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Abstract
Mounting evidence has linked the metabolic disease to neurovascular disorders 
and cognitive decline. Using a murine model of a high-fat high-sugar diet mim-
icking obesity-induced type 2 diabetes mellitus (T2DM) in humans, we show that 
pro-inflammatory mediators and altered immune responses damage the blood-
brain barrier (BBB) structure, triggering a proinflammatory metabolic phenotype. 
We find that disruption to tight junctions and basal lamina due to loss of con-
trol in the production of matrix metalloproteinases (MMPs) and their inhibitors 	
(TIMPs) causes BBB impairment. Together the disruption to the structural and 
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1   |   BACKGROUND

Metabolic Syndrome (MetS)1—a cluster of at least three of 
the following traits: hyperglycemia, insulin resistance, ab-
dominal obesity, high blood pressure, and dyslipidemia—
have been linked with the development of neurovascular 
disease, including vascular dementia and neurodegener-
ative conditions such as Alzheimer's disease,2 together 
termed the “metabolic-cognitive syndrome”.3 Low-grade 
chronic inflammation in MetS and subsequent develop-
ment of Type 2 diabetes mellitus (T2DM) results in mac-
rovascular and microvascular complications in peripheral 
vessels, but the impact on the brain microvasculature and 
blood-brain barrier (BBB) function remains elusive.

The BBB forms a specialized barrier between the in-
terface of the peripheral and central systems, to maintain 
a homeostatic brain microenvironment. BBB dysfunction 
has been implicated in a growing number of CNS pathol-
ogies including multiple sclerosis,4 Parkinson's disease,5 
and Alzheimer's disease.2 Alteration of endothelial tight 
junctions (TJs) compromises the barrier function; im-
pairing permeability, cell polarity, and transport systems 
and leading to secondary activation of astrocytes6 and 
microglia.7 Long-term BBB dysfunction can consequently 
cause neuronal dysfunction, injury, and degeneration.8,9 
Neuro-imaging in obese patients has revealed atrophy of 
the frontal lobes, hippocampus, and the thalamus while 
post-mortem studies of diabetic patients' brains have 

shown reduced grey and white matter, a hallmark of de-
mentia.10–12 In fact, rodents fed an unhealthy “western 
diet” have impaired memory retention and faster cogni-
tive decline compared to chow-fed rodents.13,14

In this study, we have used a mouse model of high-fat 	
high-sugar (HFHS) diet-induced T2DM to examine the 
structural, metabolic, and immunological changes at 
the BBB. We report that HFHF-feeding causes the dis-
mantling of endothelial tight junctions and loss of ves-
sel basal lamina (VBL) molecular components to impair 
BBB integrity. Moreover, metabolic overload is accompa-
nied by a marked release of pro-inflammatory mediators 
and brain endothelial cell activation, which promote leu-
kocyte migration into the brain parenchyma resulting in 
activation of microglia. We further report that therapeu-
tic treatment with the pro-resolving protein hrANXA1 
or via dietary changes can attenuate T2DM development 
with downstream effects on restoration of BBB struc-
tural, functional, and immunology integrity. In addition, 
we show the translatable applicability of our results 
using a humanized in vitro BBB model with T2DM pa-
tient serum and T2DM patient post-mortem brain stud-
ies. Our results find that T2DM patients have increased 
BBB leakage attributed to structural alterations at endo-
thelial TJs and laminins that result in a marked increase 
in leukocyte presence within the brain parenchyma. 
These pathophysiological changes could be key in the 
development of the metabolic-cognitive syndrome.
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functional integrity of the BBB results in enhanced transmigration of leukocytes 
across the BBB that could contribute to an initiation of a neuroinflammatory re-
sponse through activation of microglia. Using a humanized in vitro model of the 
BBB and T2DM patient post-mortem brains, we show the translatable applicabil-
ity of our results. We find a leaky BBB phenotype in T2DM patients can be attrib-
uted to a loss of junctional proteins through changes in inflammatory mediators 
and MMP/TIMP levels, resulting in increased leukocyte extravasation into the 
brain parenchyma. We further investigated therapeutic avenues to reduce and re-
store the BBB damage caused by HFHS-feeding. Pharmacological treatment with 
recombinant annexin A1 (hrANXA1) or reversion from a high-fat high-sugar diet 
to a control chow diet (dietary intervention), attenuated T2DM development, re-
duced inflammation, and restored BBB integrity in the animals. Given the rising 
incidence of diabetes worldwide, understanding metabolic-disease-associated 
brain microvessel damage is vital and the proposed therapeutic avenues could 
help alleviate the burden of these diseases.
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2   |   MATERIALS AND METHODS

2.1  |  Animal experiments

This study was conducted in accordance to Arrive guide-
lines using 10-week-old male, wild-type C57BL/6  mice 
purchased from Charles River (UK). Mice were housed 
in temperature (25 ± 2°C) and humidity (55%) controlled 
rooms. Mice were fed either a normal chow-based diet 
(5053, LabDiet Ltd) or a high-fat high-sugar diet (58R3, 
HFHS, AIN-76A TestDiet) for 10 weeks as schematized in 
Figure S1.

2.2  |  Measuring body weight and 
feeding behavior

All mice had free access to food and water, body weight 
was recorded weekly. The bodyweight of all animals 
was measured at the same time at the beginning of each 
week using the same balance for the whole experiment 
for the determination of body weight gain for measuring 
obesity.

Fresh food (150 g/cage) was also supplied at the begin-
ning of each week and was regularly monitored through 
the week for color or consistency change. The diet from 
each cage was weighed before being changed to measure 
food (g/mouse/day) and calorie intake (kcal/mouse/day) 
using the following equations:

2.3  |  Treatment with hrANXA1 and 
dietary reversion

The pharmacological intervention was provided by 
treating 10-week-old male mice fed a HFHS-fed diet for 
10 weeks with hrANXA1. The pharmacological interven-
tion was provided from weeks 5 to 10, mice were treated 
with 33 µg/kg body weight hrANXA1 in 100 µl of 50 mM 
Hepes, 140  mM NaCl, given i.p/mouse 5  days/week. A 
dose of 33 µg/kg body weight was chosen based on previ-
ous studies.15 The hrANXA1 was produced and purified as 
previously published.16 Dietary intervention was provided 
by reverting mice fed a HFHS diet onto a standard chow 
diet. Ten-week-old male C57BL/6 mice were fed a HFHS 
diet for 10 weeks, after which mice were placed back on a 
chow diet for a further 5 weeks, the total dietary period for 
these mice was 15 weeks (Figure S1). All mice not treated 
with hrANXA1 were given a vehicle of 100 µl of 50 mM 

Hepes, 140  mM NaCl, pH 7.4, daily (5 times/week) i.p. 
chow-fed, HFHS-fed, and HFHS-fed  +  hrANXA1  mice 
were 20  weeks of age at cull. HFHS—chow reversion 
mice were 25 weeks of age at cull. Animal studies were 
conducted in tandem for each group n  =  55 for chow, 
HFHS, and HFHS + hrANXA1 mice. With the exception 
of HFHS—chow reversion mice with an n = 15, however, 
chow, HFHS, and HFHS + hrANXA1 were also collected 
alongside the reversion diet mice.

All animal experimental procedures performed in 
this study were approved by the Animal Welfare Ethics 
Review Board (AWERB) of the Queen Mary University 
of London-UK. The study was performed under the 
Procedure Project License; PPL: 70/8350 issued by the 
home office. Animal welfare and performed protocols were 
conducted under the guidance of Operation of Animals 
(Scientific Procedures Act 1986) and the European 
Directive (2010/63/EU) on the protection of animals used 
for scientific purposes. All mice had access to food and 
water ad libitum. Assignment to diet and treatment was 
performed randomly and no blinding was performed.

2.4  |  Metabolic analysis in mice

For oral glucose tolerance tests (OGTT) and insulin tolerance 
tests (ITT), mice were fasted for 6 h. Testing was carried out at 
weeks 8 or 9, respectively, or weeks 14 or 15 for HFHS—chow 
reversion mice. For measuring OGTT, mice were adminis-

tered an oral bolus of glucose (2 g/kg in dH2O) and for the 
ITT, mice were administered a dose of insulin (1 unit/kg in 
PBS, i.p.). Blood glucose was measured via tail vein puncture 
at time 0, followed by measuring at 15-min intervals for a total 
duration of 120 min, using a glucometer (Accu-Chek Compact 
System; Roche Diagnostics, Basel, Switzerland). Non-fasting 
blood glucose values were obtained using a glucometer im-
mediately after cardiac exsanguination. Commercially avail-
able ELISA kits were used to measure serum levels of insulin 
(ThermoFisher Scientific), cholesterol (Abcam, Cambridge, 
UK), and triglycerides (Abcam, Cambridge, UK).

2.5  |  Primary murine brain endothelial 
cell culture

Primary murine endothelial cells were isolated and cultured 
from brain capillary fragments as previously described.15 

Food intake =
weight of diet at beginning of week −weight of diet at end of week

(number of mice in cage × number of days)
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Briefly, the meninges, white matter, and choroid plexus were 
removed from extracted brains. The remaining grey matter 
underwent two stages of enzymatic digestion to degrade 
the extracellular matrix. First, using Collagenase II (Sigma) 
and DNase1 (Sigma), followed by density-dependent cen-
trifugation in 20% BSA to separate the heavier capillary 
fragments from the lighter myelin, neurons, and astrocytic 
components. The second enzymatic digest of microvesseles 
used collagenase-dispase (Roche), after which microves-
sels were plated into Petri dishes coated in 0.2% rat tail col-
lagen I (Corning). Cells were initially cultured in DMEM/
F12 medium (ThermoFisher Scientific) supplemented with 
15% FBS, 1ng/ml bFGF (Roche), 100 µg heparin (Sigma), 1× 
insulin-transferrin-selenium (Gibco), 4  µg/ml puromycin 
(Sigma) to obtain pure monoculture and 100 units/ml gen-
tamycin (Gibco). From day 3, cells were kept in 10% FBS, 
and from day 4, the medium was prepared without puromy-
cin. Cultures were maintained at 37°C in 5% CO2 and pas-
saged at 75% confluency.

2.6  |  bEnd3 cell culture

Immortalized mouse brain-derived endothelial cells, 
bEnd.317 were cultured in DMEM 1g/L D-glucose cul-
ture medium (Gibco) supplemented with 10% FBS, 4 mM 
Glutamax (Gibco), 100 units/ml Gentamycin (Gibco), 
50  µM β-Mercaptoethanol (Gibco), 1  mM Na-Pyruvate 
(Sigma-Aldrich), and 1× non-essential amino acids 
(Gibco). Cultures were maintained at 37°C in 5% CO2 and 
passaged at 80%–90% confluency.

2.7  |  hCMEC/D3 culture

Immortalized human cerebrovascular endothelial cell 
line/clone D3, hCMEC/D3,18 were cultured in EBM-2 me-
dium (Lonza) supplemented with 5% FBS and growth 
factors (hFGF, VEGF, R3-IGF-1, Ascorbic acid, hEGF, 
and gentamycin), as recommended by the manufacturer. 
Cultures were maintained at 37°C in 5% CO2 and passaged 
at 80%–90% confluency.

2.8  |  Evans blue dye assessment

In vivo permeability was assessed using Evans blue dye; 
100 µl of 2% Evans blue dye (4 ml/kg) in 0.9% saline was 
injected intravenously into the tail vein.15 After 1 h, mice 
were sacrificed. Brain hemispheres were collected, mac-
erated, and homogenized; samples were analyzed spec-
trophotometrically, normalized to tissue weight, and 
expressed as a percentage of serum dye content.

2.9  |  In vitro permeability assays

Primary brain endothelial cells, bEnd3 cells, or hCMEC/
D3 were grown on Transwell polycarbonate filters (pore 
size, 0.4  μm; Sigma-Aldrich, UK) coated with calfskin 
collagen type I followed by bovine plasma fibronectin for 
seven days. bEnd3 cells were stimulated overnight with 
10% mouse serum. hCMEC/D3 cells were stimulated over-
night with 20% human serum. Paracellular permeability 
was assessed using 55–77-kDa FITC-dextran (3  mg/ml) 
as previously described.19 Transendothelial electrical re-
sistance (TEER) measurements were performed using the 
Epithelial Volt/Ohm (EVOM2) meter (World Precision 
Instruments, USA) cell-free insert resistance values were 
subtracted from values obtained in the presence of en-
dothelial cells.

2.10  |  Immunohistochemistry and 
confocal microscopy

The animals were anesthetized using a ketamine/xylazine 
cocktail, 90 mg and 4.5 mg/kg, respectively, by intraperi-
toneal injection and perfused with 2% paraformaldehyde 
(PFA) and 0.2% glutaraldehyde (GTA) in phosphate-
buffered saline (PBS) solution given over 3  min. Whole 
brains were removed and post-fixed by immersion in the 
same fixative for 4  h at 4°C, then washed in PBS over-
night (ON) at 4°C. Using a vibrating microtome (Leica 
Microsystems; Milton Keynes, UK), 30-μm sagittal sec-
tions, evenly spaced at 200  µm intervals, were cut from 
each hemisphere. The sections were stored in 0.02% PFA 
in PBS at 4°C as free-floating sections.

After permeabilization with 0.5% Triton X-100 in PBS, 
free-floating sections were incubated with single or com-
bined primary antibodies (Table S2) at 4°C ON, appropriate 
fluorophore-conjugated secondary antibodies (Table  S2) 
for 45 min at room temperature, and counterstained with 
TO-PRO3™ (diluted 1:10k in PBS; Invitrogen). The sec-
tions were collected on polylysine slides (Menzel-Glaser) 
and cover-slip with Vectashield® mounting medium 
(Vector Laboratories), and finally sealed with nail varnish. 
Negative controls were prepared by omitting the primary 
antibodies and mismatching the secondary antibodies. 
Sections were examined under a Leica TCS SP5 confocal 
laser scanning microscope (Leica Microsystems) using a 
sequential scan procedure. Confocal images were taken at 
0.35 µm intervals through the x, y, and z axes of the sec-
tion, with 40× and 63× oil immersion lenses.

Quantification of fluorescence intensity was performed 
at 63× magnification on the mouse (n = 4 for each exper-
imental group) and human (n = 6; T2DM n = 3, controls 
n = 3) samples (35 sections/sample, 10 randomly selected 
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fields/section) using Cell F as image analysis software 
(Olympus Italia; Rozzano, Italy). Data plotting and sta-
tistical analysis were performed on GraphPad. Statistical 
differences were evaluated using the Student's t-test. The 
values were expressed as mean ± SD.

2.11  |  Flow cytometry

All samples were acquired by flow cytometry using a LSR 
Fortessa (BD Biosciences) and analyzed with FlowJo 
version 10. All antibodies are Biolegend unless other-
wise stated. Once all staining was conducted, cell pellets 	
were re-suspended in 200  µl of PBS+/+ ready for FACS 
analysis; tubes were stored at 4°C. Primary endothelial 
cells or lymphocytes were collected from experimental 
mice groups. For mouse sera samples, bEnd3 cells were 
stimulated overnight with 10% mouse serum. Cells were 
harvested, fixed in 2% PFA, and stained in FACS buffer. 
For cell surface staining of junctional proteins and ad-
hesion molecules, the following antibodies were used: 
Occludin (ThermoFisher Scientific) with secondary an-
tibody goat anti-mouse IgG-AF488 (Life Technologies), 
PECAM-1 AF488 (eBioscience), VE-Cadherin (Abcam) 
with secondary antibody goat anti-rabbit IgG-Cy3 
(Abcam), ICAM-1-APC, VCAM-1-Pacific blue, and 
CD86-PE-Cy7. For mouse migration studies, the fol-
lowing antibodies were used: CD45-APC-Cy7, CD4-
PE-Cy7. Intracellular staining for G/F actin required 
permeabilization using the Mouse Foxp3 buffer kit (BD 
Pharmingen). Actin ratio was determined by staining 
cells with DNase1 AF488 (ThermoFisher) which recog-
nized G-actin and with Phalloidin-568 (ThermoFisher) 
which recognized F-actin, the ratio of the MFI deter-
mined the content of globular:fibrillar (G:F) actin ratio. 
For human samples, hCMEC/D3 cells were stimulated 
with HD or T2DM sera overnight, after which cells were 
harvested, fixed in 2% PFA, and stained using FACS 
buffer. In cell surface staining of junctional proteins and 
adhesion molecules, the following antibodies were used: 
Occludin (ThermoFisher Scientific) with secondary anti-
body goat anti-mouse IgG-AF405, PECAM-1 AF488 (eBi-
oscience), and VE-Cadherin (Abcam) with secondary 
antibody goat anti-rabbit IgG-Cy3 (Abcam) and ICAM-
1-APC (eBioscience).

2.12  |  Transmigration assay

Polycarbonate transwell inserts (0.33  cm2  surface area, 
pore size 5  µm; Sigma-Aldrich, UK) were coated with 
laminin (50 µg/ml, Sigma). Cells were seeded on the top 
compartment of the transwells and cultured for 72  h to 

allow confluent monolayers to form. On the day of the 
assay, 600 µl of complete medium was added to the lower 
compartment of the transwells. Isolated and expanded 
mouse lymphocytes were added to the top compartment 
(1 × 106  cells/transwells) and incubated for 4 h at 37°C 
in 5% CO2. After 4 h, inserts were removed, and the en-
tire volume of the lower compartment was collected to 
assess the migrated lymphocyte population. Lymphocytes 
adhered to monolayers were collected using 0.2% trypsin 
and served as the adhered population. Cells were stained 
and analyzed via flow cytometry.

2.13  |  Zymography

Gelatin zymography was used for the detection of gelati-
nases MMP-1, MMP-2, and MMP-9 in brain microvessels. 
For each sample, 1 µg/lane was loaded for separation by 
non-reducing gel electrophoresis on a 7.5% acrylamide 
gel containing 1  mg/ml porcine skin gelatin (Sigma). 
Following electrophoresis, the gel was washed exten-
sively with 50-mM Tris-HCL containing 2.5% Triton X-
100, 5-mM CaCl2, and 1-µM ZnCl2 to remove SDS and 
incubated overnight in activation buffer (50-mM Tris-
HCl containing 1% Triton X-100, 5-mM CaCl2, and 1-µM 
ZnCl2) at 37°C. After incubation, the gel was stained in 
Coomassie brilliant blue, MMPs were detected as clear 
bands against a blue background of the undegraded sub-
strate. Images were acquired with a ChemidocMP imag-
ing system (Bio-Rad) and analyzed using ImageJ (NIH, 
USA).

2.14  |  Cytokine analysis

The Mouse Cytokine Array XL Kit or Proteome Profiler 
Human XL Cytokine Array Kit (R&D Systems, Minneapolis, 
USA) was used to analyze different cytokines, interleu-
kins, chemokines, and acute-phase proteins in mouse 
brain microvessels or hCMEC/D3 cell lysates stimulated 
with 20% human serum. The Human MMP Antibody 
array (Abcam) was used to analyze MMPs and TIMPs in 
human serum or hCMEC/D3 cell lysates stimulated with 
20% human serum. These kits are membrane-based sand-
wich immunoassays. Briefly, membranes were blocked 
with blocked buffer for 1 h followed by overnight incuba-
tion with samples at 2–8°C. Membranes were incubated 
with a detection antibody cocktail. Bound antibodies were 
detected using Streptavidin-HRP and Chemi Reagent mix. 
Image Studio™ Lite (LI-COR Biosciences, USA) software 
was used to analyze the data. Mouse serum TIMP-1 lev-
els were measured using a Quantikine ELISA kit (R&D 
Systems). Human serum IL-6 and TNF-α were measured 
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using a multiplex Human Luminex Assay (R&D Systems) 
on the Luminex MAGPIX System (Luminex Corporation).

2.15  |  Human studies

Blood samples were drawn from “healthy donors” 
(HD) and patients with T2DM of the population-based 
epidemiological “PLIC” (Progressione delle Lesioni 
Intimali Carotidee) study. Subjects gave their consent 
for participating in the study in accordance with the 
ethical approval (SEFAP/Pr0003F University of Milan 
06/2/2001).20 Subjects were followed at the Societa 
Italiana per lo studio dell'aterosclerosi (SISA), Centre 
for the Study of Atherosclerosis, Bassini Hospital, Milan, 
Italy. All patients and healthy volunteers gave written 
informed consent in adherence to the Declaration of 
Helsinki. Complete information about clinical history 
was available from outpatient's registries and/oral hos-
pital archives. HD were selected based on the follow-
ing inclusion criteria: No personal and familial history 
of T2DM, no renal damage [urinary creatinine/albumin 
ratio as an average of three different measurements was 
collected to check for this parameter (not shown)] and 
absence of hepatic steatosis (ultrasound-based as previ-
ously described).21 T2DM diagnosis was defined follow-
ing the international guidelines,22 information about the 
disease duration as well as information about pharmaco-
logical treatments, and regimes were gathered from the 
outpatients' registries.

2.16  |  Collection of patient characteristics

Blood samples were drawn after overnight fasting (10 h at 
least) from antecubital vein and collected in EDTA tubes 
(BD Vacuette®). Blood samples were then centrifuged at 
3000 rpm for 12 min in order to separate plasma for glu-
cose quantification. Determination of lipid profile, glucose 
levels, and liver enzymes was performed by an enzymatic 
method (hexokinase reaction) through automatic sample 
analyzer (RX Daytona, Randox Laboratories Ltd®, Crumlin, 
UK). Low-density lipoprotein cholesterol (LDL-C) was de-
rived from the Friedewald formula.23 Fatty liver index (FLI) 
was calculated from body mass index (BMI), waist circum-
ference, gamma-glutamyltransferase (GGT), and triglycer-
ide levels in the fasting condition.24 Patient characteristics 
are reported in Table S1. Serum was isolated from whole 
blood in serum tubes (Vacutainer) and stored at −80°C. 
The serum used for all biological tests was decomplemented 
at 56°C for 20  min. Twenty percent serum was used to 
stimulate hCMEC/D3 cells overnight prior to conducting 
experiments.

2.17  |  Human brain 
immunohistochemistry

For human brain post-mortem studies, the sampling 
and handling of the specimens were conformed to the 
ethical rules of the Department of Emergency and Organ 
Transplantation, Division of Pathology, University of Bari 
School of Medicine, Italy. The study was reviewed and 
approved by the Medical Ethics Committee of University 
Hospital of Bari, Italy in compliance with the principles 
stated in the Declaration of Helsinki. Human brain sam-
ples (n = 6, subdivided into two groups: 3 with a known 
diagnosis of T2DM and 3 controls without a medical his-
tory of relevant disorders) were taken during autopsy re-
quired for legal purposes. Once arrived at the mortuary, 
the cadaver was analyzed and the anatomic-chronological 
parameters were reported, with a particular interest in the 
temperature, and a diary was compiled with the temper-
ature at which the cadaver stayed, to ensure a uniform, 
maximized antigenicity among the samples selected ac-
cording to routine histopathological evaluation. During 
the autopsy, the skull was generally the first body district 
to be analyzed for autopsy. The whole brain was removed, 
and two samples were taken from frontal and parietal 
lobes, which included both the cerebral cortex and the 
subcortical white matter. The samples were immediately 
fixed in 2% PFA and 0.2% GTA in PBS for 48 h at 4° C, 
washed in PBS overnight at 4°C, and then submitted to 
the same histological procedure as described for mouse 
brains.

2.18  |  Statistical analysis

All data are presented as mean ± standard error of mean 
(SEM) of n observations, where n denotes the number of 
animals studied and/or repeats. All statistical analysis was 
conducted using GraphPad Prism 8 (GraphPad Software, 
San Diego, California, USA). All data were tested for 
normality and analyzed by a Student's t-test or one-way 
ANOVA for multiple comparisons with post hoc analysis 
using Bonferroni's post hoc test. Results were considered 
significant at p < .05.

3   |   RESULTS

A number of different animals models exist for the inves-
tigation of T2DM pathophysiology,25 some of which have 
demonstrated leakage of the BBB under a diabetic state.26 
Here, we used our established mouse model of T2DM in-
duced by feeding a HFHS diet for 10 weeks (Figure S1A)16 
to investigate the effect of metabolic overload on the 
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BBB. Diet-induced diabetic models work through caus-
ing obesity from imbalanced food intake and low energy 
expenditure.25 Obesity is the single biggest risk factor 
for developing T2DM, through raising the levels of fatty 
acids, glucose, pro-inflammatory markers thereby alter-
ing hormones and metabolism due to the accumulation 
of fat deposition, leading to the development of insulin 
resistance.27 The diet-induced models of diabetes are used 
to replicate the westernized lifestyle in humans, with in-
creased intake of foods dense in fats and sugars along with 
a sedentary lifestyle. This was the rationale for using a diet 
that was high in both fats and sugars.

The rising incidence of obesity and T2DM and its asso-
ciated macro- and micro-vascular complications requires 
the need for appropriate management of the disease that 
can be achieved through medical management or life-
style changes. We, therefore, investigated the potential of 
either a pharmacological intervention or a dietary inter-
vention to reduce, repair, and restore the damage incurred 
at the BBB by T2DM. The pharmacological intervention 
was provided by hrANXA1, whereby mice were fed a 
HFHS diet for 10 weeks along with hrANXA1 treatment 
(0.35  µg/kg body weight, i.p. 5 times/week) from week 
5 of the diet for 6  weeks (HFHS  +  hrANXA1 treated 
mice, Figure  S1B). We have previously shown that the 
anti-inflammatory molecule annexin A1 (ANXA1) is an 
important regulator of TJ tightness15 and that prophylac-
tic hrANXA1 treatment in the same diet-driven animal 
model of T2DM (HFHS-diet) prevented the development 
of peripheral microvascular complications (nephropathy 
and liver hepatosteatosis) through the restoration of insu-
lin sensitivity.16 Alternatively, the dietary intervention was 
provided by reverting mice that had been fed a HFHS diet 
for 10 weeks back on to a normal chow diet for a further 
5 weeks (HFHS—chow reversion mice, Figure S1C).

Confirmation of metabolic disruption (obesity, hyper-
glycemia, dyslipidemia, and insulin resistance) in this 
mouse model was conducted by measurements of weight 
gain, fat mass (epididymal and inguinal), fasting and non-
fasting blood glucose, OGTT, and ITT as well as serum in-
sulin, cholesterol, and triglyceride levels (Figure 1). At the 
end of the 10-week feeding period, mice fed a HFHS diet 
presented with significantly increased body weight and fat 
mass when compared to chow-fed mice (Figure  1A–D). 	
Both pharmacological and dietary interventions signifi-
cantly reduced the overall weight gain and epididymal 
fat mass compared to HFHS-fed mice, which was more 
prominent in the HFHS—chow diet reversion group; no 
changes were seen in the inguinal fat mass (Figure 1A–D). 
Tests for hyperglycemia found raised non-fasted in HFHS-
fed mice when compared to chow-fed mice (Figure 1E). 
Treatment with hrANXA1 and reversion diet signifi-
cantly reduced the non-fasted blood glucose levels when 

compared to HFHS-fed diet mice, however, no changes 
were seen in the fasted blood glucose levels, with con-
centrations significantly higher across all HFHS-fed 
groups when compared to chow-fed mice (Figure 1E,H). 
Insulin resistance was confirmed using OGTT and ITT; 
measurement of the area under the curve (AUC) in both 
tests found HFHS-fed mice to have an impaired insulin 
response compared to chow-fed mice, although this was 
not significant for the ITT (Figure 1F,G,I,J). While HFHS-
fed + hrANXA1-treated mice had improved glucose toler-
ance when compared to HFHS-fed mice, no changes were 
seen in HFHS-chow reversion mice (Figure 1F,G). While 
little changes were witnessed with the ITT, serum insulin 
levels were significantly elevated in HFHS-fed mice com-
pared to chow-fed mice, that were reduced with both in-
terventions, however, this was only statistically significant 
for HFHS-fed + hrANXA1 mice (Figure 1K). HFHS-fed 
mice were also found to have hyperlipidemia, as seen by 
elevated serum cholesterol and triglyceride levels com-
pared to chow-fed mice that were significantly reduced 
with hrANXA1 treatment; HFHS—chow reversion mice 
showed trends toward improved lipid levels (Figure 1L,M).

In summary, it was seen that the HFHS-diet induced 
obesity and contributed to the development of MetS as 
noted by hyperglycemia, hyperinsulinemia, hypercho-
lesterolemia, and hypertriglyceridemia. Generally, while 
both pharmacological and dietary interventions attenu-
ate MetS development, treatment with hrANXA1 showed 
greater improvement across the majority of measures 
when compared to HFHS-fed mice, with a particular ef-
fect on improving serum levels and glucose tolerance. 
Furthermore, results showed the levels/concentrations in 
HFHS-fed + hrANXA1-treated mice were largely similar 
to those in chow-fed mice, with the exception of weight 
gain. The reduction of weight gain, in comparison, was 
the strongest indicator of improvement in the HFHS—
chow reversion diet group suggest that diet has an import-
ant impact on obesity.

Following confirmation that HFHS-feeding causes 
metabolic disruption, we further determined that these 
mice exhibit brain microvascular disruption characterized 
by increased Evans blue dye leakage into the brain when 
compared to mice fed a standard chow diet (Figure 2A).

Having shown that both treatments with hrANXA1 
and dietary reversion could improve HFHS-induced met-
abolic abnormalities, we investigated whether beneficial 
effects could be detected at the BBB. Indeed, both treat-
ments improved BBB functionality as seen by a reduction 
in Evans blue dye leakage (Figure 2A). Further measure-
ments of BBB integrity assessment were conducted in 
vitro using primary murine brain endothelial cells seeded 
on transwell inserts. Increased paracellular permeability 
to 55-77DA FITC-dextran tracer was seen in endothelial 
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cells from HFHS-fed mice when compared to chow-fed 
mice (Figure  2B), concomitant with a decreased TEER 
(Figure 2C). Similar to in vivo BBB restoration, treatment 
with hrANXA1 in HFHS-fed mice or reversion to a chow 
diet restored BBB functionality in vitro through a reduc-
tion in paracellular permeability and improved TEER 
when compared to HFHS-fed mice (Figure 2B,C).

3.1  |  Changes to tight junction and vessel 
basil lamina components

Structural BBB integrity depends on TJ effectiveness, 
therefore, we conducted immunohistochemistry on cor-
tical mouse brain sections staining for TJ proteins clau-
din-5 and occludin alongside the VBL content of laminin 
and its subunits α2 and α4. Significant reductions in both 
claudin-5 and occludin staining patterns were observed 
in the cerebral cortex of HFHS-fed mice, together with a 
reduced pan-laminin reactivity, when compared to chow-
fed mice (Figure  2D,E). In HFHS-fed mice, the linear 
and continuous staining pattern, typical of structurally 
preserved TJ strands, appeared thinner, interrupted for 
both claudin-5, and occludin (Figure 2D,E). Endothelial 
cells and perivascular astrocytes contribute to provide a 
highly restrictive and regulated interface at the BBB via 
the expression of VBL molecules of basement membranes 
(BMs).28 Accordingly, we double immunostaining for 
pan-laminin/endothelial laminin α4 and laminin α4/as-
trocytic laminin α2. We observed a significant reduction 
of laminin molecules in HFHS-fed mice when compared 
to chow-fed mice (Figure 2F–H), with a relatively higher 
reduction of laminin α2 (Figure  2G). In chow-fed mice, 
double laminin α4/laminin α2 immunostaining clearly 
showed the different distribution of laminin subunits,28,29 
with laminin α2 primarily present in the astrocyte VBL 
layer (outer vessel surface) vs laminin α4 mainly restricted 
to the endothelial VBL layer (inner vessel surface), that is 
absent in HFHS-fed mice. Further double immunostaining 
with the astroglia marker GFAP and laminin α2 showed a 

clear co-localization of laminin α2 at the astrocyte GFAP+ 
end-feet in chow-fed mice, suggestive of astrocytic end-
feet embracing the microvessel structure to form an intact 
vessel, which is hardly distinguishable in HFHS-fed mice, 
where hypertrophic perivascular astrocytes showed a very 
low laminin α2 staining and detachment from the vessel 
structure (Figure 2H).

Disrupted TJ structure induced by HFHS-feeding was 
restored upon hrANXA1 treatment as seen by reinstated 
levels of occludin and claudin-5, similar in staining pat-
tern to those observed in chow-fed mice (Figure  2D,E). 
Moreover, treatment with hrANXA1 in HFHS-fed mice 
showed restoration of laminin subunits α2 and α4, when 
compared to HFHS diet-fed mice (Figure  1F,G) that al-
lowed for reinstatement of co-localized laminin α2 with 
GFAP+ astrocyte perivascular end-feet to reform an intact-
looking BBB (Figure 2H). In contrast, the reversion diet 
lacked any effect on BBB structure when compared to 
HFHS-fed mice, with no changes observed in claudin-5, 
occludin, endothelial laminin α4, or astrocytic laminin 
α2 staining, preventing reattachment of GFAP+ astrocytic 
end-feet to the vessel structure (Figure 2D–H).

3.2  |  The balance of MMPs and TIMPs

The role of matrix metalloproteases (MMPs) in TJ and 
VBL degradation is well established and could account 
for the observed loss of BBB integrity seen in HFHS-fed 
mice. Analysis of brain microvessels using a membrane-
based sandwich immunoassay showed significantly in-
creased levels of MMP-2 and MMP-9 in brain microvessels 
extracts of HFHS-fed mice when compared to chow-fed 
mice (Figure  3A). Confirmation of MMP proteolytic ac-
tivity was conducted via zymography, where there was a 
significant increase in pro- and active MMP-2 and MMP-9 
forms in HFHS-fed mice compared to chow-fed mice 
(Figure 3C–E).

Restoration of BBB integrity in the HFHS-fed + 
hrANXA1  mice could, therefore, be accounted by the 

F I G U R E  1   Treatment with hrANXA1 and a reversion diet attenuates the development of T2DM. C57BL/6 mice were fed either a 
standard diet (chow) or a high-fat high-sugar diet (HFHS) for 10 weeks. The pharmacological intervention was given by treating with 
human recombinant (hr) ANXA1 (1 μg/100 μl, i.p.) five times/week from weeks 5 to 10 (n = 55). Dietary intervention was provided by 
placing mice on a HFHS for 10 weeks, followed by a chow diet for 5 weeks (HFHS—chow reversion; n = 15). (A, B) Body weight gain 
of experimental mice groups over the 10- or 15-week diet period (n = 15–55/group). (C, D) Measurement of visceral fat (epididymal and 
inguinal) deposits as a percentage of overall body weight after 10 weeks of diet, as a measure of obesity (n = 15–55/group). (E) Basal non-
fasted blood glucose was measured after 10 weeks of diet, one hour prior to harvest (n = 15–44/group). (H) Basal fasted blood glucose was 
measured after 6 h of fasting at week 8 (n = 15–39/group). (F–I) Oral glucose tolerance test (OGTT, 15–38/group) or Insulin tolerance test 
(ITT, n = 6–15/group) was assessed over 120 min, after 6 h of fasting at week 8 or week 9, respectively. (G, J) The area under the curve 
(AUC) of OGTT and ITT was calculated and used for statistical analysis. (K) Serum insulin (n = 8–27/group), (L) cholesterol (n = 9–23/
group), and (M) triglycerides (n = 9–23/group) levels were measured in serum isolated from whole blood at harvest. Statistical analysis was 
performed by one-way ANOVA followed by a Bonferroni post hoc test. Data are expressed as mean ± SEM. *p < .05, **p < .01, ***p < .001, 
****p < .0001 versus chow; $p < .05, $$p < .01, $$$p < .001, $$$$p < .0001 versus HFHS. #p < .05, ####p < .0001 versus HFHS + hrANXA1



10 of 27  |      SHEIKH et al.

(A)

(D)

(E)

(F)

(G)

(H)

(B) (C)



      |  11 of 27SHEIKH et al.

significantly reduced expression of MMP-9 (Figure  3A) 
and reduced activity of MMP-1, MMP-2, and MMP-9 
(Figure  3B–E) in brain microvessels when compared to 
HFHS-fed mice, although statistical significance was not 
achieved when analyzing activity. Interestingly, despite 
the lack of BBB restoration, HFHS—chow reversion mice 
showed a significant reduction of MMP-1, MMP-2, and 
MMP-9 activity via the zymogram along with reduced ex-
pression of MMP-9 in the brain microvessels, when com-
pared to HFHS-fed mice, levels of proteolytic activity in 
the reversion mice were similar to those seen in chow-fed 
mice (Figure 3A–E).

Inhibition of MMPs is mediated by the tissue inhibitor 
of metalloproteinases (TIMPs); through their binding to 
MMP domains.30,31 Measurement of TIMP-1 in the sera 
of the mice revealed significantly reduced expression of 
TIMP-1 in HFHS-fed mice compared to chow-fed mice 
(Figure 3F). Both hrANXA1 treatment and dietary rever-
sion increased serum levels of TIMP-1, albeit not to the 
levels seen in chow-fed mice and this effect only reached 
statistical significance in HFHS-fed  +  hrANXA1-treated 
mice (Figure 3F), suggesting that perhaps the balance of 
MMP/TIMPs is crucial in BBB remodeling.

On the contrary, MMP activity is regulated transcrip-
tionally by reactive oxygen species (ROS), cytokines, 
growth factors, and hormones32–34; consequently, we mea-
sured such factors in the sera and brain microvessels of our 
mice (Figure 4). These measurements showed increased 
CXCL12, IL-1α, and sICAM-1 expression with decreased 
IL-13 expression in sera of HFHS-fed mice compared to 
chow-fed mice (Figure 4A). Within the serum, treatment 
of HFHS-fed mice with hrANXA1  significantly reduced 
the levels of the majority of pro-inflammatory species 
investigated, including CXCL1, CXCL12, IL-1α, IL-16, 	
s-ICAM-1, and TNF-α (Figures 4A and S2), although there 
was not a corresponding increase in anti-inflammatory 
markers such as IL-13.

Analysis of isolated brain microvessel also revealed 
a disturbance in the levels of cytokines, chemok-
ines, and interleukins in HFHS-fed mice compared to 
chow-fed mice (Figures  4B–E and S2), indicative of 
a raised inflammatory state at the BBB. Microvessels 
from HFHS-fed  +  hrANXA1-treated animals showed 
a general suppression of most inflammatory factors, 
a slight increase in both neutrophil/monocyte-  and 
B/T-lymphocyte-  directed chemokines but more lim-
ited effects on pro-  and anti-inflammatory cytokines 
(Figures  4B–E and S2). HFHS—chow reversion diet 
mice showed greater changes with suppression in in-
flammatory factors, pro-  and anti-inflammatory cyto-
kines, and neutrophil/monocyte-directed chemokines, 
albeit with only minor effects on B/T-lymphocyte di-
rected chemokines (Figures 4B–E and S2). In summary, 
both pharmacological and dietary intervention had gen-
eralized anti-inflammatory effects, with diet reversion 
being the more potent of the two, perhaps accounting for 
the greater reduction in MMP activity seen with dietary 
reversion vs hrANXA1 treatment. MMP-2 and MMP-9 
promoter regions contain transcription factor binding 
sites such as AP-1 and NF-kB34 that are regulated by 
the activation of signaling pathways such as ERK 1/2, 
JNK, and p38 MAP kinases (MAPK).35–38 To investigate 
whether enhanced inflammatory mediator presence in 
HFHS-fed mice could thus contribute to the observed 
MMP upregulation/activation at the brain microves-
sels, western blot analysis of immortalized bEnd3 cells 
stimulated with sera from mice fed a chow or HFHS diet 
was conducted. Results identified Akt, SAPK/JNK, and 
p38 MAPK as potential signal transduction pathways re-
sponsible for MMP-mediated endothelial TJ dismantling 
and laminin degradation (Figure S3A–C), with all three 
proteins showing enhanced phosphorylation in brain 
endothelial cells, stimulated with sera from HFHS-fed 
mice.

F I G U R E  2   HFHS-feeding induces vascular leakage of the BBB due to loss of tight junction proteins and vessel basal lamina of 
endothelial cells and astrocytes, which is restored by pharmacological treatment with hrANXA1. C57BL/6 mice were fed either a standard 
diet (chow) or a high-fat high-sugar diet (HFHS) for 10 weeks. The pharmacological intervention was given by treating with human 
recombinant (hr) ANXA1 (1 μg/100 μl, i.p.) five times/week from weeks 5 to 10 (HFHS + hrANXA1). Dietary intervention was provided 
by placing mice on a HFHS for 10 weeks, followed by a chow diet for 5 weeks (HFHS—chow reversion). (A) In vivo assessment of BBB 
paracellular permeability via Evans blue dye extravasation (n = 6/group). (B) Measurement of paracellular permeability coefficients and 
(C) transendothelial electrical resistance (TEER) in primary mouse brain microvascular endothelial cells cultured from experimental 
mice groups using 70 kDA FITC-dextran and the Epithelial Volt/Ohm (EVOM2) Meter (World Precision Instruments, USA), respectively 
(n = 10 pooled/group, two technical replicates, performed as two-three independent experiments total n = 20–30). Confocal microscopy 
of cerebral cortical sections of mouse brains double immune-labeled with (D) claudin-5/pan-laminin, (E) occludin/pan-laminin, (F) 
endothelial laminin α4/pan-laminin, (G) astrocytic laminin α2/pan-laminin, and (H) astrocytic laminin α2/astrocytic marker glial fibrillary 
acidic protein (GFAP). Nuclei were labelled with TO-PRO3. Scale bar: 25 μm. Quantification of staining shown as mean fluorescence 
intensity (arbitrary units) of markers (n = 4 mice/group, 35 section/animal, 10 randomly selected fields/sections). Statistical analysis was 
performed by one-way ANOVA followed by a Bonferroni post hoc test. Data are expressed as mean ± SEM. *p < .05, **p < .01, ***p < .001, 
****p < .0001 versus chow; $p < .05, $$p < .01, $$$p < .001 versus HFHS; #p < .05, ###p < .001 vs HFHS + hrANXA1
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Further ex vivo histological analysis in mice brains, 
showed a threefold increase in inflammation-associated 
inducible nitric oxide synthase (iNOS) staining, primar-
ily localized on the cortex microvessels, in HFHS-fed 
mice when compared to chow-fed mice (Figure  4F). 
Both pharmacological and dietary intervention reduced 
iNOS staining, indicating a role for circulating inflam-
matory mediators in contributing to the damage of the 
BBB.

The impact of enhanced inflammatory mediator pres-
ence (locally and in the blood circulation) and the higher 
expression of iNOS was investigated at the microglia 
level. Microglia cells sense brain parenchyma alterations 
and are activated by circulating pro-inflammatory factors 
and hormones; and, therefore, a leaky BBB may also af-
fect their functionality.39 Confocal microscopy of brain 
sections stained for Iba1, a microglia activation marker, 
showed activated microglia of the HFHS-fed mice when 
compared to chow-fed mice (Figure  4G), suggesting in-
flammation and/or injury occurring within the brain. 
HFHS-fed + hrANXA1 mice and HFHS—chow reversion 
diet mice both presented with significantly reduced Iba1 
immunostaining compared to HFHS-fed mice; notably, 
HFHS—chow reversion mice still had constitutively ac-
tivated Iba1+ microglia in comparison to chow-fed and 
HFHS-fed + hrANXA1-treated mice (Figure 4G).

3.3  |  A leaky BBB phenotype correlated 
with increased transmigration of 
leukocytes into the brain parenchyma

Both in vitro and in vivo studies have linked hyperglyce-
mia and hyperlipidemia in T2DM to endothelial activa-
tion with enhanced expression of activation markers such 
as ICAM-1.40 We, therefore, examined whether a HFHS-
diet exerted similar effects on the BBB and its interaction 
with immune cells. We first analyzed the expression of 
ICAM-1 and P-selectin in the cerebral cortex by confo-
cal microscopy and immunofluorescence quantification. 
Major differences in expression of ICAM-1 (Figure  5A) 
and P-selectin (Figure  5B) were observable with chow-
fed mice showing a very low constitutive endothelial 

expression of both the adhesion molecules, whereas ex-
pression was significantly increased in HFHS-fed mice 
(Figure  5A,B). Treatment with hrANXA1 in HFHS-fed 
mice and HFHS—chow reversion diet mice showed re-
duced ICAM-1 and P-selectin expression, although this 
was only significant in HFHS-fed + hrANXA1 mice and 
the expression remained significantly higher than in 
chow-fed mice (Figure 5A,B). Further analysis of primary-
isolated brain microvessels endothelial cells from chow- 
and HFHS-fed mice confirmed upregulated expression of 
adhesion molecules ICAM-1, P-selection, and VCAM-1 in 
HFHS-fed mice (Figure  5C); no changes were observed 
in the expression of E-selectin and co-stimulatory mol-
ecule CD40 (Figure 5C). Both interventions significantly 
reduced ICAM-1 and VCAM-1 expression, when com-
pared to HFHS-fed mice (Figure  4C); CD40, E-selectin, 
and P-selectin reduction in HFHS—chow reversion diet-
fed mice cerebral microvessels were not significant when 
compared to HFHS-fed mice (Figure 5C).

Next, we analyzed whether loss of BBB structure (TJ 
and astrocytic end-feet), increased inflammatory cyto-
kine, and enhanced adhesion molecule expression cor-
related with increased immune cell extravasation into 
the brain parenchyma, as is known to occur in the pe-
ripheral system in T2DM. Cerebral cortex immunostain-
ing for CD45 and pan-laminin demonstrated that CD45+ 
leukocytes, which were virtually absent in chow-fed 
mice were instead detected and relatively numerous and 
associated with cortex microvessels of HFHS-fed mice. 
In the latter, CD45+ cells were detectable both within 
the capillary lumen as well as enclosed in the two layers 
of the VBL or were seen in the act of moving toward the 
surrounding parenchyma (Figure  5D). Treatment with 
hrANXA1 resulted in no or rare CD45+ cells infiltration 
of the brain parenchyma (Figure 5D). However, diet re-
version did not show any alterations in the CD45+ infil-
tration when compared to HFHS-fed mice, with confocal 
imaging showing entrapped CD45+ cells within the VBL 
layers.

Further assessments were performed using in vitro 
adhesion/migration experiments whereby isolated lym-
phocytes from deep cervical lymph nodes were activated 
and expanded for 4 days using CD3 and CD28, after which 

F I G U R E  3   Increased MMP activity and loss of MMP/TIMP balance in HFHS-fed mice are responsible for the loss of the BBB structure. 
hrANXA1 treatment and dietary intervention reduce MMP activity at the BBB. (A) Expression of MMP-2, MMP-3, and MMP-9 was analyzed 
in brain microvessel extracts of chow-fed, HFHS-fed, HFHS-fed + hrANXA1-treated and HFHS—chow reversion diet mice using a Mouse 
Proteome Profiler, expressed as arbitrary units. (n = 10 pooled/group, two technical replicates per experiment, performed in duplicate total 
n = 20/group). (B) Proteolytic activity of MMP-2 and MMP-9 in brain microvessel extracts was determined via zymography, and (C–E) 
quantified panel (n = 5 pooled/group, representative gel of three independent experiments total n = 15), and (F) serum levels of tissue 
inhibitor of metalloproteinases (TIMP-1) were measured using a quantikine ELISA kit (n = 11/group). Statistical analysis was performed by 
one-way ANOVA followed by a Bonferroni post hoc test. Data are expressed as mean ± SEM. *p < .05, **p < .01, ***p < .001. ****p < .0001 
versus chow; $p < .05, $$p < .01, $$$p < .001 versus HFHS; #p < .05, ##p < .01, ###p < .001 vs HFHS + hrANXA1
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they were placed in contact for 4 h with an in vitro model 
of the BBB, using bEnd3 cells plated on transwells to 
conduct a transmigration assay. The migrated cells rep-
resented those, which had crossed the BBB, whereas the 
adhered cells were equivalent to the immune cells that 
had arrested on the endothelium but had not crossed the 
BBB. Both adhesion and migration of CD3+ CD45+ T-cells 
were greater with lymphocytes isolated from HFHS-fed 
mice than those from chow-fed animals (Figure 5E) sug-
gesting that lymphocytes isolated from HFHS-fed mice 
have increased migratory activity. hrANXA1 treatment 
in HFHS-fed mice significantly reduced the number of 
CD45+ CD3+ adhered and migrated cells when compared 
to the HFHS-fed mice (Figure 5E). Intriguingly, HFHS—
chow reversion diet did not abolish the higher adhered or 
migratory numbers of CD45+ CD3+ cells (Figure 5E).

3.4  |  Metabolic overload-induced 
inflammation is a key driver in the loss of 
BBB functionality

Macro-  and micro-vascular complications are attribut-
able to endothelial dysfunction occurring as a result of the 
low-grade chronic inflammation induced by hyperglyce-
mia, dyslipidemia, and hypertensive state. We showed in 
Figure  4 a raise in inflammatory mediators both within 
the serum and at the brain microvessels in HFHS-fed 
mice, we, therefore, hypothesized that systemic circulat-
ing pro-inflammatory factors could contribute to the im-
paired BBB state observed. We investigated the effect of 
sera on an in vitro model of the BBB, using bEnd3 cells, 
and first observed an increased production of NO by cells 
stimulated with HFHS-fed sera compared to cells stimu-
lated with chow-fed mice serum (Figure 6A). Serum from 
HFHS-fed + hrANXA1-treated and HFHS—chow rever-
sion diet mice both produced lower levels of NO when 
compared to HFHS-fed mice, although this was only sig-
nificant for dietary reversion (Figure  6A). Measurement 
of parameters of permeability and TEER (Figure  6B,C) 

showed disrupted BBB integrity from HFHS-fed mice 
serum when compared to chow-fed mice serum that was 
corrected with serum from HFHS-fed + hrANXA1 treated 
and HFHS—chow reversion mice. The in vitro results cor-
related with a loss of TJ protein occludin (Figure 6E), ad-
herens junction protein VE-cadherin (Figure 6E), and the 
actin cytoskeleton seen through an increased G:F actin 
ratio (Figure  6F) in HFHS-fed mice when compared to 
chow-fed. We have previously shown15 that hrANXA1 is 
able to restore TJ at the BBB through F-actin stabilization; 
here, we further confirmed our previous finding and fur-
thermore showed that the reverse diet also restored the 
actin cytoskeleton through changes in the G:F ratio along 
with restored occludin and VE-cadherin (Figure  6D,E). 
Likewise, bEnd3 cells stimulated with HFHS-fed mice 
sera showed an increased presence of adhesion molecule 
ICAM-1 and co-stimulatory molecule CD86 (Figure  6F) 
that resulted in increased adherence/migratory capac-
ity of CD45+ CD3+ leukocytes across the bEnd3  mon-
olayer when compared to chow-fed mice (Figure  6G). 
Furthermore, reduction of ICAM-1 and CD86 in the inter-
vention arms (Figure 6F), correlated with reduced adher-
ence/migratory capacity of CD45+ CD3+ leukocytes when 
compared to HFHS-fed mice (Figure 6G). The results from 
these in vitro studies are comparable to the in vivo and ex 
vivo data shown measuring similar parameters, therefore, 
confirming the role played by metabolic overload-induced 
inflammation in BBB damage.

3.5  |  Brain vascular leakage and immune 
cell infiltration correlate with increased 
MMP in T2DM patients

To corroborate whether the observations made in the 
mouse model can be replicated in the human disease, we 
investigated post-mortem brains from T2DM patients (de-
scribed in Materials and Methods). The autoptic human 
cerebral cortex was double-stained for VE-cadherin/CD31 
(Figure 7A) and pan-laminin/CD45 (Figure 7B). Analysis 

F I G U R E  4   Consumption of a HFHS-fed diet induces a low-grade chronic inflammatory state in the circulating serum and at the BBB. 
Pharmacological and dietary interventions have anti-inflammatory effects. Simultaneous measurement of multiple cytokines, chemokines, 
interleukins, other inflammatory markers, and metabolic markers in both serum and protein extract from brain microvessels of chow-
fed, HFHS-fed, HFHS-fed + hrANXA1 treated, and HFHS—chow reversion diet mice using Mouse Cytokine Array Kits (R&D Systems). 
Membrane-based immunoassays detected the relative expression levels of analytes detected as arbitrary units. Analytes were measured in 
(A) serum (n = 10 pooled/group) or in (B–E) brain microvessels (n = 10 pooled/group, two technical replicates per experiment, performed 
in duplicate total n = 20/group) and categorized as (B) inflammatory factors, (B) chemokines, (D) pro-inflammatory interleukins, (E) 
anti-inflammatory interleukins. (F) Confocal microscopy of cerebral cortex sections immunostained stained for iNOS, or (G) IBA 1. Nuclei 
were labeled with TO-PRO3. Scale bar: 25 μm. Quantification of staining shown as mean fluorescence intensity (arbitrary units) of markers 
(n = 4 mice/group, 35 section/animal, 10 randomly selected fields/sections). Statistical analysis was performed by one-way ANOVA 
followed by a Bonferroni post hoc test (statistical analysis presented in Figure S3). Data are expressed as mean ± SEM. *p < .05, **p < .01, 
***p < .001 versus chow; $p < .05, $$p < .01 versus HFHS, #p < .05, ##p < .01, ###p < .001 versus HFHS + hrANXA1
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showed a slight but significant reduction of VE-cadherin 
and CD31 immunostaining in microvessels of T2DM 
patients, paralleled by laminin reduction in the VBL 
(Figure  7A,B). Additionally, CD45+ immune cells were 
more numerous and strongly immunoreactive in T2DM 
patients compared with healthy controls (Figure  7B). 
Together, these results parallel the disruption seen to tight 
junctions and vessel basal lamina components in mice 
that resulted in leukocyte transmigration into the mouse 
brain parenchyma (Figures 1 and 4).

As our mouse in vitro model showed that systemic cir-
culating soluble factors can affect the integrity of the BBB, 
we conducted a similar investigating using a humanized 
in vitro BBB model with a human cerebral microvascular 
endothelial cell line, hCMEC/D3.4 Cells were stimulated 
with sera from healthy donors (HD) or T2DM patients 
(Table  S1). Stimulation with T2DM sera resulted in a 
leaky BBB phenotype according to both analyzed parame-
ters of paracellular permeability and TEER (Figure 7C,D); 
disruption to BBB function could be attributed to the de-
creased expression of junctional proteins occludin and 
VE-cadherin (Figure 7E). Additionally, the expression of 
ICAM-1 was upregulated in cells stimulated with T2DM 
patient serum compared to HD serum, implicating the 
potential for the leukocyte transmigration (Figure  7F). 
Analysis of T2DM patient serum indicated raised lev-
els of the pro-inflammatory cytokines, TNF-α and IL-6 
(Figure  7G) that could be responsible for the observed 
change. Furthermore, stimulation of hCMEC/D3 cells 
with HD or T2DM donor sera resulted in an increase of 
MMP-9 and MMP-13 expression in T2DM patients ver-
sus HD (Figure 7H). Within the serum of T2DM patients, 
the TIMP-2  levels declined compared to HD (Figure 7I). 
Overall, the results from the human in vitro model showed 
similar disruption to BBB integrity with T2DM serum 
stimulation as was seen in HFHS-fed mice.

4   |   DISCUSSION

Endothelial cells serve as a key interface between the blood 
and organs; therefore, vascular health is a key determi-
nant in disease progression. The endothelium of the brain 
in particular is exquisitely specialized to protect the brain 
from blood-borne inflammation and ensure brain homeo-
stasis. Disruption of the BBB has been closely linked with 
cognitive impairment in a wide range of conditions, in-
cluding Alzheimer's disease,40 Parkinson's disease,5 and 
T2DM.41 Here, we show that the metabolic overload and 
associated systemic, low-grade inflammation directly 
impairs BBB integrity, suggesting that the cerebral vas-
culature is an important pathological target, even in the 
absence of overt disease. Notably, either dietary approach 
via a diet reversion or a pharmacological approach via ad-
ministration of the anti-inflammatory protein hrANXA1 
can in part reverse both the endothelial and inflammatory 
changes induced by a HFHS diet.

Metabolic overload impairs BBB function by increas-
ing paracellular permeability and decreasing TEER, 
changes attributable to the loss of TJ proteins occludin 
and claudin-5 and VBLs. It has been demonstrated that 
laminin α2 null mice have a defective BBB, with leakage 
of the injected exogenous tracers, and the lack of expres-
sion of laminin 2 subunit is paralleled by molecular de-
fects at the endothelium VBL layer.42 Under physiological 
conditions, laminin α2 is expressed by astrocytes and peri-
cytes28,43,44 and its expression in astrocyte end-feet coin-
cides with astrocyte-pericyte sites of interaction, which 
in turn are involved in cellular communication and BBB 
structural integrity.45 Considering that pericytes are also 
in charge of immune mediator release and regulation of 
leukocyte transmigration, and altered astrocyte-pericyte 
cross-talk may also participate in the neuroinflammatory 
processes.46,47

F I G U R E  5   HFHS feeding induces enhanced adhesion molecule expression on BBB endothelium correlating to increased transmigration 
of leukocytes into the brain parenchyma, this is restored with hrANXA1 treatment. Confocal microscopy of cerebral cortex immunostained 
for endothelial cell adhesion molecules (A) ICAM-1 and (B) P-selectin. (C) Relative expression of adhesion molecules E-selectin, ICAM-1, 
P-selection and VCAM-1 and co-stimulatory molecule CD40 in brain microvessel extracts of chow-fed, HFHS-fed, HFHS-fed + hrANXA1-
treated, and HFHS—chow reversion diet mice (n = 10 pooled/group, two technical replicates per experiment, performed in duplicate total 
n = 20/group) using a membrane-based immunoassay (R&D Systems). (D) Double immune-cortical staining for leukocyte marker CD45 
and pan-laminin. Nuclei were labeled with TO-PRO3. Scale bar: 25 μm. Quantification of staining shown as mean fluorescence intensity 
(arbitrary units) of markers (n = 4 mice/group, 35 section/animal, ten randomly selected fields/sections). (E) Isolated mouse lymphocytes 
from cervical lymph nodes of chow-fed, HFHS-fed, HFHS-fed + hrANXA1-treated, and HFHS—chow reversion diet-fed mice, were placed 
in contact on transwells with bEnd3 cells for 4 h (n = 5–9/group). Adhered populations of leukocytes were collected from the transwell, 
the upper compartment, and migrated cells were collected from the bottom compartment. Flow-activated cell staining was used to evaluate 
firm adhesion and transmigration of CD3+ T-cells expressing CD45+, plot gate and strategy are shown for both adhesion and migration. 
Statistical analysis was performed by one-way ANOVA followed by a Bonferroni post hoc test. Data are expressed as mean ± SEM. *p < .05, 
**p < .01, ***p < .001, ****p < .0001 versus chow; $p < .01, $$p < .01, $$$p < .001, $$$$p < .0001 versus HFHS; #p < .01, ##p < .01, ###p < .001, 
####p < .0001 versus HFHS + hrANXA1
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The laminin subunits of the endothelial VBL layer are 
regulated in part by MMP activity, helping to maintain 
normal tissue homeostasis, this process is known to be 
dysregulated in a number of CNS diseases, including MS, 
AD, stroke, and glioma.32,48 MMP activity is transcription-
ally regulated by, among others, cytokines, and ROS,32–34 
which may be relevant in the context of the low-grade, 
chronic, and non-resolving inflammation49  known to 
be present in T2DM and which was observed in HFHS-
fed mice. The activity of MMPs is further regulated by 
the presence and action of TIMPs33,34; hence, the main-
tenance of efficient BBB function requires a balance be-
tween MMP and TIMP expression. In HFHS-fed mice, 
TIMP-1 activity was significantly reduced in comparison 
to chow-fed mice, in combination with raised MMP-2 and 
MMP-9 activity, indicating a potential disruption in the 
balance and control of MMP activity.

Numerous studies have reported pro-inflammatory 
IL-1α and TNF-α as upregulating TIMP-1  levels in both 
endothelial cells and astrocytes.50,51 In mouse mod-
els of experimental encephalomyelitis (EAE), GFAP-
expressing astrocytes increase TIMP-1 expression to aid 
remodeling of the brain ECM.52 Similarly, in the human 
T-lymphotropic virus, TH1 cells interact with astrocytes 
causing them to become reactive; reactive astrocytes se-
crete pro-inflammatory cytokines and express TIMP-1 
and TIMP-3.53 Although in our diabetic model, there is 
a substantial increase in the presence of T-cell inducing 
chemokines, the serum and brain microvessel protein lev-
els of TIMP-1 are decreased. This contrast, between our 
results and other studies53 showing upregulated TIMP-1, 
may in fact represent the switch between a protective vs 
detrimental effect of MMPs/TIMPs.

However, differential regulation of TIMP-1, specifi-
cally in astrocytes of AD patients, correlates with acute vs 
chronic inflammatory state of the disease.54,55 In inflam-
mation, astrocytes initially become activated to serve as 
a protective mechanism, isolating the damaged area and 
facilitating brain circuit remodeling.6 As such, acute ac-
tivation of astrocytes along with microglial activation 

may enhance the levels of TIMP-1 in the brain microen-
vironment to allow positive remodeling. However, under 
sustained inflammation, the levels of TIMP-1 cannot be 
maintained and, therefore, decline significantly. In a sim-
ilar manner, in the diabetic mouse model where there is 
underlying chronic inflammation, the results show an im-
balance of TIMP-1 and MMPs. In fact, a study of T2DM 
patients found serum concentrations of MMP-2 and 
MMP-9 to be lower in diabetic patients vs non-diabetic 
controls during short-lasting hyperglycemia induced by 
oral glucose tolerance test, whereas chronic hyperglyce-
mia, reflected by glycated hemoglobin levels, correlated 
with higher MMP-9 levels in T2DM patients.56 Such pub-
lished data are in line with our human serum studies, we 
find diabetic patients to have increased MMP-9.

A critical component of T2DM is the low-grade chronic 
inflammation that is characterized by cytokine expression 
and immune cell infiltration that remains unresolved 
over time.42 In metabolic disorders, excessive nutrient 
consumption leading to hyperglycemia and dyslipidemia 
is accompanied by a plethora of inflammatory and meta-
bolic responses in multiple cell types and is termed meta-
flammation, i.e., metabolism-induced inflammation.43,44 
Although peripherally-originating leukocytes and den-
dritic cells are occasionally detected in the perivascular 
compartment as components of the immune surveillance 
machinery, the number of these cells in the brain is typ-
ically restricted compared to those seen in peripheral or-
gans.57,58 The presence of few perivascular CD45+ cells 
(i.e., leukocytes) scattered in the cortex of HFHS-fed mice, 
may suggest a possible easier passage of immune cells 
into the brain parenchyma, and consequent activation of 
microglia cells as depicted by our Iba1 immunostaining. 
However cellular source of hypothalamic macrophages 
accumulation has been reported in diet-induced obesity, 
though the mechanism is still unclear.59 Importantly, dis-
ruption of the BBB alone is not sufficient to result in leu-
kocyte transmigration into the CNS parenchyma,60 rather 
there appears to be a need for locally-derived cues, such 
as inflammatory activity.61 Several events are required to 

F I G U R E  6   Mouse serum significantly disrupts BBB function in vitro¸ correlating to in vivo results. Sera (10%) from mice—chow-fed, 
HFHS-fed, HFHS-fed + hrANXA1 treated and HFHS—chow reversion diet fed, were used to stimulate mouse brain endothelial cells, 
bEnd3 monolayers for 16 h unless otherwise stated. (A) Production of nitric oxide (NO) from brain endothelial cells bEnd3 after stimulation 
for 6 h. Measurement of (B) paracellular permeability coefficients to 70 kDA FITC-dextran and (C) transendothelial electrical resistance 
(TEER) (n = 30/group, 10 pooled/group per independent experiments). Flow cytometric analysis of (D) junctional proteins occludin, 
PECAM-1 & VE-cadherin (E) G:F actin ratio and (F) adhesion molecules ICAM-1, VCAM-1, and CD86 (n = 6–26/group, pooled in pairs, 3 
independent experiments) expressed as mean intensity of fluorescence values. Isolated mouse lymphocytes from cervical lymph nodes of 
chow mice were placed in contact on transwells with bEnd3 cells and stimulated with mouse serum for 4 h. Adhered cell populations were 
collected from the upper compartment, and migrated cells were collected from the bottom compartment. (G) Flow activated cell staining 
was used to evaluate firm adhesion and transmigration of CD3+ CD45+ leukocytes (pool 10 mice sera/group, on 6 pooled cervical lymph 
nodes T cells expanded, see material and methods section). Statistical analysis was performed by one-way ANOVA followed by a Bonferroni 
post hoc test. Data are expressed as mean ± SEM. *p < .05, **p < .01. ***p < .01 versus chow; $p < .05, $$p < .01, $$$p < .001, versus HFHS; 
#p < .05 vs HFHS + hrANXA1
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permit the migration of leukocytes across an endothe-
lium barrier. First and foremost, chemokine signals in-
duce the chemotaxis of immune cells, i.e., cell adhesion 
molecules such as ICAM-1, P-, and E-selectin is required 
in the brain microvasculature itself.59 Notably, we found 
that consumption of a HFHS diet enhanced expression of 
both chemokines and cell adhesion molecules in the ce-
rebral microvasculature compared to chow-fed mice and 
that these changes were attenuated, although not fully 
reversed, by either diet reversion or hrANXA1 treatment, 
further emphasizing the ability of both interventions to 
protect the CNS environment through reduction of chronic 
inflammation and repair of the cerebral vasculature.

Due to the tightly regulated nature of the brain micro-
environment, the transmigration of leukocytes across the 
BBB into the brain parenchyma is in fact a two-step pro-
cess.62–64 To cross into the brain parenchyma, the invad-
ing cells must be able to cross both the inner endothelial 
BM and the outer astrocytic BM. In the HFHS-fed mice, 
double immunostaining with pan-laminin (a marker for 
both endothelial and astrocytic BM) and the general leu-
kocyte marker CD45  shows clear entrapment of CD45+ 
leukocytes between the two BM layers, the perivascular 
space, with limited infiltration into the brain parenchyma 
itself, a feature not seen in chow-fed mice. Initial passage 
across the endothelial cells requires an integrin-adhesion 
molecules-mediated process. As noted, the number 
of adhered/migrated leukocytes was far greater in the 
HFHS-fed T2DM model indicating that these cells were 
interacting with adhesion molecules to allow the trans-
migration cascade. Moreover, activated leukocytes also 
release MMPs to aid in passage across the BBB.48,65 The 
production of MMPs by tissue and immune-cell sources 
is believed to be strongly affected by cytokine levels. Work 
by Sorokin and colleagues show that the balance of TNFα 
vs IFNγ regulates activation of astrocytes and secretion of 
MMP-9.64 Interestingly, in the HFHS-diet model, there is 
an increase of both TNFα and IFNγ at the brain microves-
sels; especially the relative expression of TNFα to IFNγ is 
much higher.

The findings in vivo/ex vivo correlates with the in vitro 
BBB model where bEND3 cells treated with HFHS-fed 
mice serum resulted in increased paracellular permea-
bility and reduced TEER compared with chow-fed mice 
serum-stimulated cells, which can be accounted for the 
reduction of junctional proteins such as occludin and VE-
cadherin as well as loss of the actin filamentous fibers. 
Moreover, the HFHS-fed mice serum activates the bEnd3 
cells to upregulate adhesion molecule expression. In ad-
dition, cells stimulated with HFHS-fed mice serum show 
an upregulation of co-stimulatory molecule CD86, indi-
cating that the brain endothelial cells themselves act as 
antigen-presenting cells under inflammatory stimuli, as 
previously reported.45,46 This coincides with the increased 
adhesion and migratory profile of CD45+ leukocytes.

Confirmation of the role of inflammatory mediators in 
inducing BBB damage, allowed us to corroborate our re-
sults into a humanized in vitro BBB model using hCMED/3 
cells stimulated with serum from T2DM patients or healthy 
donors. A number of studies have reported correlations 
between high peripheral inflammation and risk of neu-
rodegenerative diseases such as AD, PD, HD, ALS, and 
MS.47,48 Here, we showed raised TNF-α and IL-6 in T2DM 
patient sera resulted in junctional protein (occludin and 
VE-cadherin) loss contributing to a leaky BBB phenotype. 
Observations in human post-mortem brain confirmed 
the reduction of VE-cadherin and CD31 in microvessels 
of T2DM patients, paralleled by laminin reduction in the 
VBL. As with the mouse model, loss of the BBB structure 
corresponded with increased CD45+ leukocytes in the brain 
parenchyma of T2DM patients compared with healthy con-
trols. BBB barrier disruption coupled with CNS leukocyte 
infiltration has been reported to drive CNS disorders of 
AD, MS, and PD.66 Furthermore epidemiological studies 
have long reported metabolic disorders to be a risk factor 
for cognitive decline67,68 and the development of demen-
tias.51,52 Degenerating neurons have been observed in the 
cortex and hippocampal regions of rodents fed a high-fat 
and high-fructose diet for 24 weeks led to impaired spatial 
learning and memory, as tested using the Morris Water 

F I G U R E  7   Patients with T2DM present with brain vascular leakage and immune cell infiltration and serum from T2DM patients also 
significantly disrupt BBB function. Post-mortem brain sections of health donor (HD) and T2DM patients immuno-stained for (A) VE-
Cadherin/CD31 and (B) pan-laminin/CD45. Nuclei were labeled with TO-PRO3. Scale bar: 25 μm. Quantification of staining shown as 
mean fluorescence intensity (arbitrary units) of markers (n = 4 patients/group, 35 section/patient, 10 randomly selected fields/sections). 
Sera (20%) from healthy donors or T2DM patients was used to stimulate human brain endothelial cells hCMEC/D3 monolayers for 16 h. 
Measurement of (C) paracellular permeability coefficients and (D) transendothelial electrical resistance (TEER), (n = 12 donors/group, 
pooled in pairs matched in sex and age). (E) Flow cytometric analysis of junctional proteins occludin and VE-cadherin and (F) ICAM-1 
(n = 12 donors/group, pooled in pairs matched in sex and age). (G) Concentration of TNF-α and IL-6 measured in the serum of HD or 
T2DM patients using a multiplex ELISA (n = 19–28/group, age and sex-matched). (H) Relative expression of MMPs measured in hCMEC/
D3 cells (n = 10 pooled/group) (I) Relative expression of TIMPs in sera of HD or T2DM patients (n = 10 pooled/group). Statistical analysis 
was performed by either an independent Student's t-test or Mann–Whitney U test. Data are expressed as mean ± SEM. *p < .05, **p < .01, 
***p < .001, ****p < .0001 vs HD
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Maze test.69 In the past decade, there have been studies 
investigating the link between T2DM and AD pathology 
with similarities reported in the vascular pathologies be-
tween mice fed a western diet and 3× transgenic AD mice 
for development of peripheral insulin resistance, accumu-
lation of Aβ and phosphorylated tau, and behavioral and 
cognitive abnormalities.70–72 The results of our study impli-
cate the pathophysiological changes occurring at the BBB 
arising from a peripheral metabolic disease that can lead 
to the development of these neurovascular diseases. The si-
multaneous rise of pro- and anti-inflammatory mediators 
activate and alter multiple signaling cascades73–76 and it can 
be hypothesized that BBB breakdown in T2DM will alter 
the brain microenvironment to propagate a vicious cycle of 
self-propelling inflammation from brain endothelial cells, 
astrocytes, microglia and neurons that ultimately lead to 
chronic neuroinflammation and neurodegeneration.77 
Investigation into neuronal loss is beyond the scope of this 
study; however, future studies would benefit from review-
ing the effect on neurons and subsequent cognitive behav-
iors, with particular focus on whether BBB improvement 
in pharmacological and dietary interventions can translate 
to the restoration of the cognitive abnormalities induced by 
high-fat feeding reported in other studies.78

It has long been established that T2DM can cause mi-
crovessel damage in the peripheral system resulting in 
secondary complications such as retinopathy and neurop-
athy.79 The restoration of BBB integrity and functionality 
with hrANXA1 treatment or a dietary change implicates 
that damage the brain microvasculature is also a second-
ary complication of T2DM-induced metaflammation.

The benefits of ANXA1 as a therapeutic agent have 
long been investigated. We have previously demonstrated 
that ANXA1−/− mice fed a HFHS diet have a more se-
vere diabetic phenotype compared to wild-type HFHS-
fed mice, with severe dyslipidemia, hepatic steatosis, and 
renal dysfunction.16 Other studies using LDLR−/− mice 
have shown hrANXA1 treatment to reduce atheroscle-
rotic plaque burden and improve plaque stability through 
reduced lipid accumulation,80 demonstrating the ther-
apeutic benefit of ANXA1 in treating metabolic disease 
and its associated peripheral co-morbidities. Arguably, 
ANXA1's best therapeutic effects are known at the BBB. 
ANXA1 has been shown to improve tight junction stability 
through restoring F-actin organization via co-localization 
with β-actin,15 inhibition of leukocyte TEM through in-
ducing L-selectin shedding from leukocytes to prevent 
tethering, rolling, and firm adhesion81 and through co-
localization with α4β1 integrin on leukocytes to prevent 
binding to VCAM-1 on endothelium.82 Here, we extend 
our findings of the therapeutic effect of hrANXA1 treat-
ment also on the essential components of the BM; with 
the clear restoration of endothelial and astrocytic laminin 

α4 and laminin α2, respectively. This allowed for the re-
attachment of astrocytic end-feet to the brain endothelial 
cells to restore the full structure of the BBB in HFHS-
fed + hrANXA1-treated mice that contributed to the re-
duced infiltration of CD45+ into the brain parenchyma. 
Within the brain, ANXA1 has been shown to contribute to 
microglia surveillance and maintenance of brain homeo-
stasis through reducing the phagocytosis of non-apoptotic 
neurons under inflammatory conditions and reducing the 
production of NO from microglia cells83 along with pro-
moting the transition of activated microglia from an M1 
to M2 phenotype through peptide-FPR engagement.74 In 
our study, we find hrANXA1 treatment in HFHS-feeding 
reduced Iba1+-activated microglia presence and reduced 
iNOS expression/NO production.

It is well recognized that an improved diet can help 
control and manage T2DM and the development of 
CVDs84–88 and there is growing evidence of the role of 
Mediterranean and dietary approaches to stop hyperten-
sion (DASH) diets in reducing cognitive decline and low-
ering AD risk.89 However, the majority of these studies are 
large longitudinal observation studies or meta-analyses. 
To our knowledge, our study is the first to examine the 
effect of diet on the structural and functional changes of 
the brain microvasculature in a diabetic model induced 
by HFHS-feeding. From the results, it is clearly noticeable 
that dietary changes have a huge impact on BBB integrity 
with significantly reduced Evans blue dye extravasation, 
reduced paracellular permeability of FITC-dextran, and 
increased TEER compared to HFHS-fed mice. Reduced 
leakage can be accounted for the restoration of junctional 
proteins; although while occludin presence at junctional 
sites is beginning to be re-established, the laminin reac-
tivity remains low preventing the ensheathment of astro-
cytes. As a result of the lack of complete BBB restoration, 
in the HFHS—chow reversion diet mice CD45+ leuko-
cytes are still present within the VBL layers and appear 
to show migration outwards into the brain parenchyma. 
These results together illustrate that brain endothelial 
cells contacts are repaired with dietary changes, however, 
the BBB vasculature in its entirety is not restored. This 
may be due to the length of time in which dietary rever-
sion occurred (five weeks), which may not be sufficient 
to fully recover from the HFHS insult and further studies 
will be needed to address this. Studies that have investi-
gated dietary changes in diabetic rodents by food or cal-
orie restriction,90–92 ketogenic diets,93 herbal formulas,94 
reduced glycoxidation products,95 or addition of extra 
virgin olive oil96 report improved insulin sensitivity with 
feeding over a duration of 8–24 weeks on intervention. In 
our study, a 5-week intervention begins to improve insulin 
and lipid levels, however, optimal glycemic control has not 
been achieved, however, there is a significant reduction 
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in metaflammation. The benefit of Mediterranean diets, 
rich in polyunsaturated fats, flavonoids, vitamins, and 
minerals (calcium, iron, zinc, etc.), are associated to the 
high presence of omega-3 fatty acids, antioxidants, and 
polyphenols that reduce free radical generation and cy-
tokine production, thereby inhibiting pro-inflammatory 
signaling pathways97,98 that lead to improved cognition 
and learning by facilitating synaptic plasticity and/or en-
hancing synaptic membrane fluidity through reduction of 
inflammation and oxidative stress.98–100 At this stage, we 
can speculate that dietary reversion, through its effect on 
inflammatory mediators, might benefit BBB function, but 
this remains a topic for future investigation.

Evaluating both interventions, it appears that 
ANXA1  has more direct effects on the BBB restoration, 
through its links with the actin cytoskeleton, basal lamina, 
and TEM prevention. On the contrary, the attributes of a 
healthy diet are through reduced inflammatory mediators, 
downstream this would result in the altering of signaling 
pathways associated with T2DM. It can, therefore, be hy-
pothesized that a combination of hrANXA1 treatment with 
dietary reversion would result in greatly improved T2DM 
outcomes both in the peripheral and central systems.

In conclusion, our study demonstrates that a HFHS-
dietary intake in mice or T2DM in patients causes mi-
crovascular complications at the BBB (Figure  8). The 

F I G U R E  8   Schematic representation of the effect of HFHS-feeding on BBB structure and functionality, leading to neuroinflammation. 
The traits of metabolic disorders—obesity, hyperglycemia, dyslipidemia, insulin resistance, and hypertension, create a low-grade chronic 
inflammatory state termed metaflammation which results over time in the development of T2DM. Chronic metaflammation is responsible for 
producing a number of cytokines, chemokines, and oxidative stress as well as activating the immune system. The damage by inflammation and 
the immune system leads to a leaky BBB phenotype that can be correlated to the loss of TJs and AJs, the actin cytoskeleton, and the loss of basal 
lamina α4 on endothelial cells and α2 astrocytic end-feet. This breakdown is mediated by the imbalance of MMPs/TIMPs and results in complete 
loss of the BBB structure with the dissociation of the astrocytes to the blood vessel. The accumulation of inflammatory mediators and oxidative 
stress contributes to the production of these MMPs. Increased adhesion molecule expressions along with BBB dysfunction resulted in increased 
transendothelial migration of leukocytes into the brain parenchyma. Microglia become activated. It is hypothesized that the astrocytes, microglia, 
and neurons also sense changes in the brain microenvironment and are likely to respond to the increased presence of inflammatory mediator 
passage by further up-regulating the release of cytokines, chemokines, MMPs, and ROS production that triggers pro-inflammatory signaling 
pathways. These events together are, therefore, likely to create a self-destructing environment within the brain triggering neuroinflammation and 
subsequent neuronal destruction. Some objects/images have been extracted from the web



24 of 27  |      SHEIKH et al.

growing obesity and T2DM epidemic, therefore, raise 
concerns for the potential pathogenesis of neurodegen-
erative brain disorders and cognitive decline on top of 
the well-known macrovascular and microvascular com-
plications T2DM. The need for innovative approaches 
to healthcare is paramount and the ability of hrANXA1 
and dietary intervention to reduce and restore the meta-
bolic triggered inflammation-induced BBB damage pro-
vides hope for ways we can slow down T2DM-associated 
neuroinflammation.
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