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a Department of Medical Imaging, Anatomy, Research Institute for Medical Innovation, Radboud University Medical Center, Donders Institute for Brain, Cognition and 
Behavior, Center for Medical Neuroscience, Radboud Technology Center Preclinical imaging PRIME, Radboud Alzheimer Center, Nijmegen, the Netherlands
b Department of Metabolic Health Research, The Netherlands Organization for Applied Scientific Research (TNO), Leiden, the Netherlands
c Department of Neurology, Research Institute for Medical Innovation, Radboud University Medical Center, Donders Institute for Brain, Cognition and Behavior, Center 
for Medical Neuroscience, Nijmegen, the Netherlands

A R T I C L E  I N F O

Keywords:
Obesity
Voluntary exercise
Microvasculature
Microgliosis
Astrogliosis
Axonal injury
Myelin integrity
MRI

A B S T R A C T

Background: Impact of exercise on obesity-related brain pathology remains unclear. MRI is used to detect obesity- 
related brain changes, but its interpretation remains unclear. We aimed to evaluate effects of voluntary exercise 
on obesity-induced brain pathology and determine whether MRI signal intensity and diffusion metrics capture 
these alterations.
Methods: Male Ldlr-/-.Leiden mice were fed a low-fat chow diet from 2 to 4 months of age. At 4 months, mice (n 
= 10) were sacrificed as baseline group representing young non-obese adult mouse brains. Remaining mice were 
fed a high-fat diet (HFD) for another 6 months with (HFD + exercise) or without (HFD) access to running wheels 
(n = 16/group each). MRI (T1-weighted, T2-weighted, T2*-weighted, and diffusion metrics) was analyzed for 
signal intensity and microstructural changes, rather than visible cerebral small vessel disease lesions. Immu
nohistochemistry (IHC), polarized light imaging (PLI), and qPCR were used to investigate microvasculature, 
astro-/microgliosis, and axonal/myelin integrity. We studied MRI’s underlying pathology by its co-registration 
with IHC and PLI.
Results: HFD induced microvascular remodeling, astro-/microgliosis, and axonal injury, while myelin integrity 
remained unaffected. Exercise did not fully reverse these changes but was associated with milder microgliosis, 
microvascular remodeling and axonal alterations. MRI revealed reduced T2-weighted signal intensity in white 
matter (WM) (HFD), and in both WM and grey matter (GM) (HFD + exercise). Additionally, GM microglial 
density correlated negatively with diffusion metrics in the HFD + exercise group.
Conclusion: Voluntary exercise offered partial mitigation of HFD-induced damage, with indications of less severe 
microgliosis, microvascular remodeling and axonal disruption. Pathology-MRI co-registration revealed 
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associations between neuroinflammation and diffusion metrics, supporting multimodal approaches to interpret 
MRI and guide development of optimal targeted interventions for obesity-related brain pathology.

1. Introduction

Obesity, defined as a body mass index (BMI) ≥ 30, is a major global 
health challenge accounting for approximately 4 million deaths and 120 
million disability-adjusted life-years worldwide (Afshin et al., 2017). By 
2035, more than half of the world’s population is expected to be either 
overweight or obese (Martin et al., 2024). As obesity prevalence con
tinues to rise, obesity-related health issues, such as neurodegenerative 
disorders, are also expected to increase (Elzinga et al., 2025; Lv et al., 
2025; Martin et al., 2024; Worrall and Thohan, 2024). Although many 
studies have pointed out that obesity is associated with brain dysfunc
tion, the underlying mechanisms still need further clarification.

Accumulating evidence suggests that obesity may affect brain func
tion through cerebral small vessel disease (cSVD) (Marini et al., 2020). 
cSVD is the most common form of cerebrovascular diseases and a major 
contributor to cognitive decline and dementia (Anderson et al., 2024; 
Evans et al., 2021). On magnetic resonance imaging (MRI), cSVD typical 
markers include white matter hyperintensities (WMH), lacunes, among 
others (Duering et al., 2023). However, these are hypothesized to reflect 
relatively advanced stages of disease. Therefore, our study focuses on 
early indicators of brain pathology preceding overt cSVD markers. We 
examine MRI signal intensity (T1-weighted, T2-weighted, T2*- 
weighted) and diffusion metrics, suggested to capture underlying 
(microstructural) changes (Maillard et al., 2013; Solé-Guardia et al., 
2025), and their association with obesity-related brain pathology. For 
instance, T2-weighted signal is sensitive to microstructural changes, 
such as white matter damage, in humans (Solé-Guardia et al., 2025). 
Mechanistically, obesity is associated with a cascade of blood-brain 
barrier (BBB) dysfunction, decreased cerebral blood flow (CBF), and 
neuroinflammation, processes central to the pathogenesis of cSVD 
(Bailey et al., 2011; Low et al., 2020). BBB integrity depends on the 
structure and function of the neurovascular unit composed of neurons, 
astrocytes, microglia, pericytes, endothelial cells, and extracellular 
matrix (Feng et al., 2024; Muoio et al., 2014). Obesity often coexists 
with vascular comorbidities like hypertension and atherosclerosis, 
further exacerbating neurovascular dysfunction and increasing cSVD 
risk (Masi et al., 2021). Together, these likely act cumulatively to disrupt 
the neurovascular unit, leading to BBB dysfunction and neuro
inflammation (Evans et al., 2021; Feng et al., 2024). Exercise may 
improve obesity and brain alterations (Blair and Church, 2004; Col
combe et al., 2003) likely by promoting vascular health, improving CBF, 
and reducing neuroinflammation (Lucas et al., 2015; Mahalakshmi 
et al., 2020), thereby potentially mitigating cSVD-related pathology. 
Animal models provide a unique experimental framework to disentangle 
the impact of exercise on obesity- and cSVD-related brain pathology 
(Lohkamp et al., 2023). The low-density lipoprotein receptor knock-out 
Leiden (Ldlr-/-.Leiden) mouse is a highly translational model of obesity 
and metabolic dysfunction recapitulating key vascular and metabolic 
complications akin to humans at a molecular level (Seidel et al., 2023). 
On a high-fat diet (HFD), this model exhibits hypertension, white adi
pose tissue inflammation, insulin resistance, dyslipidemia, and athero
sclerosis (Morrison et al., 2018; Olga et al., 2022; Seidel et al., 2022; van 
den Hoek et al., 2020). As a result, this model shows similar cSVD- 
related alterations as observed in humans such as endothelial dysfunc
tion, BBB leakage, impaired CBF, neuroinflammation, white matter loss, 
and impaired spatial memory (Arnoldussen et al., 2022; Arnoldussen 
et al., 2017; Jia et al., 2025; Lohkamp et al., 2023; Seidel et al., 2023; 
Seidel et al., 2025).

Therefore, the HFD-fed Ldlr-/-.Leiden mice provide a unique op
portunity to further elucidate obesity-related cSVD brain pathology and 
the potential neuroprotective effects of exercise. As previous studies 

have examined obesity-related brain changes using either imaging or 
histology separately (Feng et al., 2024; Le Thuc and Garcia-Caceres, 
2024; Tanaka et al., 2020), a combined analysis of imaging and pa
thology in the Ldlr-/-.Leiden mouse model will further help to reveal 
underlying pathological alterations in early MRI markers. This study 
aimed (1) to evaluate the effect of voluntary exercise on obesity-induced 
brain pathology and (2) to determine whether MRI signal intensity and 
diffusion metrics reflect these pathological alterations.

2. Materials and methods

2.1. Animals, diets, and study design

This animal study was approved by the Central Authority for Sci
entific Procedures on Animals (CCD, The Hague, the Netherlands, 
approval number: AVD5010020172064). Ethical approval was provided 
by the TNO Animal Welfare Body (TNO, the Netherlands; Permit num
ber: TNO-476) and the Veterinary Authority of the Radboud university 
medical center (Nijmegen, the Netherlands; approval number: 2020- 
0033-001). This study was conducted and reported following ARRIVE 
guidelines (Percie du Sert et al., 2020).

This study used male Ldlr-/-.Leiden mice under HFD feeding (Jia 
et al., 2025; Morrison et al., 2018; Olga et al., 2022; Seidel et al., 2025; 
van den Hoek et al., 2020) to evaluate the effects of voluntary exercise 
on obesity-related brain changes and the correlation between imaging 
and pathological changes. Male mice were selected because they exhibit 
greater susceptibility to metabolic disorders compared to females and 
are not subject to variability related to the estrous cycle (Seguella et al., 
2025). Female mice will be included in future studies to investigate 
potential sex-specific effects. A total of 48 male Ldlr-/-.Leiden mice were 
used in this study. At 2 months of age (t = − 2), 6 mice were excluded 
from this study due to showing very low glucose levels after 5h of 
fasting. Low glucose levels may indicate abnormal liver function and 
increased susceptibility to fibrosis (Lohkamp et al., 2023). Finally, 42 
male Ldlr-/-.Leiden mice were transferred from a specified pathogen- 
free breeding stock at the AAALAC-accredited animal facility at TNO 
Metabolic Health Research (Leiden, the Netherlands) to the Radboud 
Technology Center Preclinical imaging PRIME at the Animal Research 
Facility at Radboudumc (Nijmegen, the Netherlands).

Sample size was based on previous studies using the Ldlr-/-.Leiden 
model to detect diet-induced neuroinflammatory changes with similar 
outcome measures (Lohkamp et al., 2023). Throughout the entire 
experiment, mice on the same diet were housed in pairs in digitally 
ventilated cages (DVC; Tecniplast SPA, Buguggiate (VA) Italy) with a 
relative humidity of 50–60%, temperature of 21 ◦C, light cycle of 7 a. 
m.–7 p.m., and ad libitum access to food and autoclaved water.

The detailed study design is shown in Fig. 1. From 2 months to 4 
months of age (from t = − 2 to t = 0), all mice were fed a conventional 
low-fat chow diet (chow, Sniff R/M-H diet V1534-703, Sniff Spe
zialdiäten GmbH, Soest, Germany). At 4 months of age (t = 0), after MRI 
scanning, 10 mice were sacrificed by transcardial perfusion and served 
as a baseline group. Their brains were collected for IHC, PLI, and 
quantitative polymerase chain reaction (qPCR) analysis. The baseline 
group provided a physiological reference prior to dietary and exercise 
interventions and represented young non-obese adult brains. The 
remaining mice were matched based on body weight and metabolic 
parameters (blood glucose, plasma cholesterol, and plasma triglyceride 
levels). Within each matched pair, mice were randomized across the two 
experimental groups, ensuring balanced groups using a computer- 
generated randomization procedure. Investigators performing MRI 
acquisition, histological processing, and quantitative analysis were 
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blinded to group allocation until completion of data analysis. The first 
group (HFD, n = 16) was fed a high-fat diet (HFD; D12451 Research 
Diets, New Brunswick, NJ, USA, 46.0% kcal fat, 36.0% carbohydrate, 
and 18.0% kcal protein) for another 6 months and was equipped with a 
blocked functional running wheel (GYM500 activity wheel, Tecniplast S. 
p.A., Buguggiate (VA), Italy) in their home cage. The second group 
(HFD+exercise, n = 16) was also kept on HFD for another 6 months with 
access to a functional running wheel in their home cage 24/7. The 
Supplementary Table S1 shows a detailed composition of the HFD. A 
total of 2 mice from the HFD group were excluded from the analysis: 1 
mouse was sacrificed before the end of the experiment due to hind paw 
paralysis, and 1 mouse did not complete the MRI examination. Six 
months after allocation (t = 6), mice in the HFD group (n = 14) and 
HFD+exercise group (n = 16) were sacrificed after completing the MRI 
scan, and their brains were collected for IHC, PLI, and qPCR analysis. 
The Supplementary Table S2 and S3 shows a detailed sample size and 
the reason for exclusion. The Supplementary Table S4 shows average 
body weight, food intake, systolic blood pressure, and plasma markers 
per group.

Home-cage activity of pair-housed mice was monitored 24/7 in DVC 
(Iannello, 2019). Mouse movements across the cage was detected 
through a capacitive sensing board including 12 capacitive-based elec
trodes, placed under each DVC, that measured changes in electrical 
capacitance (Iannello, 2019). Activity was determined as the absolute 
difference in capacitance between consecutive measurements every 250 
ms. Given the positioning of the blocked running wheel (above electrode 
6), the final analysis consists of the average activity from the other 11 
electrodes for 12-hour day and night periods. To reduce sources of ac
tivity disruption, such as experiments and cage cleaning, only weekend 
home-cage activity data was used. Activity was normalized by the 
number of mice per cage (n = 2). Average activity per mouse and dis
tance per mouse in HFD+exercise group is shown in Supplementary 
Table S5.

2.2. Magnetic resonance imaging (MRI) protocol

MRI of the whole mouse brain was performed on an 11.7T BioSpec 
Avance III small animal MR system (Bruker Biospin, Ettlingen, Ger
many) interfaced with an actively shielded gradient set of 600 mT/m 
and processed on Paravision 6.0.1 software (Bruker, Karlsruhe, Ger
many). The baseline group was imaged before allocation (t = 0). HFD 
and HFD+exercise groups were imaged at 6 months after allocation (t =

6). To ensure comparable imaging parameters across different mice, we 
established identical imaging scanning and processing conditions for all 
mice.

Before MRI scanning, mice were fully anesthetized using isoflurane 
(induction: 3.5%, maintenance: 1.8%; Abbott Animal Health, Abbot 
Park, IL, USA). The head of the mouse was placed in a stereotactic holder 
for fixation. Throughout scanning, respiration and body temperature 
were monitored with a pneumatic cushion respiratory monitoring sys
tem (Small Animal Instruments Inc., Stony Brook, New York, NY, USA) 
and a rectal thermometer, respectively. The body temperature was 
maintained at 37℃ by using a water heating pad. Detailed MRI pa
rameters are shown in Supplementary Table S6.

2.3. Magnetic resonance imaging (MRI) processing

T1-weighted, T2-weighted, T2*-weighted, diffusion tensor imaging 
(DTI), diffusion-weighted imaging (DWI), and apparent diffusion coef
ficient (ADC) images were extracted using the medical imaging toolbox 
MP3 in Matlab R2020a (version 9.8.0.1873465, 64 bit, MathWorks, 
Natick, MA, USA) (Brossard et al., 2020).

T1-weighted, T2-weighted and T2*-weighted imaging signal in
tensities were used as indicators of underlying changes associated with 
obesity-related brain pathology. DWI, ADC, and DTI were used to 
evaluate the white matter (WM) and grey matter (GM) microstructural 
integrity (Defrancesco et al., 2014; Wiesmann et al., 2017). We exam
ined mean diffusivity (MD), fractional anisotropy (FA), axial diffusivity 
(AD), and radial diffusivity (RD) derived from DTI. MD is the average 
water diffusivity in tissue regardless of the direction of diffusion 
(Bennett and Madden, 2014). AD is the water diffusivity along the main 
diffusion direction, and RD represents diffusivity perpendicular to the 
main diffusion direction (Behler et al., 2023; Kaushal et al., 2019). FA 
represents the anisotropy of water diffusion regardless of diffusivity, and 
higher FA reflects water diffusion in a certain direction (Bennett and 
Madden, 2014).

Coronal images covering the whole brain and close to bregma -1.94 
were selected for quantification by manually delineating 6 regions of 
interest (ROIs), including cortex, hippocampus, thalamus, corpus cal
losum, fimbria, and external capsule. ROIs were drawn using ImageJ 
(ImageJ 1.53t, National Institutes of Health, USA) according to the atlas 
of Franklin and Paxinos (Franklin and Paxinos, 2019). FA, MD, RD, and 
AD were calculated as reported previously (Zerbi et al., 2013).

2.4. Tissue preparation

After MRI scanning, mice were sacrificed by transcardial perfusion 
with phosphate-buffered saline (PBS). Brains were collected and divided 
into left and right cerebral hemispheres. The cortex, thalamus, and 
hippocampus were dissected from the right cerebral hemisphere and 
rapidly frozen in liquid nitrogen for qPCR. Data shown in Supplemen
tary Materials and Methods. The left cerebral hemisphere was fixed in 
4% paraformaldehyde at 4℃ for 24 hours, then transferred to 0.1 M PBS 
containing 0.01% sodium azide, and stored at 4℃ until sectioning. 
Before sectioning, the brain tissue was placed in 0.1 M PBS containing 
30% sucrose at room temperature overnight for cryoprotection. The left 
cerebral hemisphere was cut into 30 µm free-floating coronal sections 
using a sliding microtome (Microm HC 440, Walldorf, Germany). A total 
of 8 serial free-floating left coronal sections were obtained and used for 
IHC and PLI.

2.5. Immunohistochemistry (IHC)

We performed four 3,3’-diaminobenzidine-nickel (DAB-Ni) IHC 
using a previously described standardized protocol (see Table 1 for 
detailed information on used antibodies) (Janssen et al., 2016). First, 
Glucose transporter-1 (GLUT-1), a marker mainly expressed in micro
vascular endothelial cells, was used to assess microvascular integrity 

Fig. 1. Study design. At 2 months (t = − 2), 42 male Ldlr-/-.Leiden mice were 
housed in pairs. All mice were fed a conventional low-fat chow diet for 2 
months. At 4 months (t = 0), 10 mice underwent magnetic resonance imaging 
(MRI) and were sacrificed as baseline group. Brains were processed for 
immunohistochemistry (IHC), polarized light imaging (PLI), and quantitative 
polymerase chain reaction (qPCR). Remaining mice were matched for meta
bolic parameters into 2 groups. (1) High-fat diet (HFD; n = 16): HFD with 
blocked running wheel. (2) HFD+exercise (n = 16): HFD with running wheel. 
At 10 months (t = 6), both groups underwent MRI and were sacrificed (†) by 
transcardial perfusion for IHC, PLI, and qPCR.
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(Winkler et al., 2015). Second, ionized calcium-binding adapter 
molecule-1 (IBA-1), a microglia/macrophage-specific marker, was used 
to evaluate microglial activation and neuroinflammation (Wang et al., 
2018). Third, glial fibrillary acidic protein (GFAP), mainly expressed in 
astrocytes, was used as an indicator of astrocytes activation and neu
roinflammation(Azzolini et al., 2022). Fourth, neurofilament light chain 
protein (NfL), a neuron-specific cytoskeletal component, was used to 
assess neuroaxonal damage (Abu-Rumeileh et al., 2023). Briefly, free- 
floating coronal sections were pre-incubated in blocking solution (3% 
bovine serum albumin (BSA) and 0.5% Triton X-100 in PBS) for 30 
minutes and then incubated with primary antibodies (see Table 1) 
overnight at room temperature to reduce nonspecific background. Af
terward, a series of free-floating sections were incubated with secondary 
antibodies (Table 1) at room temperature for 1.5 hours. The sections 
were visualized by incubating in DAB-Ni solution (Sigma-Aldrich, Bur
lington, Massachusetts, United States), then mounted on gelatin-coated 
slides. After overnight drying, the slides were dehydrated, cover-slipped 
with Entellan (Merck, Darmstadt, Germany), and examined under a light 
microscope.

We performed fluorescent IHC for zonula occludens-1 (ZO-1), tight 
junction protein in endothelial cells, that reflects the tight junction 
integrity between endothelial cells (Tornavaca et al., 2015). Free- 
floating coronal sections were pre-incubated in blocking solution (3% 
BSA and 0.5% Triton X-100 in PBS) for 30 minutes and then separately 
incubated with primary antibodies (see Table 1) overnight at room 
temperature. Subsequently, a series of free-floating sections were incu
bated with secondary antibodies (see Table 1) at room temperature for 3 
hours. Free-floating sections were mounted on gelatin-coated slides 
which then dried at room temperature in the dark. After 30 minutes, the 
slides were covered with Fluormount-G with DAPI (1:1000, Thermo 
Fisher Scientific, Waltham, MA, USA), and dried at room temperature 
overnight in the dark. The signal was observed by a fluorescence 
microscope.

2.6. Polarized light imaging (PLI)

PLI was used to evaluate the orientation and density of myelin, based 
on its birefringent properties (Mollink et al., 2019; Mollink et al., 2017). 
For PLI, 30 µm thick coronal sections were mounted on uncoated glass 
slides and dried at 37 ℃ for 24 hours. Afterwards, the slides were 
covered with polyvinylpyrrolidone (Sigma-Aldrich, Burlington, Massa
chusetts, United States) mounting medium and then dried for at least 1 

week. The detailed procedure for PLI processing and setup has been 
documented in a previously published study (Lohkamp et al., 2023). We 
obtained the following PLI outcomes: dispersion as an indicator of 
myelin orientation and retardance as an indicator of myelin density.

2.7. Quantification of IHC and PLI

All IHC and PLI sections were digitized (Aperio AT2, Leica Bio
systems, Amsterdam, The Netherlands). Brain sections close to bregma 
-1.94 were selected for quantification, and were used to manually 
delineate 6 ROIs across WM and GM, including cortex, hippocampus, 
thalamus, corpus callosum, fimbria, and external capsule, using polygon 
selection tool in ImageJ according to the atlas of Franklin and Paxinos 
(Franklin and Paxinos, 2019).

Quantitative analysis was performed using ImageJ. Firstly, both IHC 
and PLI sections were converted to 8-bit greyscale (0-255), and then we 
applied an intensity threshold to separate positive staining from back
ground. Threshold settings were established per staining. For GLUT-1, 
IBA-1, GFAP, and NfL stainings, mean greyscale values were inverted 
(255 – mean intensity) to generate an intensity index proportional to the 
amount of staining signal, where higher values indicate greater staining 
signal. Because mean greyscale values for ZO-1 were already propor
tional to staining intensity, ZO-1 intensity values were not inverted. The 
final intensity value was expressed in arbitrary units (AU). For all 
stainings, the relative area was calculated as the percentage of the ROI 
occupied by positive staining. GLUT-1 microvascular density was 
defined as the number of GLUT-1 positive (GLUT-1+) microvessels per 
mm2. ZO-1 microvascular density was defined using an equivalent 
procedure. In addition, average vessel size was calculated for individual 
ZO-1+ vessels. For IBA-1, we also evaluated the average size of IBA-1+
cells, the IBA-1+ cellular density, and their circularity. Cellular density 
was expressed as the number of IBA-1+ cells per mm2. Circularity (range 
0–1) was derived following segmentation, where higher circularity 
values indicate a more rounded/amoeboid morphology (Elsaafien et al., 
2023).

Myelin orientation (dispersion) and myelin density (retardance) 
derived from PLI were quantitatively analyzed using ImageJ. PLI 
dispersion values were calculated by inverting mean intensity values 
(255 – mean intensity), whereas PLI retardance values were obtained 
directly. Higher values in dispersion may serve as an indirect measure 
for greater myelin microstructural integrity, and lower values in 
retardance may serve as a marker for myelin loss (Mollink et al., 2019). 
Final intensity values were expressed in AU.

2.8. Pathology-MRI co-registration and regions of interest (ROI)

Prior to pathology-MRI co-registration, all IHC sections were regis
tered based on manually selected anatomical landmarks, with GFAP 
section as a reference. Co-registration results among all IHC sections 
were thoroughly checked to ensure robustness. PLI sections were then 
registered to the IHC sections using the same method. Co-registration 
was performed using the “Align Image by line ROI” plugin in ImageJ 
(Schindelin et al., 2012), by selecting two consistent reference points in 
all images and connecting them with a straight line. Subsequently, MRI 
were registered to the IHC and PLI section using the same procedure. 
Following affine transformation-based registration, we manually 
checked that all images were correctly co-registered.

After Pathology-MRI co-registration, we manually segmented the 
abovementioned 6 ROIs (bregma -1.94: cortex, hippocampus, thalamus, 
corpus callosum, external capsule, fimbria) using ImageJ, according to 
the Atlas of Franklin and Paxinos (Franklin and Paxinos, 2019). While 
these ROIs were used to derive the abovementioned IHC, PLI and MRI 
outcomes (e.g. intensity), results for statistical analysis are shown as 
WM, comprising the corpus callosum, external capsule, and fimbria; and 
GM, comprising the cortex, hippocampus, and thalamus. Intensity 
values were expressed in AU.

Table 1 
Primary and secondary antibody information for IHC.

Antibody 
name

Antibody 
type

Dilution 
ratio

Manufacturer RRID

Primary 
antibody

Polyclonal 
rabbit anti- 
GLUT-1

1:40000 Millipore, 
Burlington, MA, 
USA

AB_11212210

Polyclonal 
goat anti- 
IBA-1

1:4000 Abcam, Cambridge, 
UK, Europe

AB_2340397

Polyclonal 
rabbit anti- 
GFAP

1:80000 AKO, Santa Clara, 
California, USA

AB_10013382

Monoclonal 
rabbit anti- 
NfL

1:30000 Abcam, Cambridge, 
UK, Europe

AB_2891198

Monoclonal 
rabbit anti- 
ZO-1

1:2000 Abcam, Cambridge, 
UK, Europe

AB_2892660

Secondary 
antibody

Donkey anti- 
goat biotin

1:1500 Jackson 
Immunoresearch, 
Cambridgeshire, 
UK, Europe

AB_2340397

Donkey anti- 
rabbit biotin

1:1500 Thermo Scientific, 
Waltham, MA, USA

AB_228212
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2.9. Statistics

Data analysis was conducted using IBM SPSS Statistics 29 (IBM 
Corporation, Armonk, NY, USA). Results are reported as mean ± stan
dard error of mean (SEM).

All variables were checked for outliers, and the normality of their 
distribution was assessed using the Shapiro-Wilk test and homogeneity 
of variances using Levene’s test. Non-normally distributed variables 
were transformed using the Tukey Ladder of Powers, as appropriate. 
Final sample sizes for each parameter are reported in Supplementary 

Fig. 2. Microvascular integrity. GLUT-1 immunohistochemistry revealed no significant differences among groups in staining intensity (A), relative area (B), and 
vessel density (C) in white matter (WM) or grey matter (GM). (D) Representative images: GM at 20× overview with regions of interest (ROI; black squares) and 40×
inserts; WM at 40× overview. (Scale bars: red  = 100µm; black  = 200µm). HFD  = high-fat diet; AU  = arbitrary units. Values are mean ± SEM.
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Table S2, and reasons for exclusion are detailed in Supplementary 
Table S3.

Multivariate analysis of variance (ANOVA) with Bonferroni correc
tion was applied for multiple group comparisons in WM and GM for 
normally distributed variables to evaluate group differences. For vari
ables that were not normally distributed, the Independent-Samples 
Kruskal-Wallis test was used to examine group differences. As WM and 
GM regions consisted of several subregions, we described group com
parisons across sub-regions in Supplementary material including Sup
plementary Figs. S2-8. Supplementary Table S9 describes sample size 
per parameter per sub-region.

Before correlation analysis, data were sorted by group and region 
(WM and GM), and split accordingly to allow separate correlation 
analysis within each region of each group. Spearman correlation co
efficients were used to analyze the correlation among pathology (IHC 
and PLI) and MRI.

A p-value <0.05 was considered statistically significant for both the 
ANOVA and Kruskal-Wallis tests, indicating meaningful group differ
ences, and p-value <0.01 for correlation analysis. Further statistical 
details per outcome are reported in Supplementary Tables S10–S15.

3. Results

3.1. The effect of voluntary exercise on obesity-related pathology and 
imaging changes

3.1.1. Microvasculature
To investigate microvascular integrity in both WM and GM, we 

performed immunohistochemical staining for GLUT-1 (Fig. 2). No sig
nificant differences were observed across groups in GLUT-1 staining 
intensity, relative area, and GLUT-1+ microvascular density in WM and 
GM overall (Fig. 2A-C). Similarly, GLUT-1 mRNA expression in GM 
showed no group differences (results in Supplementary Fig. S1).

Tight junction integrity in endothelial cells was assessed by ZO-1 
staining (Fig. 3). ZO-1+ vessel density was higher in GM of HFD mice 
compared to baseline (Fig. 3D), whereas the HFD+exercise group did 
not differ significantly from either group. Other ZO-1 staining parame
ters and mRNA expression showed no group differences (Fig. 3A-C; 
Supplementary Fig. S1).

3.1.2. Neuroinflammation
We determined microgliosis through IBA-1 immunohistochemistry 

in WM and GM (Fig. 4). In GM, HFD mice showed lower IBA-1 intensity, 
larger positive area, and smaller cell size compared to baseline (Fig. 4A- 
C). Both HFD and HFD+exercise groups exhibited higher microglial 
density than baseline in GM (Fig. 4D) and the HFD group also in WM 
(Fig. 4D). Cell circularity did not differ among groups (Fig. 4E). No 
group differences were observed in IBA-1 mRNA expression in GM re
gions (Supplementary Fig. S1). Although exercise did not normalize 
microglial density, the absence of significant changes in cell size and 
area compared to baseline suggests a partial mitigating effect.

We assessed astrocyte mediated neuroinflammation via GFAP 
immunohistochemistry (Fig. 5). Both HFD and HFD+exercise groups 
showed lower GFAP intensity than the baseline group in WM (Fig. 5A). 
In contrast, in GM, both HFD and HFD+exercise groups exhibited a 
larger relative area of GFAP+ staining than the baseline group (Fig. 5B). 
No group differences were observed in GFAP mRNA expression in GM 
regions (Supplementary Fig. S1).

3.1.3. Axonal and myelin integrity in white and grey matter
Axonal integrity was evaluated using NfL immunohistochemistry 

(Fig. 6), as NfL loss reflects axonal damage. HFD mice showed lower NfL 
intensity in GM compared to baseline group (Fig. 6A). Both HFD and 
HFD+exercise groups exhibited WM axonal alterations (Fig. 6B). Exer
cise did not fully prevent axonal changes, but NfL intensity in GM of the 
exercise group was closer to baseline, indicating partial protection.

We performed PLI to assess myelin integrity parameters such as 
myelin orientation and density in WM and GM (Fig. 7). PLI revealed no 
significant group differences in myelin dispersion or density (Fig. 7A-B), 
indicating preserved myelin architecture despite axonal alterations 
measured with NfL.

3.1.4. MRI
Among the sequences analyzed (T1-weighted, T2-weighted, T2*- 

weighted, DWI, ADC, and DTI), only T2-weighted imaging showed sig
nificant group differences (Fig. 8). T2-weighted signal intensity was 
reduced in WM of HFD compared to baseline. In HFD+exercise mice, T2- 
weighted intensity was lower in both WM and GM. No further significant 
group differences were observed in T1-weighted, T2*-weighted, or 
diffusion metrics (DTI, DWI, ADC).

3.2. Co-registration between pathology and imaging

To link pathological alterations with imaging findings, we co- 
registered MRI with IHC and PLI data for correlation analysis. 
Vascular markers (GLUT-1 and ZO-1) revealed no significant correla
tions with MRI metrics.

In GM of HFD+exercise mice, microglial density correlated nega
tively with MD (Rho (ρ) coefficient  = − 0.63; p<0.01) and AD (ρ coef
ficient  = − 0.63; p<0.01). No significant correlations were found in WM 
between neuroinflammatory markers and MRI measures.

In WM of the baseline group, NfL+ area correlated positively with 
RD (ρ coefficient  = 0.77; p<0.01). No further correlations were 
observed in GM.

4. Discussion

This study examined whether voluntary exercise mitigates obesity- 
induced brain alterations in Ldlr-/-.Leiden mice upon HFD feeding. 
HFD feeding induced pathological features linked to cSVD, such as 
microvascular changes, glial activation, and axonal injury, although the 
extent of HFD-induced changes per se cannot be determined within the 
scope of this study. Because the baseline group is not age-matched with 
dietary groups, baseline comparisons are used as physiological refer
ence, whereas the exercise effect is evaluated by endpoint-matched HFD 
vs HFD+exercise comparison. Notably, voluntary exercise exerted re
gion- and cell-type-specific neuroprotective effects: it partially attenu
ated microgliosis and axonal alterations, particularly in grey matter, 
suggesting a modulatory role in neuroinflammatory and neurodegen
erative processes. Briefly, we observed signs of microgliosis such as 
larger IBA-1+ cell area in GM under HFD feeding, which was attenuated 
with exercise. Despite persistent structural imaging abnormalities, 
exercising mice showed distinct pathology-MRI correlations. In the 
baseline mice, NfL+ area in WM correlated positively with RD, indi
cating that RD may capture aspects of axonal architecture rather than 
myelin integrity alone. In the HFD+exercise mice, higher microglial 
density in GM correlated with lower MD and AD, which may reflect 
increased cellularity from neuroinflammation. Whether this represents 
detrimental gliosis or an adaptive, reparative response to exercise re
mains to be clarified. To our knowledge, this is the first study to inte
grate pathology and MRI to explain neuroinflammatory mechanisms 
underlying GM microstructural changes in an obesity model, and to 
demonstrate that voluntary exercise may modulate specific pathological 
and imaging features to a certain extent.

4.1. The effect of voluntary exercise on obesity-related pathology and 
imaging changes

Prolonged HFD feeding in the Ldlr-/-.Leiden mice induces marked 
systemic metabolic disturbances, including hyperglycemia, dyslipide
mia, and elevated blood pressure, that are not immediately reversed by 
voluntary exercise (i.e., wheel running). Accordingly, the absence of 
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Fig. 3. Tight junction integrity. Zonula occludens-1 (ZO-1) immunohistochemistry showed higher ZO-1+ vessel density in grey matter (GM) in the High-fat diet 
(HFD) mice versus baseline (p < 0.05; D). No significant group differences were found for staining intensity (A), relative area (B), or average size (C). (E) Repre
sentative images: GM at 20× overview with regions of interest (ROI; white squares) and 40× inserts; WM at 40× overview. (Scale bars: yellow  = 100µm; white  =
200µm). AU  = arbitrary units. Values are mean ± SEM. *p < 0.05.
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Fig. 4. Neuroinflammation. Ionized calcium-binding adapter molecule-1 (IBA-1) immunohistochemistry showed increased microglial density in grey matter (GM) of 
both high-fat diet (HFD) and HFD+exercise groups compared to baseline (D), and in white matter (WM) of HFD mice (D). HFD mice also exhibited slightly lower IBA- 
1 staining intensity (A), larger relative area (B), and smaller average cell size (C) in GM. No group differences were found in cell circularity (E). (F) Representative 
images: GM at 20× overview with regions of interest (ROIs; black squares) and 80× inserts; WM at 40× overview. (Scale bars: yellow  = 50µm; red  = 100µm; black 
= 200µm). AU  = arbitrary units. Values are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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metabolic differences between HFD and HFD+exercise in our study is 
consistent with the expected systemic phenotype of this model 
(Morrison et al., 2018; van den Hoek et al., 2020). Importantly, this does 
not preclude detecting exercise-associated effects in the brain as neu
rovascular, inflammatory, and microstructural pathways may remain 
responsive even when systemic metabolic parameters do not normalize, 
potentially manifesting as modest and region-specific changes.

4.1.1. Microvasculature
BBB integrity depends on the structural and functional integrity of 

microvascular endothelial cells and their intercellular tight junctions 
(Dodelet-Devillers et al., 2009). In contrast to previous reports (Obadia 
et al., 2022; Tarantini et al., 2018; Tucsek et al., 2014), we did not detect 
changes in GLUT-1 protein distribution and mRNA expression across 
groups, possibly reflecting compensatory mechanisms after prolonged 

Fig. 5. Neuroinflammation. Glial fibrillary acidic protein (GFAP) immunohistochemistry showed lower staining intensity in white matter (WM) (A) and larger 
positive area in grey matter (GM) for both high-fat diet (HFD) and HFD+exercise groups compared to baseline (B). (C) Representative images: GM at 20× overview 
with regions of interest (ROIs; black squares) and 40× inserts; WM at 40× overview. (Scale bars: red  = 100µm; black  = 200µm). AU  = arbitrary units. Values are 
mean ± SEM. *p < 0.05, **p < 0.01.
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HFD exposure (Jais et al., 2016). HFD+exercise mice showed subregion- 
specific lower GLUT-1+ intensity in the corpus callosum and lower 
GLUT-1+ area in the external capsule compared to HFD mice 
(Supplementary Fig. S2). These findings may reflect adaptative micro
vascular remodeling; however, it remains unclear whether reduced 
GLUT-1 is actually linked to more efficient glucose handling. Further 
work integrating additional microvascular markers will be needed to 
determine the direction and functional implications of these exercise- 
associated changes. ZO-1+ microvascular density was increased in GM 
of HFD mice compared to the baseline group. While this may reflect 

adaptative microvascular remodeling in response to HFD to preserve 
oxygen and nutrient supply, age-related vascular changes cannot be 
excluded, as HFD-fed animals were older than the younger baseline 
group, which limits direct comparison. An increasing number of studies 
indicate that chronic high-caloric intake induces cerebrovascular 
remodeling, including increased vessel density and tortuosity, which 
may impair blood flow recovery and worsen ischemic vulnerability (Cao 
et al., 2019; Li et al., 2025; Yi et al., 2012). The apparent regional 
specificity of this effect may be partly driven by astrocytic modulation, 
as perivascular astrocytes in GM can promote tight junction protein 

Fig. 6. Axonal integrity. Neurofilament light chain protein (NfL) immunohistochemistry revealed lower staining intensity in grey matter (GM) of high-fat diet (HFD) 
mice (A) and smaller NfL+ area in white matter (WM) of both HFD and HFD+exercise groups compared to baseline (B). (C) Representative images: GM at 20×
overview with regions of interest (ROIs; black squares) and 40× inserts; WM at 40× overview. (Scale bars: red  = 100µm; yellow  = 200µm). AU  = arbitrary units. 
Values are mean ± SEM. *p < 0.05, **p < 0.01.
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expression via the release of soluble factors (Abbott et al., 2006; Alvarez 
et al., 2011; Prat et al., 2001). An increase in ZO-1 density was observed 
in the HFD group, but not in the HFD+exercise mice. While this may 
suggest that voluntary exercise attenuates HFD-induced microvascular 
remodeling and help preserve BBB, this interpretation should be made 
with caution since no statistically significant difference was detected 
between HFD and HFD+exercise. Nonetheless, the observed pattern is 
consistent with a previous report indicating that exercise promotes 
vascular health and can restore microvascular integrity in ischemic 
models (Ahn et al., 2016). Together, these results point toward a partial 
protective effect of exercise, which may require greater intensity or 
longer duration to achieve statistically robust differences indicating full 
reversal.

4.1.2. Neuroinflammation
Microglia and astrocytes are key mediators of HFD-induced neuro

inflammation (Lama et al., 2022). We observed that six months of HFD 
feeding increased microgliosis in both WM and GM consistent with 

previous reports (Jantzen et al., 2024; Kim et al., 2019; Lama et al., 
2022; Rong et al., 2025; Wu et al., 2022). We observed higher IBA-1+
cell density in WM and GM and enlarged IBA-1+ cell area in GM in HFD, 
indicating microgliosis. Interestingly, despite these changes, microglial 
morphology did not shift toward an amoeboid state, suggesting a more 
complex activation spectrum (Vidal-Itriago et al., 2022; Waller et al., 
2019; Wittekindt et al., 2022). IBA-1 staining intensity was lower in HFD 
mice, yet mRNA levels remained unchanged, highlighting a possible 
dissociation between transcript and protein expression (Richardson, 
1993). Consistent with previous studies (Zhang et al., 2022), voluntary 
exercise appeared to attenuate certain microglial alterations as the 
HFD+exercise group did not differ significantly from the baseline group 
in IBA-1+ relative area or cell size, in contrast to the HFD group. 
However, microglial density remained elevated in HFD+exercise mice, 
suggesting that voluntary exercise mitigated some, but not all, of the 
observed changes.

On the other hand, signs of astrogliosis (Lama et al., 2022; Paiva 
et al., 2024) were affected in both HFD and HFD+exercise groups versus 

Fig. 7. Myelin orientation and density. Polarized light imaging (PLI) revealed no significant differences in myelin dispersion (A) or density (retardance; B) in white or 
grey matter (WM resp. GM). (C) Representative images displaying PLI dispersion and retardance. (Yellow scale bars  = 1mm). High-fat diet (HFD). Arbitrary units 
(AU). Values are mean ± SEM.
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baseline. Both groups showed lower GFAP staining intensity in WM and 
larger GFAP+ area in GM. Despite this regional heterogeneity, voluntary 
exercise did not appear sufficient to normalize these astrocytic alter
ations. Notably, we also observed lower T2-weighted intensity in WM of 
both HFD and HFD+exercise mice, and also in GM of HFD+exercise 
mice. Previous studies have suggested that increased glial cell density 
and reduced extracellular space can shorten T2 relaxation times, and 
consequently lower signal intensity (Hoch et al., 2016; Miwa et al., 
2003; Roitbak and Sykova, 1999). In this context, these effects may 
reflect gliosis-related microstructural changes. Although the exact 

mechanism remains unclear, our results suggest that gliosis may be one 
of the contributing factors to MRI signal alterations.

4.1.3. Axonal and myelin integrity
Using NfL staining, we observed aging and HFD-induced axonal 

damage in both WM and GM. NfL is a structural axonal protein that is 
released into the bloodstream and cerebrospinal fluid (CSF) following 
axonal damage (Kahn et al., 2025). Accordingly, increased NfL levels are 
widely reported in the blood and CSF of individuals with Alzheimer’s 
disease and mouse models (Kotredes et al., 2024; Mielke et al., 2025; 

Fig. 8. MRI signal intensity changes. Among the sequences analyzed (A–I), only T2-weighted imaging (B) showed significant group differences: white matter (WM) 
intensity was lower in the high-fat diet (HFD) mice vs baseline, and both WM and grey matter (GM) intensities were lower in HFD+exercise vs baseline. No significant 
differences were observed in T1-weighted, T2*-weighted, or diffusion metrics (A, C-I). (J) Representative images displaying T2-weighted MRI. (Yellow scale bars  =
1mm). Arbitrary units (AU). Values are mean ± SEM. * p < 0.05, ** p < 0.01.
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Olsson et al., 2016). However, little is known about NfL distribution 
within brain tissue during early pathology. In our study, we observed 
that HFD led to lower NfL staining intensity in GM and smaller relative 
area of NfL+ in WM compared to baseline. These findings indicate early 
axonal disruption in both WM and GM of HFD-fed mice. While no sig
nificant differences were observed between HFD and HFD+exercise 
mice, NfL intensity in GM of the HFD+exercise group was similar to the 
baseline group, suggesting partial restoration by voluntary exercise. 
Longer exercise intervention periods or combined lifestyle strategies (e. 
g., diet) could be considered in future studies to assess voluntary exer
cise potential in mitigating HFD-induced axonal damage.

PLI measures, reflecting myelin integrity (Mollink et al., 2019), 
showed no significant group differences, suggesting gross myelin ar
chitecture was preserved. Similarly, DTI metrics commonly used to 
assess axonal and myelin integrity also demonstrated no group differ
ences. Although clinical studies link NfL and DTI in symptomatic 
neurodegenerative patients (Qin et al., 2024; Schultz et al., 2020), these 
associations may not apply to early-stage changes. Together with im
aging data, these findings suggest that axonal pathology precedes MRI- 
detectable alterations, supporting NfL as an early marker of axonal 
injury.

4.2. Co-registration between pathology and imaging

In baseline mice, we observed a positive correlation between NfL+
area and RD in WM. Although RD is often associated with myelin 
damage (Song et al., 2005), evidence from multiple sclerosis studies and 
our findings suggest RD also reflects axonal integrity (Klawiter et al., 
2011). Higher NfL+ area was associated with increased RD, further 
proposing that RD is not specific for assessing myelin integrity, but is 
also sensitive for assessing axonal integrity. However, more research is 
needed in the future to further interpret RD.

In HFD+exercise mice, we found that IBA-1+ microglial density in 
GM was negatively correlated with diffusion metrics, including MD and 
AD. MD reflects the average diffusion rate of water molecules (Bennett 
and Madden, 2014), and although it is primarily used for WM integrity, 
it can also indicate GM microstructural changes (Henf et al., 2018). 
Clinical studies showed that MD changes in cortex can reflect neuro
inflammation such as astrogliosis (Vilaplana et al., 2020), as increased 
glial density alters extracellular diffusion properties (Montal et al., 
2018). However, to our knowledge, this negative correlation between 
microglial density and MD in GM has not been previously confirmed in 
such model. In the HFD+exercise group, we also found negative corre
lation between microglial density and AD in GM. Although AD is 
considered for axonal integrity (Kaushal et al., 2019), its interpretation 
in GM is challenging due to isotropic diffusion (Park et al., 2014), and 
few studies have explored its link to neuroinflammation. A clinical trial 
suggested that neuroinflammation may precede axonal degeneration in 
the GM of Parkinson’s disease patients (Andica et al., 2019). Our finding 
that microglial density in GM of HFD+exercise mice negatively corre
lated with both MD and AD provides novel evidence linking neuro
inflammation to GM microstructural changes. In addition, FA (metric for 
microstructural integrity (Bennett and Madden, 2014)) showed subre
gional group differences (Supplementary Fig. S8). We observed lower FA 
in the fimbria of HFD+exercise mice compared to HFD, while values did 
not differ from the baseline group. Although comparison to baseline 
should be interpreted with caution, this pattern suggests that exercise 
may partially shift white matter microstructural integrity away from 
HFD-associated effects. Future studies incorporating tractography- 
matched histology will be required to determine which microstruc
tural features drive this FA change.

4.3. Limitations

This study has several limitations. The primary limitation is the 
absence of an age-matched non-obese control group, limiting the ability 

to fully separate obesity- from age-related changes. Therefore, the re
sults should be interpreted with caution. Although the baseline group is 
not age-matched to the experimental groups, it was meant to serve as a 
physiological reference prior to interventions, representing a young non- 
obese adult brain. As such, it offers insight into the direction and extent 
of pathological changes induced by prolonged HFD exposure. Impor
tantly, animals in the experimental groups (HFD-fed) were the same age 
at the time of analyses, allowing for consistent age comparisons across 
HFD and HFD+exercise conditions. In addition, our main aim was to 
assess the impact of HFD and exercise, rather than aging per se, which 
was comprehensively assessed in a previous study (Seidel et al., 2025). 
Consistent with this earlier research which demonstrated a stronger 
impact of HFD than aging alone (Seidel et al., 2025), HFD feeding in the 
present study led to obesity, increased systolic blood pressure, hyper
glycemia and hypercholesterolemia (Supplementary Table S4). Never
theless, future research including age-matched non-obese controls is 
warranted to strengthen the broad applicability and better disentangle 
obesity- and age-related effects. Second, voluntary exercise resulted in 
modest neuroprotective effects. We observed several consequences of 
aging and prolonged HFD exposure in HFD mice versus baseline, yet 
some of these did not occur under voluntary exercise. Based on these 
observations, we inferred that those in the voluntary exercise group 
remained similar to the younger non-obese baseline mice, and thereby 
voluntary exercise led to beneficial effects. However, we acknowledge 
that differences did not reach significant among HFD groups, implying 
that voluntary exercise was not sufficient to reverse the observed effects. 
Future studies could explore whether longer intervention periods or 
combined lifestyle strategies (e.g., diet) lead to additional improve
ments. Future studies could also explore the effects of specific training 
protocols (e.g. regular bouts of vigorous exercise versus endurance 
training). In the present study, mice exercised voluntarily which does 
not allow direct translation to specific forms of training in humans.

5. Conclusion

Ldlr-/-.Leiden mice consuming HFD long-term demonstrated cSVD- 
related changes, including region-specific microvascular remodeling, 
glial activation, and axonal injury. Voluntary exercise exerted partially 
neuroprotective effects by attenuating microgliosis, and preserving 
axonal integrity and subregion-specific effects associated with micro
vascular and microstructural changes predominantly in white matter. 
Importantly, the present work integrates pathology and MRI through 
precise spatial co-registration, providing a multimodal framework that 
directly links microscopic alteration to imaging metrics. This approach 
offers mechanistic insight into how diffusion and T2‑weighted signals 
reflect early obesity‑related neurovascular changes. Collectively, these 
findings refine interpretation of commonly used MRI markers and 
demonstrate that even modest, voluntary exercise induces spatially se
lective neurovascular and microstructural adaptations. While future 
research is warranted with more intense or longer exercise, these find
ings underscore the value of multimodal approaches to unravel obesity- 
related brain pathology and guide the development of targeted 
interventions.
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