
WM areas [1]. However, the comprehensive molecular 

mechanisms underlying these vascular changes remain 
incompletely elucidated.

Hypertension is recognized as the primary cause 
of CSVD [6, 7]. Other risk factors for vascular dis-
eases, including dyslipidemia, diabetes, smoking, and 
stressful lifestyles, are also associated with CSVD [8]. 
In hypertensive CSVD, there is evidence of hyaline 
thickening of the vessel wall due to the deposition of 
fibro-hyaline materials and collagens, loss of smooth 
muscle cells from the tunica media, degeneration 
of the internal elastic lamina, proliferation of fibro-
blasts, and deposition of hyaline materials [9]. These 
changes lead to thickening and increased hardness 
of the vessel wall. Furthermore, CSVD is associated 
with impaired blood–brain barrier (BBB) function, 
which contributes to increased perivascular spaces, 
hemorrhage, small vessel occlusion, reduced cer-
ebral blood flow (CBF), and chronic cerebral hypo-
perfusion [9]. The pieces of evidence suggested that 
long-term hypertension-induced damage to vessels, 
particularly endothelial cells, can create a hypoxic 
condition, leading to the activation of hypoxia-
inducible factor 1α (HIF-1α) and several inflamma-
tory cytokines and proteases, and promoting a neu-
roinflammatory condition [9]. In particular, HIF-1α 
induces vascular endothelial growth factor, and along 
with the action of matrix metalloproteases, it can 
induce pathological angiogenesis and breakdown of 
the BBB [9]. Metalloproteases are also responsible 
for the degradation of vessel basement membranes, 
as evidenced by decreased collagen IV, which is fre-
quently observed in CSVD [10]. Moreover, reactive 
oxygen species (ROS) are known to induce BBB 
disturbances, endothelial dysfunction, and vascular 
degeneration, which are commonly seen in CSVD 
[11]. Amidst this intricate interplay, tight junctions 
(TJs) exclusive to brain endothelial cells, play a piv-
otal role in sealing the BBB, with claudin subtypes 1, 
3, 5, and 12 expressed at endothelial TJs, with claudin 
5, in particular, forming a significant component of 
the BBB [12, 13]. This orchestrated interplay, encom-
passing HIF-1α, collagen IV, ROS, and tight junction 
proteins, constitutes the complex symphony behind 
BBB disruption in CSVD. This deep comprehension 
guides our exploration of CSVD’s intricate pathogen-
esis and potential other risk factors.

Nowadays, hypertension is frequently found to be 
accompanied by dyslipidemia, diabetes, and obesity. 
Dyslipidemia, diabetes, and obesity independently 
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contribute to the risk of vascular diseases, including 
CSVD [14–17]. The primary factor underlying these 
conditions is believed to be the adoption of a West-
ern-style diet, characterized by a high content of satu-
rated fat [18, 19]. On the other hand, obesity-induced 
CSVD often exhibits lacunae without prominent 
white matter hyperintensities (WMH), in contrast to 
hypertension-induced CSVD [14]. Therefore, hyper-
tension, obesity, and dyslipidemia are risk factors 
for CSVD with varying impacts. They often occur 
together, making it important to comprehend their 
interactions. However, the exact connection between 
these factors and the molecular changes in CSVD is 
not well-known. In this study, we hypothesized that 
a combination of risk factors such as hypertension 
and high-fat diet (HFD) might exacerbate CSVD by 
affecting different aspects of the pathology compared 
to a single risk factor. To investigate the interplay of 
these risk factors at the molecular pathology level, we 
devised a study wherein a hypertensive CSVD model 
was exposed to HFD. Subsequently, we meticulously 
analyzed alterations in cerebral small vessels at the 
molecular pathology level.

There are limited animal models of CSVD avail-
able. Besides specific genetic knockout models, the 
two most commonly used animal models that have 
been demonstrated to mimic CSVD are the bilateral 
common carotid artery occlusion (BCCAO) model 
and other genetically predisposed models such as 
spontaneously hypertensive/stroke-prone (SHR/
SP) rats [20]. In the BCCAO model, hypo-perfusion 
is induced by permanently ligating both common 
carotid arteries, and subsequent brain changes are 
studied. While this model can explain large vessel 
occlusion-induced hypo-perfusion and related brain 
tissue changes, it may not fully capture hypertension-
induced changes in cerebral small vessels. On the 
other hand, the SHR/SP model establishes vessel 
changes after the development of hypertension, mak-
ing it a more suitable model for studying hyperten-
sion-induced CSVD. This model exhibits small ves-
sel sclerosis, BBB changes, and vessel degeneration, 
all of which are hallmarks of CSVD. In addition to 
the SHR/SP rats, we also used stroke-resistant spon-
taneous hypertensive rats (SHR), which show only 
little vessel changes even after developing hyperten-
sion [19]. Notably, SHR, SHR/SP model males have 
a higher incidence of blood pressure and stroke than 
females of the same strain [21, 22]. Therefore, we 

chose male SHR/SP rats as the CSVD animal model 
for our experiments. We included normotensive male 
Wistar-Kyoto rats (WKY) in our study to assess the 
independent effects of HFD on CSVD. Our findings 
indicate that HFD does indeed increase CSVD in a 
hypertension-independent manner. Thus, our study 
not only demonstrated that HFD can contribute to 
cerebrovascular disease, but also emphasized their 
role in exacerbating the disease process in conditions 
without hypertension, providing a sound scientific 
basis for further treatment and intervention.

Materials and Methods

Animals

Male spontaneously hypertensive rats (SHR) and 
spontaneously hypertensive/ stroke-prone rats (SHR/
SP) were used as CSVD models and Wistar-Kyoto 
(WKY) rats as a control. The WKY, SHR, and SHR/
SP rats for this experiment were obtained by self-
mating through the Department of Experimental Ani-
mals, Interdisciplinary Center for Science Research, 
Shimane University, with the approval of the Ethics 
Committee of Shimane University (approval num-
ber: IZ31-71). The animals were provided with free 
access to food and water at a controlled temperature 
(23 ± 2  °C) and with a 12-h light cycle (lights came 
on at 7:00 a.m.). All animals were used according to 
the ARRIVE reporting guidelines (Animal Research: 
Reporting of In  Vivo Experiments), and guidelines 
of the Institute of Experimental Animals of Shimane 
University. The experimental protocols and proce-
dures were approved by the Ethical Committee of 
Shimane University (approval code: IZ2-96).

Experimental Design

As shown in Fig.  1 (created in BioRender.com), to 
investigate the impact of the HFD on cerebral path-
ological changes of WKY, SHR, and SHR/SP rats, 
we used 12-week-old WKY, SHR, and SHR/SP 
rats divided fed 8 weeks with a normal diet (ND) or 
with HFD (60% lard). They were then divided into 6 
experimental groups, including the ND groups (ND-
WKY, ND-SHR, and ND-SHR/SP) and the HFD 
groups (HFD-WKY, HFD-SHR, and HFD-SHR/SP), 
with approximately 8 rats in each group, totaling 48 
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animals. The body weight of each group was meas-
ured weekly throughout the experiment. Subse-
quently, four rats in each of the HFD groups (HFD-
WKY, HFD-SHR, and HFD-SHR/SP) were subjected 
to blood pressure and brain magnetic resonance imag-
ing (MRI) before and after 8 weeks of HFD feeding, 
respectively. One day after the brain MRI examina-
tion, for the staining experiment, all rats were food-
deprived overnight, deeply anesthetized with isoflu-
rane, and transcranial perfused with normal saline, 
followed by 4% paraformaldehyde (PFA) in 100 mM 
phosphate-buffered saline (PBS, pH = 7.4) for tissue 
fixation. All tissues were removed and post-fixed into 
the same fixative for 24  h and were cryoprotected 
with 30% sucrose solution in 100 mM PBS for 48 h 
at 4 °C. Finally, these tissues were serially sectioned 
coronally into tissue blocks of 2  mm thickness, and 
10 µm thickness tissue slices were prepared for stain-
ing using a cryostat (Leica, Wetzlar, Germany).

Blood pressure measurements

Blood pressure was measured before and after HFD 
feeding in conscious, prewarmed, restrained WKY, 

SHR, and SHR/SP rats (n = 4/group) by tail-cuff 
apparatus (BP98AL, Softron, Tokyo, Japan) follow-
ing the previous procedure [23, 24]. Briefly, rats were 
acclimatized to restraint cages for 2 d (30 min/d) prior 
to the measurement of blood pressure which was 
taken between 09:00 and 13:00. On the day of meas-
urement, rats were restrained, and their tails were pre-
warmed to 37 °C for 5 to 10 min. Then their caudal 
arterial pressure was measured using an oscillometric 
cuff connected to the apparatus positioned at the ridge 
of the tail. Systolic, mean, and diastolic blood pres-
sure values were collected from each group of rats.

Magnetic resonance imaging (MRI) examination

For MRI examinations, animals were anesthetized 
to ensure immobilization during the imaging proce-
dures. Anesthesia was administered in accordance 
with approved protocols to minimize any potential 
distress or discomfort experienced by the animals dur-
ing the MRI scans. Inhalation anesthesia with isoflu-
rane (Pfizer Pharmaceutical Co., Ltd, NY, USA) was 
administered using a vaporizer at a concentration of 
1–2%, maintained throughout the MRI examination. 

Fig. 1   Experimental design. 12-week-old WKY, SHR, and 
SHR/SP rats were divided them into a high-fat diet group 
(HFD-WKY, HFD-SHR, and HFD-SHR/SP) and a normal 
diet group (ND-WKY, ND-SHR, and ND-SHR/SP). The 
high-fat diet (HFD) group was fed a diet containing 60% lard 
for 8 weeks, while the normal diet (ND) group was fed a nor-

mal diet for 8 weeks. Blood pressure and MRI were measured 
before and after 8  weeks of HFD feeding in the HFD group, 
and the body weight of each rat in each group was measured 
weekly. After 8  weeks of feeding, brain tissues were taken 
from all groups of rats to observe pathological changes
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MRI was examined before and after HFD-WKY, 
HFD-SHR, and HFD-SHR/SP rats. A T2-weighted 
MRI image of the whole brain (n = 4/group) was 
acquired with a 1.5 T MRI system (Mrmini SA; DS 
Pharma Biomedical, Osaka, Japan). Multi-slices MRI 
images were obtained with NMRImager Version 3.9 
readout (10 slices). We next used ImageJ analysis 
software version 1.53 K (NIH, Bethesda, MD, USA) 
to determine the hyperintensity area responsible for 
the lesion and measured the maximum area of the 
lesion on the T2-weighted images.

Kluver Barrera (KB) staining

WM integrity and myelin changes in the corpus callo-
sum of the rat brain were examined using KB staining 
on the 4th coronal section of the brain (S4: interaural 
7.20  mm; Bregma -1.80  mm) in each group (n = 3/
group). After 20 min of air-drying at room tempera-
ture, the brain slices were incubated in 0.1% Luxol 
Fast Blue solution for 2 h at 56 °C, then washed suc-
cessively in ethanol, 0.05% lithium carbonate, and 
deionized water. After the 4 min incubation at 37 °C 
in 0.1% cresyl violet acetate solution, the slices were 
washed in ethanol at 4 °C, and covered with a mount-
ing medium [25]. Then photomicrographs were taken 
at a magnification of × 400 within the field of view 
(FOV) in the corpus callosum region of each rat under 
an optical microscope (NIKON ECLIPSE Ci, Nikon 
Co. Ltd., Tokyo, Japan). In addition, the myelin integ-
rity of the corpus callosum using a scoring system: 
0 (dense myelin), 1 (myelin pallor), 2 (non-confluent 
vacuoles), and 3 (confluent vacuoles) (Fig. S1) [26]. 
The scores of each rat were examined by two inde-
pendent blinded observers. The results of the scores 
were averaged between the two observers.

Immunofluorescent (IF) staining

The procedure and protocol for IF staining have been 
reported in our previous studies [27, 28] and this 
study was performed on 10 µm frozen sections.

Antibodies

Antibodies reactive for the following antigens were 
used in this study: Solanum tuberosum lectin (STL, 
1:200, Vector Laboratories, Newark, CA, USA), anti-
Collagen IV IgG (rabbit polyclonal, 1:200, Novus Bio 

Co. Ltd., Colorado Spring, CO, USA), anti-Claudin 
5 IgG (rabbit polyclonal, 1:200, Abcam Co. Ltd., 
Cambridge, UK), anti-Iba-1 IgG (rabbit polyclonal, 
1:200, Abcam Co. Ltd., Cambridge, UK), anti-GFAP 
IgG (rabbit polyclonal, no dilution, Dako, Agilent 
Co. Ltd., Carpinteria, CA, USA), anti-GP91-phox 
IgG (mouse monoclonal, 1:200, Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA) and anti-HIF-1α IgG 
(mouse monoclonal, 1:50, Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX, USA). Secondary antibodies 
used (all at 1:500) included Cy3-conjugated anti-rat 
(Sigma-Aldrich, St. Louis, MO, USA), Alexa Fluor 
568-conjugated anti-mouse (Abcam Co. Ltd., Cam-
bridge, UK), goat anti-rabbit IgG FITC (Abcam Co. 
Ltd., Cambridge, UK), and Alexa Fluor 594-conju-
gated anti-rabbit (Abcam Co. Ltd., Cambridge, UK). 
Hoechst 33,258 (10 µg/mL, Sigma-Aldrich, St. Louis, 
MO, USA) was used to identify the nuclei of the cells. 
At last, the slices were mounted with Ultramount 
(Dako, Agilent Co. Ltd., Santa Clara, CA, USA).

Image analysis

Photomicrographs of the frontal cortex, corpus cal-
losum, and striatum regions in the brain were taken 
at a magnification of × 200 or × 400 within the field 
of view (FOV) in the same plane of each hemisphere 
with a fluorescence microscope (NIKON ECLIPSE 
80i, Nikon Co. Ltd., Tokyo, Japan) or confocal 
microscopy (FV3000, Olympus Co., Ltd, Tokyo, 
Japan). For each antigen in all analyses, images of 
at least three randomly selected FOV were taken 
per tissue section, then the total of vessel number or 
positive cells or immunoreactive area or immunoreac-
tive intensity of each FOV was measured by ImageJ 
analysis software version 1.53  K (NIH, Bethesda, 
MD, USA) and analyzed to calculate the mean (n = 3 
/ group).

In this study, microvessels were categorized based 
on their diameter, with capillaries defined as those 
with a diameter of less than 12 μm and small arteri-
oles and venules ranging from 12 to 40 μm [29–31]. 
We employed low-magnification fluorescence micros-
copy (× 200) to capture images of regions rich in 
capillaries and areas containing small arterioles and 
venules. Subsequently, we conducted capillary count-
ing and used high-magnification fluorescence micros-
copy (× 400) to obtain detailed images of individual 
capillaries for diameter measurements using ImageJ 
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analysis software. Next, to assess vascular leakage, 
extravascular immunoglobulin G (IgG) was analyzed. 
STL staining was employed to distinguish vessels and 
identify intravascular IgG, which was then excluded 
from the analysis. ImageJ analysis software was also 
used to determine the percentage of extravascular IgG 
coverage in the total analyzed image area [32]. Addi-
tionally, microglial activation was quantified based 
on the morphological changes of the cell. Activated 
microglia were identified by a larger cell body and 

shorter processes and branches, as shown in the mor-
phology of cells 2 and 3 in Fig. S2 [33].

Western Blotting (WB)

We collected frontal cortical brain tissues from nor-
mal diet (ND-WKY, ND-SHR, and ND-SHR/SP) and 
high-fat diet (HFD-WKY, HFD-SHR, and HFD-SHR/
SP) rat groups and homogenized in 20-fold volume of 
ice-cold RIPA lysis buffer (onefold phosphate-buff-
ered saline, pH 7.4, 1% Nonidet p-40 0.5% sodium 
deoxycholate, 0.1% SDS, 10 μg/mL PMSF, 10 μg/mL 
aprotinin). The total proteins (70 ug per lane) were 
subsequently separated by 10% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a PVDF membrane (Millipore, Bill-
erica, MA, USA). After blocking for 1 h at room tem-
perature, the membranes were blotted with primary 
antibodies including: anti-HIF-1α IgG (rabbit poly-
clonal, 1:2000, Santa Cruz, CA, USA), anti-claudin-5 
IgG (rabbit polyclonal, 1:2000, Abcam Co. Ltd., 
Cambridge, UK),anti-collagen IV IgG (rabbit poly-
clonal, 1:500, Novus, Colorado Springs, CO, USA), 
anti-Gp91-phox IgG  (mouse monoclonal,  1:200, 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 
and anti-β-actin IgG (1:1000, mouse monoclonal, 
Santa Cruz, CA, USA) at 4  °C overnight. This was 
followed by incubation with infrared (IR) dye-conju-
gated anti-rabbit or anti-mouse IgG antibody (1:3000; 
LI-COR Bioscience, Lincoln, NE, USA) or horserad-
ish peroxidase-conjugated anti-mouse IgG antibody 
(1:3000, Santa Cruz, CA, USA) for 1 h at room tem-
perature. Immunoreactivity was visualized using an 
ECL kit and AMERSHAM Image Quant 800 detec-
tion system (GE Healthcare, Amersham, UK).

Statistical analysis

Data normality was verified through Shapiro–Wilk 
tests, and as the data approximated normal distribu-
tion, parametric tests were deemed appropriate. All 
results are represented as a mean ± SD. Statistical 
analysis of these results was carried out by t-test or 
one-way ANOVA (with LSD or Dunnett’s T3 cor-
rection for comparison of multiple means). P val-
ues < 0.05 were considered statistically significant. 
All statistical analyses were done using IBM SPSS 
26.0 Software and GraphPad Prism 9.

Fig. 2   Body weight, brain MRI, and myelin changes of WKY, 
SHR, and SHR/SP rats. A The body weights of ND-WKY, 
ND-SHR, ND-SHR/SP, HFD-WKY, HFD-SHR, and HFD-
SHR/SP rats were measured once a week for 8  weeks start-
ing at 12  week-age. HFD-WKY, HFD-SHR, and HFD-SHR-
SP showed a significant increase in body weight compared 
to their corresponding ND groups. Data are summarized and 
presented as mean ± SD of 8 rats in each group. **P < 0.01 
and ***P < 0.001 vs. the corresponding type of ND group. B 
Brain MRI analysis of HFD-WKY, HFD-SHR, and HFD-
SHR/SP rats before and after 8  weeks of HFD feeding. The 
images show representative serial 3-slice MRI scans of brains 
in coronal sections. Each section is labeled with its interaural 
and Bregma coordinates, providing information on its relative 
position within the brain. Section 3 (S3): Interaural 9.20 mm; 
Bregma 0.20 mm. Section 4 (S4): Interaural 7.20 mm; Bregma 
-1.80  mm. Section  5 (S5): Interaural 4.84  mm; Bregma 
-4.16  mm. The hyperintensity area was evaluated using 
T2-weighted MRI. After HFD feeding, only SHR/SP rats 
exhibited high intensity in three consecutive coronal slices (S3-
S5). The high-intensity signals were primarily concentrated in 
the corpus callosum region, with smaller areas of high inten-
sity observed in the frontal cortex and striatum regions. The 
hyperintensity volume of SHR/SP rats was calculated as the 
percentage of the lesion area relative to the total region in each 
of the three brain regions, including the cortex, corpus callo-
sum, and striatum (%). "Before HFD (12W)" refers to the rats 
in the HFD group before they were fed the high-fat diet. "After 
HFD (20W)" refers to the rats in the HFD groups after 8 weeks 
of HFD feeding. The data are summarized and presented as 
mean ± SD of 4 rats in each group. Statistical significance is 
denoted as ***P < 0.001 vs. Before HFD (12W) SHR/SP rats. 
C The representative KB staining micrographs of the corpus 
callosum region in WKY, SHR, and SHR/SP rats after ND and 
HFD. Scale bar = 25  μm. The scores of each rat were exam-
ined by two independent blinded observers. The results of the 
scores were averaged between the two observers. The scores 
for WKY rats increased from 0.17 ± 0.29 (ND) to 1.67 ± 0.58 
(HFD), SHR rats showed an increase from 1.17 ± 0.29 (ND) 
to 2.17 ± 0.29 (HFD), and SHR/SP rats exhibited an escala-
tion from 1.83 ± 0.29 (ND) to 2.67 ± 0.29 (HFD). Results are 
means ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the 
corresponding results of the ND group. In the ND-fed group, 
##P < 0.01, ###P < 0.001 vs. the ND-WKY rats. In the ND-fed 
groups, †P < 0.05 vs. the ND-SHR rats. In the HFD-fed groups, 
△△P < 0.01 vs. the HFD-WKY rats

◂



3786	 GeroScience (2024) 46:3779–3800

1 3
Vol:. (1234567890)

Results

Effect of high‑fat diet (HFD) on body weight and 
blood pressure in WKY, SHR, and SHR/SP rats

Body weight was measured at 1-week intervals. The 
body weight of WKY, SHR, and SHR/SP rats in 
the ND and HFD increased gradually. However, the 
body weight of all 3 rat strains fed with HFD exhib-
ited a significant increase in body weight compared 
to ND groups (Fig.  2A). Additionally, the rate of 
body weight increase of HFD-fed SHR/SP rats was 
decreased compared to that of HFD-fed WKY and 
HFD-SHR rats (Fig. S3).

Blood pressure was measured before and after 
feeding WKY, SHR, and SHR/SP rats in HFD groups. 
Before HFD feeding, systolic, diastolic, and mean 
blood pressure were high in both SHR and SHR/SP 
rats compared to WKY. After 8 weeks of HFD feed-
ing, compared to before HFD feeding, HFD increased 
blood pressure in WKY rats only, but not in SHR and 
SHR/SP (Table 1).

Effect of HFD on brain MRI changes in WKY, SHR, 
and SHR/SP rats

To check the effects of HFD on the brain, a 
T2-weighted MRI was performed before and after 
feeding HFD to WKY, SHR, and SHR/SP rats 
(Fig. 2B). Before HFD feeding, there were no hyper-
intense regions found in WKY, SHR, and SHR/
SP rats. Following HFD feeding, only SHR/SP rats 
exhibited WMH. Small areas of hyperintensity were 
also observed in the frontal cortex and striatum 
regions. Further analysis of the ratio of the hyper-
intense area revealed that about 62.25 ± 10.16% 
of the corpus callosum, 14.82 ± 3.52% of the 

cortex, and 20.28 ± 3.76% of striatum areas showed 
hyperintensity.

Effect of HFD on myelin in the cerebral corpus 
callosum region of WKY, SHR, and SHR/SP rats

To investigate further WM pathology, myelin changes 
were evaluated by KB staining (Fig.  2C). The mye-
lin changes were quantified using a grading system. 
Results revealed that the WM of the ND-fed WKY 
rats displayed densely packed elongated parallel 
nerve fibers with almost no vacuolation. In the case of 
ND-fed SHR rats, slight myelin pallor was observed, 
whereas ND-fed SHR/SP rats exhibited both parlor 
and vacuolation. HFD feeding caused myelin pallor 
in WKY rats and myelin pallor with vacuolation in 
SHR rats. Especially, in the SHR/SP rats, HFD feed-
ing caused a severe myelin parlor and increased vacu-
olation. Scoring of the myelin changes also showed 
that HFD increased myelin pathology in all rat strains 
(WKY = ND, 0.17 ± 0.29 vs HFD, 1.67 ± 0.58; 
SHR = ND, 1.17 ± 0.29 vs HFD, 2.17 ± 0.29; SHR/
SP = ND, 1.83 ± 0.29 vs HFD, 2.67 ± 0.29).

Effects of HFD on cerebral small vessel density and 
diameter in WKY, SHR, and SHR/SP rats

Cerebral vessels were visualized using Solanum 
Tuberosum Lectin (STL) staining (Fig. 3A, Fig. S4). 
Compared with ND-fed WKY, only the corpus cal-
losum region of ND-fed SHR rats had an increased 
microvessel density, and there were no significant 
differences in the other regions of ND-fed SHR rats 
or in all regions of ND-fed SHR/SP. The frontal 
cortex region demonstrated a significant increase 
in microvessel density in HFD-fed WKY, HFD-fed 
SHR, and HFD-fed SHR/SP rats compared to their 

Table 1   Blood pressures in the WKY, SHR, and SHR/SP rats before and after HFD ( X ± SD, mmHg)

PS: **P < 0.01 vs. the respective before HFD (12W). In Before HFD (12W) groups,#P < 0.05, ##P < 0.01, ###P < 0.001 vs. before HFD 
(12W) WKY rats; †P < 0.05 vs. before HFD (12W) SHR rats. In the after HFD (20W) groups, △P < 0.05 vs. the after HFD (20W) 
WKY rats; ^P < 0.05 vs. after HFD (20W) SHR rats

Group Before HFD (12W) After HFD (20W)

WKY SHR SHR/SP WKY SHR SHR/SP

Systolic 128.45 ± 4.08 173.25 ± 15.54# 213.95 ± 28.69###, † 178.1 ± 47.71** 182.38 ± 8.18 208.75 ± 7.09 ^

Mean 105.55 ± 2.56 147.65 ± 12.01## 169.3 ± 23.73# 148.5 ± 40.82 151.45 ± 11.29 182.3 ± 4.94 ^, △

Diastolic 94.9 ± 4.77 135.1 ± 10.97## 145.05 ± 20.57# 140.1 ± 41.63 137.7 ± 13.26 168.65 ± 8.96 ^
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corresponding ND groups, with the most substantial 
increase observed in HFD-fed SHR and HFD-fed 
SHR/SP rats in comparison to HFD-fed WKY rats. In 
contrast, HFD-fed SHR had a lower microvessel den-
sity in the corpus callosum region compared to ND-
fed SHR and all 3 rat strains fed with HFD had no 
changes in the striatum region (Fig. 3B, Fig. S4).

The diameter analysis revealed that in the frontal 
cortex region of SHR and SHR/SP, capillary diameters 

were increased in HFD-fed groups compared to their 
ND-fed counterparts (Fig. 3A, C). Also, in the corpus 
callosum region, the capillary diameter was increased 
in HFD-fed SHR rats compared to ND-fed SHR rats 
(Fig. 3A, C). In the striatum region, capillary diameters 
were increased in ND-fed SHR/SP rats compared to 
ND-fed SHR rats (Fig. 3A, C). Additionally, measure-
ments of small artery and vein diameters did not yield 
statistically significant differences (data not shown).

Fig. 3   HFD-induced small vessel density and diameter in the 
cerebral of WKY, SHR, and SHR/SP rats. A Cerebral vessels 
were revealed after Solanum Tuberosum lectin (STL) immu-
nostaining in the frontal cortex, corpus callosum, and stria-
tum regions of WKY, SHR, and SHR/SP rats fed ND or HFD. 
Scale bar = 50 μm. B Statistical analysis results of microvessel 
numbers in the frontal cortex, corpus callosum, and striatum. 
The microvessel density in the frontal cortex region signifi-
cantly increased in HFD-WKY, HFD-SHR, and HFD-SHR/
SP rats compared to their respective ND groups. C Statisti-
cal analysis results of capillary diameter in the frontal cortex, 
corpus callosum, and striatum regions. Capillary diameters 
in the frontal cortex were notably wider in HFD-fed SHR/

SP rats compared to their ND-fed counterparts, and wider in 
both HFD-fed SHR and HFD-fed SHR/SP rats compared 
to HFD-fed WKY rats. In the corpus callosum region, capil-
lary diameter was broader in HFD-fed SHR rats compared to 
ND-fed SHR rats. In the striatum region, capillary diameters 
were wider in ND-fed SHR/SP rats compared to ND-fed SHR 
rats. Results are means ± SD (n = 3, 3 FOV for each region). 
*P < 0.05, **P < 0.01, ***P < 0.001 vs. the corresponding 
results of the ND group. In the ND-fed group, ###P < 0.001 
vs. the ND-WKY rats. In the ND-fed group, ††P < 0.01 vs. the 
ND-SHR rats. In the HFD-fed group, △P < 0.05, △△P < 0.01, 
△△△P < 0.001 vs. the HFD-WKY rats. FOV: field of view
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HFD‑induced expression of cerebral 
hypoxia‑inducible factor‑1α (HIF‑1α) in WKY, SHR, 
and SHR/SP rats

To understand the mechanisms of increased small 
vessel density, we have analyzed the levels of 
HIF-1α (Fig.  4A, Fig. S5). Within the ND groups, 
HIF-1α levels were increased in SHR compared 
to WKY, which was further increased in SHR/SP 
in the frontal cortex, corpus callosum, and stria-
tum regions. A similar trend was also observed in 
the HFD groups. A significant increase in HIF-1α 

expression was noted in the HFD groups across all 
regions when compared to the ND groups. Western 
blotting of HIF-1α using cortex tissues also showed 
similar results like immunostaining quantification 
(Fig. S9).

Double immunofluorescence staining revealed 
that HIF-1α was mainly positive in the blood ves-
sels (Fig. 4B, Fig. S5-A), while a minor portion of 
these signals were identified in microglia (Fig. 4B, 
Fig.  S5-B). Additionally, microglia and astrocytes 
were found in the vicinity of HIF-1α-positive ves-
sels (Fig. 4B, Fig. S5-B, C).

Fig. 4   HFD-induced hypoxia-inducible factor-1α (HIF-1α) 
expression in the WKY, SHR, and SHR/SP rats, and the 
localization of HIF-1α in the brain of HFD-SHR/SP rats. A 
Statistical analysis results of HIF-1α expression in the frontal 
cortex, corpus callosum, and striatum regions. HFD induced 
HIF-1α expression in the cerebral frontal cortex, corpus cal-
losum, and striatum of WKY, SHR, and SHR/SP rats. Results 
are means ± SD (n = 3, 3 FOV for each region). **P < 0.01, 
***P < 0.001 vs. the corresponding results of the ND group. In 
the ND-fed group, ###P < 0.001 vs. the ND-WKY rats. In the 
ND-fed group, ††P < 0.01, †††P < 0.001 vs. the ND-SHR rats. In 
the HFD-fed groups, △△P < 0.01, △△△P < 0.001 vs. the HFD-
WKY rats. In the HFD-fed groups, ^^^P < 0.001 vs. HFD-SHR 

rats. FOV: field of view. B The co-localization of HIF-1α in 
the cerebral frontal cortex, corpus callosum, and striatum of 
HFD-SHR/SP rats. Red fluorescent protein staining identified 
HIF-1α, and co-localized with vascular marker STL, micro-
glia marker Iba-1 and astrocyte marker GFAP staining (green). 
Nuclei are labeled with Hoechst (blue). The figure illustrated 
triple immunostaining in the frontal cortex, corpus callosum, 
and striatum regions of HFD-SHR/SP. Triple-stained merged 
photographs are shown here. Scale bar = 50  μm. The yellow 
color indicated areas where STL and Iba-1 co-located with 
HIF-1α (thick arrows), while the dovetail arrows represent 
GFAP expression around HIF-1α
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HFD‑induced changes in cerebral collagen IV and 
claudin 5 expression in WKY, SHR, and SHR/SP rats

To evaluate the changes in the vascular basement 
membrane, collagen IV (Col IV) staining was done 
(Fig.  5A). Within the ND groups, the levels of Col 
IV were decreased in ND-SHR/SP compared to ND-
SHR, which were further decreased compared to 
ND-WKY in the striatum region. In the corpus cal-
losum region, the levels of Col IV were increased in 
HFD-fed WKY and SHR rats compared to their ND 
counterparts (Fig.  5B). Additionally, HFD increased 
Col IV levels in the corpus callosum and striatum 
regions of WKY, and also in the frontal cortex and 
corpus callosum regions of SHR rats. The most pro-
nounced changes in Col IV levels were observed in 
SHR/SP rats, where HFD increased Col IV levels 
in all regions we checked compared to their ND-fed 
counterpart (Fig. 5B). Similarly, Western blotting of 
Col IV revealed similar results like immunostaining 
quantification in the cortex tissues (Fig. S9).

Next, we evaluated BBB protein claudin 5 lev-
els in the vessels across the three regions by double 
fluorescence staining (Fig.  5C, Fig.  S6). It was also 
quantified by Western blotting (Fig. S9). The results 
showed a decrease in claudin 5 levels in STL-posi-
tive vessels of ND-fed SHR in all regions, but it was 
more pronounced in the frontal cortex and corpus cal-
losum regions of ND-fed SHR/SP rats as compared 
with their ND-fed WKY counterparts (Fig.  5D). 
Moreover, in WKY rats, HFD decreased claudin 5 
levels in all regions (Fig. 5D). However, in SHR rats, 
HFD decreased claudin 5 levels only in vessels of 
the corpus callosum and striatum (Fig. 5D). Whereas 
the results of Western Blotting showed that similar 
results like immunostaining quantification in the cor-
tex tissues (Fig. S9).

Effect of HFD on cerebral vascular integrity in WKY, 
SHR, and SHR/SP rats

The cerebrovascular integrity was evaluated by 
observing the extravasation of immunoglobulin G 
(IgG) (Fig.  6A, Fig.  S7). ND-fed WKY showed no 
IgG extravasation, which was seen in all regions of 
ND-fed SHR and ND-fed SHR/SP. In WKY rats, 
varying degree of IgG extravasation was evident 
after feeding with HFD in all regions. In SHR and 
SHR/SP rats, IgG extravasation was increased after 

feeding with HFD in all regions. In the HFD groups, 
both HFD-fed SHR and HFD-fed SHR/SP rats dis-
played an augmented vascular leakage area com-
pared to HFD-fed WKY rats, with HFD-fed SHR/SP 
rats showing a more substantial increase than HFD-
fed SHR rats in all regions. Especially, the corpus 
callosum region demonstrated the most significant 
increase in IgG extravasation in HFD-fed SHR/SP 
rats (Fig. 6B).

Effects of HFD on cerebral microglia and astrocytes 
in WKY, SHR, and SHR/SP rats

To assess the changes in microglia and astrocytes, 
immunofluorescence staining of Iba-1 and GFAP 
was done (Figs. 7A and 8A). The morphology of Iba-
1-positive microglia was evaluated to understand its 
activation state in the three regions (Fig.  7C). The 
number of activated microglia and Iba-1, GFAP-
positive areas were significantly increased in ND-fed 
SHR and ND-fed SHR/SP rats compared to ND-fed 
WKY rats in all regions (Figs. 7B-C and 8B). Moreo-
ver, ND-fed SHR/SP rats displayed a further increase 
relative to ND-fed SHR rats. The HFD groups exhib-
ited similar trends in all regions compared to the ND 
groups, with varying degrees of increase observed 
among HFD-fed WKY, HFD-fed SHR, and HFD-fed 
SHR/SP rats (Fig. 7B-C and 8B).

Effects of HFD on cerebral Gp91‑phox expression in 
WKY, SHR, and SHR/SP rats

The impact of HFD on the levels of the oxidative 
stress-related protein Gp91-phox was assessed across 
three regions (Fig.  9A, Fig.  S8). In ND-fed groups, 
Gp91-phox levels were increased in SHR and SHR/
SP compared to WKY rats in all regions. In WKY 
and SHR rats, HFD increased Gp91-phox levels in 
all regions. In SHR/SP rats, HFD increased Gp91-
phox levels in the frontal cortex and corpus callosum 
regions (Fig.  9A). In the Western blotting results, it 
was shown that similar results like immunostaining 
quantification in the cortex tissues (Fig. S9).

Moreover, the localization of Gp91-phox in blood 
vessels, microglia, and astrocytes was investigated 
across all regions (Fig. 9B, Fig. S8). The results indi-
cated that the Gp91-phox positive signal was pre-
dominantly expressed in blood vessels, with minimal 
expression in microglia and astrocytes. Additionally, 
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a few microglia and astrocytes were observed sur-
rounding the Gp91-phox positive vessels.

Discussion

The present study investigated the accumulative 
effect of HFD added upon hypertension overload in 
the CSVD pathology of SHR and SHR/SP rats. It is 
known that a high fat-containing diet, especially satu-
rated fat, and hypertension can affect peripheral ves-
sel health. In this study, we demonstrated that HFD 
can affect cerebral small vessels independently, and 
augment hypertension-induced effects causing patho-
logical changes similar to CSVD including BBB dis-
ruption, changes of vessel basement membrane, and 
increased neuroinflammation. WMH in T2-weighted 
MRI and decreased vessel integrity are considered 
diagnostic features of CSVD, especially hyperten-
sion-induced CSVD in humans [7, 34, 35]. In the 
case of our study, HFD affects both of these features, 
especially in severely hypertensive SHR/SP rats. 
Also, pathological changes like hypertension-induced 

vessel leakage were increased by HFD across the 
different brain regions in all rat strains. Particularly, 
extensive vessel leakage was observed in the corpus 
callosum region of hypertensive SHR/SP rats fed 
with HFD. As a result, we observed a cumulative 
pathological effect of T2 WMH in the corpus callo-
sum region of SHR/SP rats following HFD feeding, 
with the frontal cortex and striatum areas also show-
ing T2 hyperintensity but to a lesser extent. Although 
we observed that the vessel leakage was increased in 
hypertensive SHR rats, we did not find WM, cortical, 
or striatum hyperintensity even after HFD feeding. 
However, the SHR/SP rats have a more pronounced 
degree of hypertension compared to SHR rats. This 
suggested the possibility that the cumulative effects 
of hypertension and HFD on WM changes are greater 
in SHR/SP causing the change visible early, while 
similar changes potentially develop in SHR rats at a 
later time. Importantly, HFD also induced leakage 
in normotensive WKY rats, indicating it could be an 
independent risk for cerebral vessels. Hence, along 
with hypertension, dietary interventions might also 
need to be considered for the management of CSVD, 
and overall, the health of cerebral small vessels.

In the WM areas, blood flow is lower than in cor-
tical areas because of low energy demand. Such dif-
ferences in perfusion also make WM more vulner-
able to altered perfusion [36]. Hence, WM changes 
are a prominent feature, which is usually caused by 
hypoperfusion or inflammation induced by underly-
ing causes like hypertension in CSVD patients [20, 
37]. Since HFD consumption can induce vascular 
inflammation and remodeling, the combined effects 
of hypertension and HFD could exacerbate WM 
changes in the WM areas. A previous report on the 
pathology of human cadavers identified the loca-
tion of WMH by MRI and observed that it was more 
vacuolated and immunoreactive for myelin basic 
protein than in normal brains [38]. Meanwhile, our 
results of KB staining demonstrated that HFD alone 
can induce WM pallor. Moreover, hypertensive rat 
strains showed WM pallor and small vacuolation, 
and the extent of damage seems to correlate with the 
hypertension status. Interestingly, HFD exacerbated 
such WM damage, which resulted in characteristic 
WM changes consistent with CSVD in hypertensive 
SHR and SHR/SP rats. Taken together, these findings 
suggested that each condition has an exacerbating 
effect on WM changes, and combining hypertension 

Fig. 5   HFD-induced collagen IV and claudin 5 expression in 
the cerebral frontal cortex, corpus callosum, and striatum of 
WKY, SHR, and SHR/SP rats. A Cerebral vascular basement 
membrane was revealed after collagen IV (col IV) immu-
nostaining in the frontal cortex, corpus callosum, and stria-
tum of WKY, SHR, and SHR/SP rats fed ND or HFD. Scale 
bar = 50 μm. B Statistical analysis results of vascular basement 
membrane expression in the frontal cortex, corpus callosum, 
and striatum regions. Col IV expression significantly changed 
in the corpus callosum among HFD-fed WKY, HFD-fed SHR, 
and HFD-fed SHR/SP rats compared to their respective ND 
groups. C The figure illustrated dual immunostaining for the 
vessel marker STL (green) and tight junction protein of the 
BBB marker claudin 5 (red) in the frontal cortex, corpus callo-
sum, and striatum regions of WKY, SHR, and SHR/SP rats fed 
ND or HFD. Dual-stained merged photographs are shown here 
(Scale bar = 50  μm). D Quantification of the claudin 5 area / 
STL area is shown in the frontal cortex, corpus callosum, and 
striatum regions. Comparing HFD groups with ND groups, 
claudin 5 expression in vessels decreased in HFD-WKY rats 
compared to ND-WKY rats in all regions, whereas HFD-SHR 
rats was also decreased than ND-SHR rats, particularly in the 
corpus callosum and striatum regions. Results are means ± SD 
(n = 3, 3 FOV for each region). **P < 0.01, ***P < 0.001 vs. the 
corresponding results of the ND group. In the ND-fed group, 
###P < 0.001 vs. the ND-WKY rats. In the ND-fed group, 
†††P < 0.001 vs. the ND-SHR rats. In the HFD-fed group, 
△P < 0.05, △△△P < 0.001vs. the HFD-WKY rats. In the HFD-
fed group, ^P < 0.05, ^^^P < 0.001 vs. the HFD-SHR. FOV: field 
of view

◂
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and HFD showed a cumulative effect. In a previous 
study, salt-loaded SHR/SP rats exhibited WM altera-
tions that were resolved following antihypertensive 

treatment or by reducing cerebral perfusion through 
occlusion of the common carotid artery. The condi-
tions induced by salt loading are similar to those 

Fig. 6   HFD-induced vessel leakage in the cerebral frontal cor-
tex, corpus callosum, and striatum of WKY, SHR, and SHR/
SP rats. A Vessel leakage was identified by extravasation of 
IgG in the brain parenchyma (red), vessels were identified by 
STL staining (green) and nuclei were identified using Hoe-
chst (blue) in the frontal cortex, corpus callosum, and stria-
tum regions of WKY, SHR, and SHR/SP rats fed ND or HFD. 
Triple merged photographs are shown here (Arrow = vessel 
leakage, Scale bar = 50 μm). B Quantification of the total area 
of vascular leak in the frontal cortex, corpus callosum, and 
striatum. The HFD groups exhibited significantly increased 

vascular leakage areas compared to their respective ND 
groups in all regions, with the corpus callosum region show-
ing the most significant increase in HFD-SHR/SP rats. Results 
are means ± SD (n = 3, 3 FOV for each region). *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. the corresponding results of the ND 
group. In the ND-fed group, ##P < 0.01, ###P < 0.001 vs. the 
ND-WKY rats. In the ND-fed group, †††P < 0.001 vs. the ND-
SHR rats. In the HFD-fed group, △△△P < 0.001 vs. the HFD-
WKY rats. In the HFD-fed group, ^^P < 0.01, ^^^P < 0.001 vs. 
HFD-SHR rats. FOV: field of view
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observed in malignant hypertension in the SHR/
SP rats’ model. Consequently, the authors proposed 
that SHR/SP rats could serve as a model for pos-
terior reversible encephalopathy syndrome [26]. 
However, in our study, when hypertensive SHR and 
SHR/SP rats were exposed to HFD, their blood pres-
sure remained relatively unchanged, whereas WKY 
rats exhibited an increase. Combined with our MRI 
results, this suggested that the HFD-fed SHR/SP rat 
model effectively mimics CSVD. Additionally, an 
increase in blood pressure observed solely in WKY 
rats after HFD feeding implied that diet-induced 
alterations in blood pressure regulation may differ 
between hypertensive and normotensive rats. This 

underscores the intricate interplay between genetic 
predisposition and dietary influences. Not only the 
blood pressure, but genetic factors impact the body 
weight changes as well. As a result of the HFD, a 
notable increase in body weight was observed in all 
rat strains. However, the rate of body weight increase 
in SHR/SP rats was comparatively slower than that in 
WKY and SHR rats. This divergence in the dynamics 
of body weight suggested potential genetic factors in 
metabolic responses to the HFD, warranting further 
investigation.

In this study, analysis of vessels revealed that 
the density among the rat strains was similar, par-
ticularly in the corpus callosum region. These 

Fig. 7   HFD-induced microglia activation in the cerebral fron-
tal cortex, corpus callosum, and striatum regions of WKY, 
SHR, and SHR/SP rats. A Representative photographs of Iba-1 
immunostaining in the frontal cortex, corpus callosum, and 
striatum regions of WKY, SHR, and SHR/SP rats fed ND or 
HFD. Scale bar = 50 μm. B and C Quantification of area cov-
erage by a positive Iba-1 signal, presented as a percentage of 
the total FOV area, and the percentage of activated microglia 
relative to the total microglia in the FOV in the frontal cortex, 
corpus callosum, and striatum regions. In the ND groups, both 
the number of activated microglia and the area of Iba-1-posi-
tive cells were significantly higher in ND-SHR and ND-SHR/
SP rats across all regions compared to ND-WKY rats. Similar 

trends were observed in all regions of the HFD groups, with 
HFD-WKY, HFD-SHR, and HFD-SHR/SP rats displaying 
varying degrees of increase. The HFD groups exhibited a sig-
nificant increase in all regions compared to their respective ND 
groups. Results are means ± SD (n = 3, 3 FOV for each region). 
*P < 0.05, **P < 0.01, ***P < 0.001 vs. the corresponding results 
of the ND group. In the ND-fed group, ###P < 0.001 vs. the 
ND-WKY rats. In the ND-fed group, ††P < 0.01, †††P < 0.001 
vs. the ND-SHR rats. In the HFD-fed group, △△P < 0.01, 
△△△P < 0.001 vs. the HFD-WKY rats. In the HFD-fed group, 
^P < 0.05, ^^P < 0.01, ^^^P < 0.001 vs. HFD-SHR rats. FOV: 
field of view
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results align closely with those of a previous study 
[39]. Importantly, the density increased only in the 
frontal cortex region of all rat strains due to HFD, 
indicating the presence of an angiogenic signal 
specific to this region. Our study aligns with the 
findings of Adviye Ergul, where models of type 
2 diabetes, such as Goto-Kakizaki (GK) rats and 
Leprdb/db mice, exhibited increased vessel den-
sity [40, 41]. Our results particularly emphasized 
the regional specificity of angiogenic responses to 
dietary factors and reinforce the intricate interplay 
between metabolism and cerebrovascular remod-
eling. HIF-1α, an angiogenic and inflammatory 

transcription factor, increased significantly across 
all regions in WKY, SHR, and SHR/SP rats when 
fed with HFD without affecting vessel number 
except frontal cortex region, suggesting the role of 
its angiogenesis function in this case may not be 
important. However, the possibility of the pres-
ence of pathological angiogenesis in those areas 
could not be ignored, as it is frequently observed 
in inflammatory conditions, and HFD is known 
to induce vessel inflammation. Angiogenesis is a 
complex process requiring sophisticated coordina-
tion between proangiogenic and vessel-stabilizing 
signals. Inflammatory conditions often lack such 

Fig. 8   HFD-induced astrocytosis in the cerebral frontal cor-
tex, corpus callosum, and striatum regions of WKY, SHR, and 
SHR/SP rats. A GFAP immunostaining in the frontal cortex, 
corpus callosum, and striatum regions of WKY, SHR, and 
SHR/SP rats fed ND or HFD. Scale bar = 50 μm. B The graphs 
showed the area coverage by a positive GFAP signal, presented 
as a percentage of the total FOV area, in the frontal cortex, 
corpus callosum, and striatum regions. In the ND groups, the 
area of GFAP-positive cell counts were significantly higher in 
ND-SHR and ND-SHR/SP rats across all regions compared to 
ND-WKY rats. Similar trends were observed in all regions of 

the HFD groups, with HFD-WKY, HFD-SHR, and HFD-SHR/
SP rats showing varying degrees of increase. The HFD groups 
exhibited a significant increase compared to their respective 
ND groups. Results are means ± SD (n = 3, 3 FOV for each 
region).  *P<0.05, **P < 0.01, ***P < 0.001 vs. the correspond-
ing results of the ND group. In the ND-fed group, ##P < 0.01, 
###P < 0.001 vs. the ND-WKY rats. In the ND-fed group, 
†P < 0.05, ††P < 0.01, †††P < 0.001 vs. the ND-SHR rats. In the 
HFD-fed group, △P < 0.05, △△P < 0.01, △△△P < 0.001 vs. the 
HFD-WKY rats. In the HFD-fed group, ^^P < 0.01 vs. HFD-
SHR rats. FOV: field of view
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coordination, leading to a pathological type of 
angiogenesis, characterized by leaky vessels, which 
was observed in our study. Furthermore, in our 
study, the increase in neuroinflammatory glial cell 
number was most pronounced in HFD-fed SHR/SP 
rats, coinciding with increased vessel leakage. This 
suggested the existence of inflammation-mediated 
pathological angiogenesis in hypertensive condi-
tions, which is exacerbated by HFD. While we did 
not investigate the precise cause of the increased 
HIF-1α, it is possible that hypoperfusion-induced 
hypoxia contributes to this phenomenon, given 
that both hypertension and HFD-induced meta-
bolic changes are known to potentially lead to 
vessel alterations, resulting in hypoperfusion. 

Additionally, HIF-1α can also be induced by 
inflammatory signals such as IL-1β, where oxida-
tive stress plays a crucial role [42].

Previous studies have reported that HIF-1α-
mediated angiogenic signals and inflammation have 
the capacity to decrease the expression of BBB pro-
teins including claudin 5 by increasing VEGF and 
matrix metalloproteinase levels [43, 44]. Also, VEGF 
expression is directly regulated by HIF-1α [45]. In 
our study, we found that HIF-1α is not only localized 
in blood vessels but is also localized in neuroinflam-
matory markers and activated neuroinflammatory 
markers surrounding HIF-1α. This finding suggested 
that hypoxia may play a role in the development of 
neuroinflammation. Meanwhile, we also found that 

Fig. 9   HFD-induced expression of Gp91-phox in the WKY, 
SHR, and SHR/SP rats and its localization in the frontal cor-
tex, corpus callosum, and striatum regions of HFD-SHR/SP 
rats. A Statistical analysis results of Gp91-phox expression 
were shown in the frontal cortex, corpus callosum, and stria-
tum. HFD-induced expression of Gp91-phox in the frontal 
cortex, corpus callosum, and striatum regions of the brain of 
WKY, SHR, and SHR/SP rats. Results are means ± SD (n = 3, 
3 FOV for each region). *P < 0.05, **P < 0.01, ***P < 0.001 
vs. the corresponding results of the ND group. In the ND-
fed group, ###P < 0.001 vs. the ND-WKY rats. In the ND-fed 
group, †††P < 0.001 vs. the ND-SHR rats. FOV: field of view. 

B The co-localization of Gp91-phox was shown in the frontal 
cortex, corpus callosum, and striatum regions of HFD-SHR/SP 
rats. The figure illustrated triple immunostaining for the ves-
sel marker STL, microglia marker Iba-1, and astrocyte marker 
GFAP (green), oxidative stress marker Gp91-phox (red), and 
nuclei were identified using Hoechst (blue) in the frontal cor-
tex, corpus callosum, and striatum regions of HFD-SHR/SP 
rats. Triple-stained merged photographs are shown here. Scale 
bar = 50 μm. Dovetail arrows show Iba-1 and GFAP expression 
surrounding Gp91-phox, whereas thick arrows represent Gp91-
phox expression in STL, Iba-1, and GFAP
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neuroinflammatory microglia and astrocytes were 
increased by hypertension, which is known to express 
matrix metalloproteinases in inflammatory condi-
tions. Moreover, the introduction of an HFD further 
increased these factors. However, the hypertension-
mediated increase of these factors might be sufficient 
for the reduction of BBB proteins such as claudin 
5. Therefore, in the SHR/SP rats, HFD-mediated 
increased inflammation shows a minimal effect. Since 
there were almost no changes in the levels of these 
factors of CSVD pathology in normotensive WKY 
rats, the most significant increase in the changes in 
each of the CSVD pathology factors was observed 
after feeding the HFD, which led to a decrease in 
claudin 5 and a disruption of BBB integrity.

Hypertension has been known to induce the 
remodeling of small vessel basement membranes, 
leading to excessive deposition of collagens and 
fibronectin, resulting in fibrotic changes [46, 47]. 
However, our study has shown that the levels of 
basement membrane protein collagen IV remained 
similar in normotensive ND-fed WKY, hypertensive 
SHR, and SHR/SP rats. These findings are consistent 
with our other observations, including pathological 
and MRI changes in the WM, which were less pro-
nounced in ND-fed hypertensive rats compared to 
their HFD counterparts. Hence, based on our study, 
it appears that hypertension alone may not suffice 
to induce changes in basement membranes within a 
20-week timeframe, and a longer duration of hyper-
tension exposure might be necessary to cause base-
ment membrane changes. However, in HFD-fed nor-
motensive WKY, we observed an increase in collagen 
IV levels, suggesting that HFD alone can induce col-
lagen IV expression. However, when hypertensive 
rats were subjected to an HFD, collagen IV levels 
increased across all regions, and this increase was 
more substantial than that observed in WKY. These 
results suggested that while hypertension alone may 
not significantly alter collagen IV expression within 
our experimental timeframe, combining it with an 
HFD has a synergistic effect, resulting in a greater 
increase in collagen IV. Meanwhile, in our results 
on HIF-1α localization, we found that its increase 
was particularly pronounced mainly in the vascula-
ture, which may contribute to one of the causes of 
remodeling of the vascular basement membrane [48]. 
Another possibility is attributable to the modulation 
of TGF-β expression by hypertension and HFD. Both 

hypertension and HFD have been shown to increase 
TGF-β expression in rodent kidneys, and the role of 
TGF-β in inducing collagen IV expression has been 
well-known [49].

ROS plays an important role in the homeostasis 
of the blood vessel wall, which may be part of the 
mechanism leading to the occurrence of CSVD. The 
most representative source of ROS is NADPH oxi-
dase (NOX) and the NOX2 is the main source of ROS 
production in humans. Here, at the end of this study, 
we observed the effect of HFD combined with hyper-
tension on oxidative stress NOX2 marker Gp91-phox. 
Many previous studies have confirmed that long-term 
hypertension in experimental animals and human 
brains can produce adverse effects such as inflamma-
tion and oxidative stress [50]. In our results, we also 
observed an increase in the Gp91-phox expression in 
the hypertensive SHR and SHR/SP rats. Combined 
with our other research results, this mechanism may 
be that hypertension may increase the permeability 
of blood vessel walls, promote the entry of inflam-
matory substances into brain tissue, and increase the 
generation of oxidative stress. Moreover, oxidative 
stress then aggravates cerebrovascular damage and 
inflammation, resulting in sustained adverse effects 
on cerebrovascular integrity.

Next, we focused on the changes in oxidative 
stress in hypertensive rats and normotensive rats 
after HFD. The effects of HFD on hypertensive rat 
strains were modest, while in normotensive WKY 
rats, it demonstrated an inducing effect. This result 
suggested that similar to claudin 5, hypertension 
may already increase Gp91-phox levels to a point 
where further increase becomes difficult. Also, pre-
vious studies showed that NADPH oxidase activity/
expression is increased in laboratory animals given 
HFD [51–53], and further indicate that diet-induced 
NADPH oxidase activity mediates obesity-related 
cytokine/chemokine release as well as insulin resist-
ance, hyperlipidemia, and liver steatosis [53]. These 
results implied that HFD, as an independent risk fac-
tor, produces oxidative stress in the brain. Moreo-
ver, especially in the severely hypertensive SHR/
SP rats, we observed that oxidative stress marker 
was more expressed in blood small vessels and was 
also expressed in neuroinflammatory markers. Fur-
thermore, activated neuroinflammatory markers 
were also observed around oxidative stress markers. 
This suggested that HFD can aggravate and increase 
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oxidative stress in the cerebral small blood vessels of 
severely hypertensive rats, continue to increase vas-
cular permeability, and produce severe vascular leak-
age, thereby activating neuroinflammatory molecules 
around small blood vessels. The sustained inflam-
matory pathway will also increase ROS and increase 
oxidative stress, which may cause severe damage to 
the BBB. Taken together, our findings speculated 
that neuroinflammation and oxidative stress are both 
triggered by and the result of vascular injury. Thus, 
the discovery of this complex relationship between 
neuroinflammation and oxidative stress helped us to 
reveal one of the mechanisms involved in the super-
imposed pathological effects of hypertension com-
bined with HFD on CSVD.

There are also several limitations that need to be 
recognized. Although we have initially revealed that 
the possible mechanisms of vascular leakage exacer-
bated by a high-fat diet are perivascular inflammation 
and increased oxidative stress and hypoxic factors in 
the vasculature, we have not explored in depth the 
molecular mechanisms underlying the increased oxi-
dative stress, hypoxic factors, and inflammation, and 
we have not clarified which specific signaling path-
ways contribute to the changes that occur. In addition, 
the reasons for the differential pathologic changes 
in different regions of the brain were not elucidated 
in this study. These are noteworthy limitations, and 
future research efforts will aim to explore in greater 
depth the molecular complexities involved in oxida-
tive stress, hypoxia, and inflammation, as well as to 
understand regional differences in brain pathology.

In conclusion, our study demonstrated that HFD 
and hypertension can induce and synergize a variety 
of responses including neuroinflammation, oxidative 
stress, and angiogenic/hypoxia signals within the cer-
ebral small vasculature and surrounding cellular envi-
ronment. Such findings contribute to a better under-
standing of the complex interplay between metabolic 
factors and hypertensive conditions in maintaining 
cerebrovascular and white matter health and help to 
formulate improved therapeutic management for mul-
tiple risk factors induced CSVD.
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