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Obesity in Aging Exacerbates Blood—Brain Barrier
Disruption, Neuroinflammation, and Oxidative Stress
in the Mouse Hippocampus: Effects on Expression
of Genes Involved in Beta-Amyloid Generation and
Alzheimer’s Disease
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There is growing evidence that obesity has deleterious effects on the brain and cognitive function in the elderly popula-
tion. However, the specific mechanisms through which aging and obesity interact to promote cognitive decline remain
unclear. To test the hypothesis that aging exacerbates obesity-induced cerebromicrovascular damage and neuroinflamma-
tion, we compared young (7 months) and aged (24 months) high fat diet-fed obese C57BL/6 mice. Aging exacerbated
obesity-induced systemic inflammation and blood-brain barrier disruption, as indicated by the increased circulating
levels of proinflammatory cytokines and increased presence of extravasated immunoglobulin G in the hippocampus,
respectively. Obesity-induced blood—brain barrier damage was associated with microglia activation, upregulation of
activating Fc-gamma receptors and proinflammatory cytokines, and increased oxidative stress. Treatment of cultured
primary microglia with sera derived from aged obese mice resulted in significantly more pronounced microglia activa-
tion and oxidative stress, as compared with treatment with young sera. Serum-induced activation and oxidative stress
were also exacerbated in primary microglia derived from aged animals. Hippocampal expression of genes involved in
regulation of the cellular amyloid precursor protein—dependent signaling pathways, beta-amyloid generation, and the
pathogenesis of tauopathy were largely unaffected by obesity in aged mice. Collectively, obesity in aging is associ-
ated with a heightened state of systemic inflammation, which exacerbates blood—brain barrier disruption. The resulting
neuroinflammation and oxidative stress in the mouse hippocampus likely contribute to the significant cognitive decline
observed in aged obese animals.
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URRENTLY, more than 35% of individuals aged 65
and older are obese and if the current trend continues,
nearly half of the elderly population in the United States
will be obese by 2030 (1). It can be predicted that in the
aging baby boomer population, a dramatic rise in the inci-
dence of obesity-related diseases (including cardiovascular
and cerebrovascular diseases) will occur (2), which will
have a significant impact on the American economy and
health care system.
There is growing evidence that obesity has deleteri-
ous effects on the brain and cognitive function in the
elderly population (3,4). For example, in the Framingham
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Offspring Study, higher waist-hip ratio predicted a sig-
nificant decline in cognitive function later in life (5).
Importantly, obesity both promotes the development of
vascular cognitive impairment (6) and increases the inci-
dence of Alzheimer’s disease (AD) (7). Experimental
and clinical studies suggest that activation of inflamma-
tory processes contribute to obesity-related impairment of
cognitive function (8). Yet, the mechanisms whereby obe-
sity promotes neuroinflammation are poorly understood.
Although the available human data suggest that advanced
age and obesity have synergistic effects, there are no
studies addressing the specific age-related mechanisms
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through which aging exacerbates
neuroinflammation.

There is increasing evidence to support an essential role
of mechanisms regulating the integrity of the blood—brain
barrier (BBB) in the onset and progression of both vascu-
lar cognitive impairment and AD (9). BBB breakdown is
thought to precede and trigger both neuroinflammation and
neurodegeneration. Despite the paramount importance of
BBB integrity in neuroprotection, it is not well understood
how aging and obesity affect the BBB.

The present study was designed to test the hypothesis
that aging exacerbates obesity-induced cerebromicrovas-
cular damage and BBB disruption, which promote neuro-
inflammation and oxidative stress in the hippocampus. To
test our hypothesis, we assessed changes in BBB function,
microglia activation, hippocampal cytokine expression,
and markers of oxidative/nitrative stress in young and aged
high fat diet (HFD)—fed obese C57BL/6 mice. To deter-
mine whether enhanced neuroinflammation triggers early
processes involved in the development of AD, we also stud-
ied hippocampal expression of genes involved in regulation
of the cellular amyloid precursor protein (APP)-dependent
signaling pathways, beta-amyloid generation, and the
pathogenesis of taupathy.

obesity-induced

METHODS

Animals and Diets

Young and aged male C57BL/6 mice (7- and 24-month-
old at the time of sacrifice, respectively) were purchased
from the aging colony maintained by the National Institute
on Aging at Charles River Laboratories (Wilmington,
MA). Five months prior to the planned sacrifice, young
and old animals were divided into four groups and placed
on either a standard diet (SD) or HFD. The four groups
were (i) young animals fed a SD, (ii) young animals fed
a HFD, (iii) old animals fed a SD, and (iv) old animals
fed a HFD (10). The high fat chow, commonly used to
induce obesity, delivers 60% kcal from fat (lard and soy-
bean oil), whereas the SD provides only 10% kcal from
fat (D12492, D12450B, respectively, Research Diets Inc.;
New Brunswick, NJ). The animals continued on the speci-
fied diets (with water and food ad libitum) for 5 months.
Animals were housed in pairs in the Rodent Barrier Facility
at University of Oklahoma Health Sciences Center on a
12-hour light/dark cycle and weighed weekly. All pro-
cedures were approved by the Institutional Animal Care
and Use Committee of University of Oklahoma Health
Sciences Center.

Five months after starting the HFD or SD, all experimen-
tal animals were fasted overnight. Tail vein blood samples
were taken using a sterile lancet (Medipoint, Mineola, NY),
and glucose was measured with a OneTouch UltraMini glu-
cose meter (LifeScan, Milpitas, CA). The mice were then
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anesthetized by ketamine/xylazine (100/15mg/kg, im);
whole blood was collected and centrifuged at 2,500g for 20
minutes at 4°C. Serum was collected, aliquoted, and stored
at —80°C. The animals were transcardially perfused with
heparin containing phosphate-buffered saline (PBS). Then,
the mice were decapitated, the brains were removed, and
the right hippocampus was isolated and snap frozen. The
left hemisphere was embedded for histology.

Analysis of Circulating Levels of Inflammatory
Cytokines

Circulating levels of cytokines and chemokines, which
are important biomarkers of aging (11-15) and obesity
(16), were analyzed in the sera using a multiplex protein
array system (MILLIPLEX cytokine/chemokine array,
EMD Millipore, Billerica, MA) according to the manufac-
turer’s protocol, as described previously (10,16).

Western Blotting

Immunoblotting studies for immunoglobulin G (IgG)
and the tight junction proteins occludin and claudin-5 in
hippocampal homogenates were performed. In brief, hip-
pocampal samples (n = 4-6 per experimental group) were
homogenized in ice-cold PBS with 1:100 Protease Inhibitor
Cocktail (Sigma-Aldrich). Density of beta-actin bands.
Samples were then subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane. Membranes were
blocked with 5% BSA (in 2% Tween in PBS, for 2 hours,
at room temperature) and incubated with a primary anti-
body directed against IgG (sheep anti-mouse IgG, perox-
idase-linked whole antibody, 1:500, at room temperature,
Amersham NXA931), occludin (rabbit polyclonal, 1:1,000,
overnight at 4°C, Abcam), or claudin-5 (rabbit polyclonal,
1:1,000, overnight at 4°C, Abcam), and then incubated
with the appropriate horseradish peroxidase—conjugated
secondary antibodies (for 2 hours, at room temperature).
Membranes were developed using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare). The
relative abundance of studied proteins was determined with
densitometry. 3-Actin (mouse monoclonal, 1:15,000, for 45
minutes, at room temperature, Abcam) was used for nor-
malization purposes.

Quantitative Real-Time Reverse Transcription—PCR

A quantitative real-time reverse transcription—PCR tech-
nique was used to analyze mRINA expression of Fc-gamma
receptor (FcyR) isoforms using a Strategen MX3000 plat-
form (17-22). In brief, total RNA was isolated with a Mini
RNA Isolation Kit (Zymo Research, Orange, CA) and was
reverse transcribed using Superscript III RT (Invitrogen) as
detailed previously (17). Amplification efficiencies were
determined using a dilution series of a standard vascular
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sample. Quantification was performed using the efficiency-
corrected AACq method. The relative quantities of the ref-
erence genes—Hprtl, Ywhaz, and Actb—were determined,
and a normalization factor was calculated based on the geo-
metric mean for internal normalization.

Assessment of Autoregulatory Function of Isolated
Middle Cerebral Arteries

Segments of the middle cerebral arteries (MCAs) were iso-
lated using microsurgery instruments for functional studies,
as reported (23). In brief, segments of MCAs were mounted
onto two glass micropipettes in an organ chamber and pres-
surized to 60 mmHg. The hydrodynamic resistance of the
micropipettes was matched. Inflow and outflow pressures
were controlled and measured by a pressure servo-control
system (Living Systems Instrumentation, Burlington, VE).
Inner vascular diameter was measured with a custom-built
videomicroscope system and continuously recorded using a
computerized data acquisition system as reported (23). All
vessels were allowed to stabilize for 60 minutes in oxygen-
ated (21% O,, 5% CO,, 75% N,) Krebs’ buffer (at 37°C).
To test the autoregulatory function of MCAs, the myogenic
response was assessed by measuring changes in vascu-
lar diameter in response to stepwise increases (10 mmHg
steps, for 5 minutes each) in intraluminal pressure (from O
to 160 mmHg). At the end of each experiment, the passive
diameter curves were obtained (0—160 mmHg) in the pres-
ence of Ca?*-free Krebs’ buffer containing nifedipine (10~
mol/L) to achieve maximal vasodilatation.

Immunofluorescent Labeling and Confocal Microscopy
Mice were transcardially perfused with PBS, then brains
were removed and hemisected. The left hemispheres were
fixed overnight in 4% paraformaldehyde, then were cryo-
protected in a series of graded sucrose solutions (10%,
20%, and 30% overnight) and frozen in Cryo-Gel (Electron
Microscopy Sciences, Hatfield, PA). Coronal sections of
70 pm were cut through the hippocampus and stored free-
floating in cryopreservative solution (25% glycerol, 25%
ethylene glycol, 25% 0.2 M phosphate buffer, 25% distilled
water) at —20°C. Selected sections were ~1.6mm caudal to
Bregma, representing the more rostral hippocampus. After
washing (3 x 5 minutes with Tris-buffered saline [TBS] then
3 x 5 minutes with 1x TBS + 0.25% Triton X-100), sections
were treated with 1% of sodium borohydride solution for 5
minutes. After a second washing step (3 x 5 minutes with
distilled water plus 3 x 5 minutes with 1x TBS) and blocking
in 5% BSA/TBS (with 0.5% Triton X-100, 0.3 M glycin, and
1% fish gelatin; for 3 hours), sections were immunostained
using primary antibodies for two nights at 4°C. The fol-
lowing primary antibodies were used: rat anti-mouse CD31
(1:50, unconjugated; Cat. No. 550274, BD Pharmingen, San
Jose, CA) to label endothelial cells, goat anti-mouse IgG
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(1:100, fluorescein isothiocyanate [FITC] conjugated; Cat.
No. 005-090-003, Jackson Immuno Research, West Grove,
PA) to label extravasated IgG, rabbit anti-mouse Ibal (1:50,
unconjugated; Cat. No. 019-19741, Wako, Richmond, VA) to
label microglia, and rabbit anti-mouse CD68 (1:100, uncon-
jugated; Cat. No. ab125212, Abcam, Cambridge, MA) to
label activated microglia. The following secondary antibod-
ies were used: Alexa Fluor 647- and Alexa Fluor 568-labeled
goat anti-rabbit IgG (1:1,000, Cat. No. 4414, Cell Signaling,
Danvers, MA) and goat anti-rat IgG (1:1,000, Cat. No.
A11077, Molecular Probes, Grand Island, NY). Sections
were washed for 3 x 5 minutes with TBS then 3 x 5 minutes
with 1x TBS + 0.25% Triton X-100. For nuclear counter-
staining, Hoechst 33342 (Life Technologies, Grand Island,
NY) was used. Then, the sections were transferred to slides
and coverslipped. Confocal images were captured using a
Leica SP2 MP confocal laser scanning microscope.

Microglia Activation

Immunofluorescent labeling for Ibal, CD68, and CD31
(as mentioned earlier) was used to identify microglia, acti-
vated microglia, and capillary endothelial cells in the brain,
respectively. The relative numbers of CD68 positive—acti-
vated microglia and the number of Ibal positive perivas-
cular microglia (located adjacent to CD31* capillaries) per
region of interest in the hippocampus were calculated. In
each animal, four randomly selected fields from the hip-
pocampus were analyzed in six nonadjacent sections. Six
animals per group were analyzed.

Establishment and Characterization of Primary
Microglia Cell Cultures

To study the effects of aging and plasma-derived fac-
tors on activation status of microglia, we used primary
rat microglia cell cultures as model system. To establish
primary microglia cell cultures, the brains of male 3- and
24-month-old F344xBN rats (obtained from the National
Institute on Aging) were removed aseptically, rinsed in ice-
cold PBS, and minced into ~1 mm?® pieces. The tissue was
washed twice in ice-cold 1x PBS by low-speed centrifuga-
tion (50g, 2-3 minutes). The diced tissue was digested in a
solution of collagenase (800 U/g tissue), hyaluronidase (2.5
Ul/g tissue), and elastase (3 U/g tissue) in 1 mL PBS/100
mg tissue for 45 minutes at 37°C in rotating humid incuba-
tor. The digested tissue was passed through a 40 pm cell
strainer to remove undigested blocks. The single-cell lysate
was centrifuged for 2 minutes at 70g. After removing the
supernatant carefully, the pellet was washed twice in cold
PBS supplemented with 2.5% fetal calf serum (FCS), and
the suspension centrifuged at 300g, for 5 minutes at 4°C.

To create a microglia-enriched fraction, the cell suspen-
sion was gradient centrifuged by using OptiPrep solution
(Axi-Shield, PoC, Norway). Briefly, the cell pellet was



OBESITY IN AGING AND VASCULAR COGNITIVE IMPAIRMENT

resuspended in 5.4mL OptiPrep mixed with 9.6 mL Hanks’
balanced salt solution. On top of the solution, 10 mL from a
mixture of 4.8 mL OptiPrep and 25.2 mL Hanks’ balanced
salt solution (9.6%) plus 2 pL. Phenol Red indicator was lay-
ered. The samples were centrifuged for 20 minutes at 670g at
room temperature, then the cellular layer that banded at the
interface between the top layer and the lower layer was col-
lected. The cells were washed twice in cold PBS/2.5% FCS,
then each sample was divided into two tubes (average cell
count: ~3.5 x 107 cells per tube). The cells were incubated
for 30 minutes at 4°C with murine immunoglobulins to block
FcRs and then washed twice in cold PBS supplemented with
2.5% FCS. The cells were incubated for 30 minutes at 4°C
in the dark with anti-Ibal/PE and anti-CD54/FITC (80 pL
PBS/FCS plus 25 pL antibody solution per 107 cells; BD
Biosciences, San Jose, CA). After washing the cells twice
with magnetic-activated cell sorting buffer (2 mL buffer per
107 cells at 1,500rpm, 10 minutes, 4°C; Milltenyi Biotech,
Cambridge, MA), anti-FITC magnetic bead—labeled and anti-
PE magnetic bead-labeled secondary antibodies were used
for 15 minutes at 4°C in the dark. Ibal*/CD54* cells were
collected by magnetic separation applying magnetic-acti-
vated cell sorting LD magnetic separation columns accord-
ing to the manufacturer’s guidelines (Milltenyi Biotech). The
eluted cells were washed in 1 mL PBS twice at 1,500 rpm,
10 minutes at 4°C, resuspended in 1 mL growth medium
(Cell Application, San Diego, CA), and plated out into col-
lagen- and fibronectin-coated T25 flasks (containing 5 mL
prewarmed media). The media were changed on the second
day of the culture. The first visible colonies appeared after
7-10 days. The magnetic bead—based enrichment step was
repeated twice to obtain pure culture of Ibal*/CD54* cells.

Primary microglia were phenotypically characterized by
flow cytometry (GUAVA 8HT, EMD Millipore). Briefly,
antibodies against the following microglia markers were
used: (i) FITC Mouse Anti-Rat Iba-1 (Abcam, ab15691), (ii)
FITC Hamster Anti-Rat CD40 (Abcam, ab95535), (iii) RPE
Mouse Anti-Rat CD68 (ABD Serotec, MCA341PE), (iv)
FITC Mouse Anti-Rat CD45 (BD Pharmingen, 561867),
and (v) APC Mouse Anti-Rat CD11b (BD Pharmingen,
562102). Isotype-specific antibody-labeled fractions served
as negative controls. Flow cytometric analysis showed that
after the third cycle of immunomagnetic selection, virtually
all cells in the resultant cell populations were positive for
the aforementioned microglia markers.

Studies on Primary Microglia Cell Cultures

To elucidate the effects of plasma-derived factors on acti-
vation status of microglia, cultured primary young micro-
glia were treated (for 24 hours) with sera (5%) derived
from SD-fed and HFD-fed young and aged mice. Microglia
cultured in the presence of 1% FCS were used as control.
To elucidate the effects of aging on activation status of
microglia, we treated young and aged primary microglia
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with sera from HFD-fed aged mice. The activation state of
microglia was assessed by flow cytometry (GUAVA 8HT,
EMD Millipore) using FITC mouse anti-rat CD54 (BD
Pharmingen, 554969) and RPE mouse anti-rat CD68 (ABD
Serotec, MCA341PE) antibodies.

Microglial activation results in the production of both
extracellular and intracellular reactive oxygen species, which
contribute to proinflammatory gene expression and neuro-
toxic consequences. Thus, as an additional index of micro-
glia activation, cellular O, production in serum-treated
cultured cells was measured by flow cytometry (GUAVA
8HT, EMD Millipore) (24,25) using dihydroethidium (3 x
107 mol/L; at 37°C for 30 minutes), an oxidative fluorescent
dye, as previously reported (17). Cell debris (low forward
and side scatter) and dead cells (Sytox Green positive) were
gated out prior to analysis. The data are presented as relative
changes in mean intensity of dihydroethidium fluorescence.

Assessment of Proinflammatory and Amyloidogenic
Gene Expression in the Hippocampus

In addition to quantifying microglia activation, we ana-
lyzed relative abundance of several neuroinflammatory
cytokines/chemokines through quantitative real-time PCR
with RNA isolated from snap-frozen hippocampal sam-
ples. The mRNA expression of genes known to be involved
in beta-amyloid generation, and AD was also analyzed
using validated TagMan Gene Expression Assays (Applied
Biosystems) and a Strategen MX3000 platform, as previ-
ously reported (17). Total RNA was isolated with RNeasy
Mini kit (Qiagen) using a fully automated QIAcube-based
workflow and was reverse transcribed using Superscript 111
RT (Invitrogen) as described previously (17). Quantitative
reverse transcription-PCR quantification was performed
using the AACq method. The relative quantities of the ref-
erence genes—Actb, Hprtl, and Gapdh—were determined,
and a normalization factor was calculated based on the geo-
metric mean for internal normalization. Fidelity of the PCR
reaction was determined by melting temperature analysis
and visualization of the product on a 2% agarose gel.

Determination of Hippocampal Protein 3-Nitrotyrosine
Content

As a marker of hippocampal oxidative/nitrosative stress
in obesity and aging, 3-nitrotyrosine (a marker for perox-
ynitrite action) was assessed in homogenates of hippocampi
using the OxiSelect Protein Nitrotyrosine ELISA Kits (Cell
Biolabs), according to the manufacturer’s guidelines.

Statistical Analysis

Data were analyzed by two-way analysis of variance fol-
lowed by Tukey post hoc tests and Pearson’s correlation
analysis. A p value less than .05 was considered statistically
significant. Data are expressed as mean + SEM.
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RESULTS

Effects of Chronic HFD and Aging on Body Mass

In agreement with previous data (26,27), we show that
both young and aged mice fed a HFD exhibit significant
weight gain over the experimental period (Figure 1A). The
relative increase in body mass (calculated as a percentage
of body mass at the beginning of treatment) of HFD-fed
young mice was significantly greater as compared with
HFD-fed aged animals (Figure 1B). The homeostasis model
index of insulin resistance (insulin [in mU/L] x glucose [in
mmol/L]/22.5) (28) was calculated to assess insulin resist-
ance in HFD-fed mice. There was no significant difference
in homeostasis model index of insulin resistance between
the SD-fed young and aged mice (Young SD: 1.6+0.2;
Aged SD: 1.8+0.2). Chronic feeding of a HFD resulted in
insulin resistance, as shown by the significantly increased

A —o— Young (SD) —— Young (HFD)
—e— Aged (SD) —v— Aged (HFD)
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homeostasis model index of insulin resistance both in
HFD-fed young and aged mice as compared with that in
the respective SD-fed age-matched controls (Young HFD:
10.4+1.1; Aged HFD: 9.5+1.6). The effects of chronic
HFD feeding on the serum biochemical profile of young
and aged C57BL/6 mice were published recently (10).

Aging Exacerbates Obesity-Induced BBB Disruption
Using extravasated plasma-derived IgG as a marker for
increased hippocampal cerebrovascular permeability, we
tested the hypothesis that obesity-induced inflammatory sta-
tus in aging is associated with an exacerbated BBB disruption.
Western blot studies in hippocampal lysates demonstrated
very low levels of IgG both in SD-fed and HFD-fed young
mice (Figure 2A). Aging was associated with an increased
IgG content in the hippocampus, which was further increased
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Figure 1. Panel A: Changes in body mass of young and aged mice fed a high-fat diet (HFD) or standard diet (SD). Each time point represents the average body
mass of each group. Panel B shows percentage change in body mass. Data are means + SEM. #p < .05 vs young (SD), *vs aged (SD). (C) Proteomic profiles of serum
inflammatory markers in young and aged SD-fed lean and HFD-fed obese mice. The heat map is a graphic representation of normalized cytokine serum concentration
values depicted by color intensity, from highest (bright red) to lowest (bright blue) expression. Values represent average serum protein expression levels (log,(fold
change, normalized to the respective control mean value)) of replicate SD-fed control young mice (n = 5), HFD-fed young mice (n = 5), SD-fed aged mice (n = 5),
and HFD-fed aged mice (n = 5). Aged obese mice on HFD have the highest levels of inflammatory markers.
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Aged (SD).



1218

by HFD-induced obesity (Figure 2A). Immunostaining for
plasma-derived IgG revealed significant perivascular IgG
deposits in the hippocampus of aged obese mice (Figure 2E).
IgG leakage in the hippocampus of HFD-fed young mice was
significantly lower, and there was no detectable IgG leakage
in young control mice (Figure 2B and C).

BBB breakdown in neurodegenerative disorders often
indicates disruption of the tight junctions due to reduced
expression of tight junction proteins (29). In that regard, it
is significant that in the hippocampi of aged obese mice,
the expression of occludin and claudin-5 also tended to be
downregulated (Figure 2F and G), although these altera-
tions per se are unlikely to explain exacerbation of obesity-
induced BBB disruption in aging. Because high levels of
extravasated IgG were shown to upregulate FcyR expres-
sion in different inflammatory disease models (30,31), we
examined whether obesity altered FcyR gene expression in
the hippocampus. Consistent with the increased presence
of IgG in the hippocampus, we found an increased expres-
sion of activating (FcyR1, FcyR3, FcyR4) and inhibitory
(FcyR2) FeyRs in brains from HFD-fed aged mice, when
compared with SD-fed young and aged mice (Figure 2H). In
contrast, HFD-fed young mice did not show any difference
in FcyR expression in the hippocampus, compared with
SD-fed young animals (Figure 2H). Expression of FcyR4
tended to increase in SD-fed aged mice; however, the differ-
ence did not reach statistical significance (Figure 2H).

Obesity in Aging Impairs Autoregulatory Function of
Cerebral Arteries

In the cerebral circulation, larger pial arteries play a sig-
nificant role in cerebrovascular resistance, thus myogenic
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constriction of proximal branches of the cerebrovascular tree
(ie, MCA) is uniquely important for protection of the cerebral
microcirculation (32). Figure 3 shows that myogenic con-
striction developed in isolated MCAs at intraluminal pres-
sures of 20-160 mmHg. In MCAs of young control mice,
increases in intravascular pressure increased myogenic con-
striction up to 60 mmHg, and myogenic tone was maintained
at almost the same level at up to ~140 mmHg, which over-
laps the autoregulatory range of cerebral blood flow. MCAs
of aged SD-fed mice tended to develop a slightly decreased
myogenic constriction at the higher pressure range (ns).
Myogenic constriction in MCAs from aged FHD-fed mice
was significantly decreased (Figure 3A), and the pressure—
myogenic tone curve was shifted downward (Figure 3B).

Aging Exacerbates Obesity-Induced Neuroinflammation
in the Hippocampus

Previous studies suggest that leakage of plasma-derived
factors through the damaged BBB has the potential to
induce neuroinflammation by activating microglia (29). We
found that in the hippocampi of young mice, the number
of activated CD68+ microglia was low (Figure 4A). In the
hippocampi of young mice on HFD, the number of CD68*-
activated microglia was increased (Figure 4F). We found
that aging is associated with a similar relative increase
in the number of activated microglia in the hippocampi.
Importantly, obesity-induced microglia activation was
exacerbated in the hippocampi of aged mice (Figure 4A—
F). Interestingly, obesity in both young and aged mice was
associated with a ~30% increase in the number of perivas-
cular microglia (Figure 4G-J).
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Figure 3. Obesity in aging impairs cerebrovascular autoregulatory function. (A) Steady-state changes in diameter of middle cerebral arteries (MCAs) isolated
from each experimental group of mice in response to increases in intraluminal pressure. Vascular diameters are expressed as percentage of the maximally dilated
passive diameter of each vessel at 80 mmHg. (B) Myogenic tone of MCAs, calculated as a percentage of the maximally dilated passive diameter of each vessel at
the same intraluminal pressure. Data are mean = SEM (n = 8 in each group). *p < .05 vs Young (standard diet [SD]); *p < .05 vs Young (high-fat diet [HFD]); *p <

.05 vs Aged (SD).
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Figure 4. Obesity in aging exacerbates neuroinflammation. (Panels A-D) Confocal images showing CD68 positive—activated microglia (green fluorescence, arrow-
heads) in the hippocampus CA1 region from young standard diet (SD)-fed (A), young high-fat diet (HFD)-fed (B), aged SD-fed (C), and aged HFD-fed (D) animals. Red
fluorescence: CD31 positive capillary endothelial cells; blue fluorescence: nuclei. Panel E shows that in the hippocampus of aged HFD-fed mice, most CD68 positive
cells (arrows) are positive for IBA1. Panel (F) depicts summary data of relative changes in the number of CD68 positive/IBA1 positive—activated microglia in the hip-
pocampus (fold change). Data are mean + SEM. *p < .05 vs Young (SD); *p < .05 vs Young (HFD); $p < .05 vs Aged (SD). (G=J) Confocal images showing perivascular
IBAL1 positive microglia (green fluorescent cells located adjacent to red fluorescent CD31 positive capillaries) in young SD-fed (G), young HFD-fed (H), aged SD-fed
(I), and aged HFD-fed (J) animals. (Panels K and L) Flow cytometric analysis of CD54 expression (K) and reactive oxygen species (ROS) production (dihydroethidium
[DHE] staining, Panel L) in cultured microglia induced by treatment with sera derived from SD-fed and HFD-fed young and aged mice. The detector cells were isolated
from the brain of young rats as described in the Methods section. Bacterial lipopolysaccharide was used as positive control. Data are mean + SEM. *p < .05 vs Young
(SD); *p < .05 vs Young (HFD); *p < .05 vs Aged (SD). (Panels M and N) Flow cytometry data showing serum-induced CD54 expression (M) and ROS production (DHE
staining, Panel N) in cultured young and aged microglia. Data are mean + SEM. *p < .05 vs young microglia.

Using cultured primary microglia, we confirmed that
serum-derived factors elicited significant microglia activa-
tion, as indicated by the upregulation of CD54 and reactive
oxygen species production (Figure 4K and L, respectively).
To our knowledge, this is the first study to demonstrate that
factors present in the circulation of aged obese mice exac-
erbate microglia activation and microglia-derived reactive

oxygen species production (Figure 4K and L, respectively).
Importantly, microglia derived from aged animals showed
significant increases in both measures of microglia activa-
tion upon treatment with serum, as compared with cells
derived from young animals (Figure 4M and N).

Sustained activation of microglia in the brain of aged
obese mice was associated with an increased expression
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of several proinflammatory cytokines and chemokines
(Figure 5A) in the hippocampi. Interestingly, both Th2
(IL10, TGFp) and Th1 (TNFa, IL6, INFy) cytokines appear
to be upregulated in aged HFD-fed mice.

Neuroinflammation is frequently associated with
increased oxidative stress. We found that hippocampal
3-nitrotyrosine content tended to increase in young obese
mice, although these differences did not reach statistical
significance (Figure 5B). Consistent with the presence of
increased obesity-related oxidative/nitrosative stress in the
aged brain (26), we found that aging exacerbated obesity-
induced increases in hippocampal 3-nitrotyrosine content
(Figure 5B), confirming that the effects of age and obesity
are synergistic.

Effects of Obesity and Aging on the Hippocampal
Expression of APP and Genes Involved in APP-
Dependent Signaling

As observed in Figure 6, neither obesity nor aging altered
the expression of App (amyloid beta (A4) precursor pro-
tein), Apbal (amyloid beta (A4) precursor protein-binding,
family A, member 1; MINT-1), Apba2 (amyloid beta (A4)
precursor protein-binding, family A, member 2; MINT-
2), Apba3 (amyloid beta (A4) precursor protein-binding,
family A, member 3; MINT-3), ApbbI (amyloid beta (A4)
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Figure 5. (A) Obesity in aging is associated with a proinflammatory shift
in cytokine expression profiles in the mouse hippocampus. The heat map is
a graphic representation of normalized mRNA expression of cytokines and
chemokines depicted by color intensity, from highest (bright red) to lowest
(bright blue) expression (n = 6 in each group). Aged obese mice have the high-
est expression of inflammatory markers. (B) Relative hippocampal levels of
3-nitrotyrosine (a marker for peroxynitrite action). Data are mean + SEM. *p <
.05 vs Young (standard diet [SD]); *p < .05 vs Young (high-fat diet [HFD]); *p
<.05 vs Aged (SD).
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precursor protein-binding, family B, member 1; FE65),
Apbb2 (amyloid beta (A4) precursor protein-binding, fam-
ily B, member 2; FE65L1), Apbb3 (amyloid beta (A4) pre-
cursor protein-binding, family B, member 3; FE65L2), and
Appbpl (NEDD8-activating enzyme El regulatory subu-
nit), in the mouse hippocampus. Obesity in young mice
as well as advanced age was associated with a decreased
expression of Aplpl (amyloid beta (A4) precursor-like pro-
tein 1). Aging decreased the expression of Aplp2 (amyloid
beta (A4) precursor-like protein 2), whereas obesity was
without effect (Figure 6).

Effects of Obesity and Aging on the Hippocampal
Expression of a-Secretases, 3-Secretases, and
y-Secretases

The effects of obesity and aging on the expression of
a-secretases (Figure 7A), P-secretases (Figure 7B), and
v-secretases (Figure 7C) were assessed in the mouse hip-
pocampus. We found that aging and obesity did not alter
the expression of Adam9 (ADAM metallopeptidase
domain 9), Adami0 (ADAM metallopeptidase domain
10), Adam17 (ADAM metallopeptidase domain 17; TNF-
alpha-converting enzyme), Bacel (beta-site APP-cleaving
enzyme 1; beta-secretase), Bace2 (beta-site APP-cleaving
enzyme 2), Psen2 (presenilin 2), Aphla (anterior pharynx
defective 1 homolog A [Caenorhabditis elegans]; gamma-
secretase subunit APH-1A; presenilin-stabilization factor)
and Aphib (anterior pharynx defective 1 homolog B [C ele-
gans]; gamma-secretase subunit APH-1B; presenilin-stabi-
lization factor-like), and Nestn (nicastrin). Aging tended to
decrease the expression of Psenl (presenilin 1) and increase
the expression of Psenen (presenilin enhancer 2 homolog
[C elegans]). In young mice, obesity also increased the
expression of Psenen.

Effects of Obesity and Aging on the Hippocampal
Expression of Genes Involved in Tauopathies

The effects of obesity and aging on the expression of
genes involved in taupathies were assessed in the mouse
hippocampus (Figure 8). Neither obesity nor aging signifi-
cantly altered the hippocampal expression of Mapt (micro-
tubule-associated protein tau), Mapkl (mitogen-activated
protein kinase 1), Mapk3 (mitogen-activated protein kinase
3), Ppp2ca (protein phosphatase 2, catalytic subunit,
alpha isozyme), Csnkld (casein kinase 1, delta), Csnklal
(casein kinase 1, alpha 1), Capnl (calpain 1, mu/l large
subunit), and Pknl (protein kinase N1). Aging downregu-
lated Capns] (calpain, small subunit 1) and Cdk5rI(cyclin-
dependent kinase 5, regulatory subunit 1; p35) and tended
to decrease the expression of Casp6 (caspase 6). Aged
obese mice, but not young obese mice, exhibited decreased
expression of Pkacb (protein kinase, cAMP-dependent,
catalytic, beta).



OBESITY IN AGING AND VASCULAR COGNITIVE IMPAIRMENT

[ Young (SD)
[ZZ3 Young (HFD)

>

MRNA expression
(fold change)

©c 0o 0o o O = = =
o N M ®» ® o b N
] ] ] ] ] ] J

1221

HE Aged (SD)
EEE Aged (HFD)

App Apbat
[ Young (SD)
271 Young (HFD)

Il

w

mRNA expression
(fold change)
© o 0o O =~ =2 =
N A O 0 O N & O
| | | | ] | | |

Apba2 Apba3 Apbb1

mm Aged (SD)
EEER Aged (HFD)

0.0

Apbb2  Apbb3

Appbp1

Aplp1

Aplp2

Figure 6. Effects of obesity in aging on the hippocampal expression of amyloid precursor protein (APP) and genes involved in APP-dependent signaling.
Quantitative reverse transcription—PCR data showing mRNA expression of App, Apbal, Apba2, Apba3, Apbbl, Apbb2, Apbb3, Aplpl, Aplp2, and Appbp1. Data are

mean + SEM (n = 6 in each group). *p < .05 vs Young.

DiscussioN

The results of this study suggest that HFD-induced obe-
sity in aged mice is associated with exacerbation of BBB
disruption, neuroinflammation, and oxidative stress. There
is growing evidence that obesity promotes low-grade sys-
temic inflammation. In adipose tissue macrophages, micro-
vascular endothelial cells (33,34) and adipocytes release a
wide range of inflammatory mediators in the bloodstream.
In obesity, both visceral adipose tissue and perivascular adi-
pose tissue exhibit enhanced inflammatory status, charac-
terized by a marked proinflammatory shift in the secretome
and increased macrophage infiltration (10,34-37), which
associates with increased circulating levels of adipose-
derived proinflammatory cytokines and chemokines both in
experimental animals and humans (38) (Figure 1). Previous
studies provide evidence that aging exacerbates obesity-
induced inflammation in the adipose tissue (10,39), which
likely underlies the increased presence of proinflammatory
cytokines and chemokines in plasma of aged obese mice
(Figure 1).

Circulating inflammatory cytokines, derived from adi-
pose tissue, readily reach the cerebral microcirculation and

likely alter the function of cerebromicrovascular endothelial
cells. Here, we provide evidence that enhanced inflamma-
tory status in aged obese mice is associated with significant
BBB disruption in the hippocampus (Figure 2). The mecha-
nisms of obesity-related BBB disruption in aged mice are
likely multifaceted and may involve increased endothelial
oxidative stress (10), pericyte dysfunction, and changes in
tight junctions, which form an essential structural compo-
nent of the BBB. Our present study suggests that although
aging tends to downregulate the expression of occludin and
claudin-5 proteins, these alterations are not exacerbated by
obesity (Figure 2). Yet, we cannot exclude the possibility
that obesity and aging affect the expression/phosphoryla-
tion of other components of tight junctions. Importantly,
adiponectin induces translocation of the tight junction pro-
tein zona occludens-1 to the plasma membrane and thereby
potently decreases microvascular permeability (40) largely
via an AMP-activated protein kinase—dependent pathway.
Previously, we reported that HFD-induced obesity signifi-
cantly decreases plasma adiponectin levels in aged mice
(~4 pg/mL, as compared with ~8 pg/mL in young obese
mice) (10). Thus, future studies should elucidate the role of
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adiponectin in BBB disruption observed in these animals.
On the basis of recent evidence obtained in 14-month-old
apolipoprotein E—deficient mice, it can be hypothesized that
factors that promote atherosclerosis in large arteries may
exacerbate age-related BBB disruption in obese mice (41).
In healthy young animals, pressure-induced myogenic con-
striction of the cerebral arteries acts as a critical homeo-
static mechanism that assures that high arterial pressure
does not penetrate the distal portion of the microcirculation
and cause damage to the thin-walled arteriolar and capil-
lary microvessels in the brain. Here, we report for the first
time that obesity in aging is associated with dysfunction
of cerebrovascular autoregulatory mechanisms that protect
the brain (Figure 3). We hypothesize that cerebrovascular
autoregulatory dysfunction may contribute to the impair-
ment of the BBB in aged obese animals.

Our present study provides evidence that through the
damaged BBB evident in aged obese mice, plasma con-
stituents, including IgG, enter the brain (Figure 2). Plasma-
derived factors can affect neuronal function by multiple
mechanisms (29,30), including the induction of neuroin-
flammation (8,26,42). Recent studies suggest that plasma-
derived IgG is a particularly potent stimulus for microglia
activation, which is elicited by activating IgG FcyRs upon

IgG binding. Importantly, obesity in aging upregulates hip-
pocampal expression of activating FcyRs (FcyR1, FcyR3,
and FcyR4; Figure 2H), which are known to be expressed
in the microglia. Previous studies also report that HFD-
induced obesity in the rat brain induces accumulation of
IgG in the microglia (43). Other plasma constituents that
can contribute to microglia activation include thrombin,
fibrinogen, and inflammatory cytokines (44,45). Here, we
provide evidence that in aged obese mice, BBB disrup-
tion and increased extravasation of IgG and likely other
plasma constituents are associated with an exacerbated
neuroinflammatory response as shown by the increased
number of activated microglia (Figure 4), upregulation of
inflammatory mediators, and oxidative stress (Figure 5)
in the hippocampi of aged obese mice. Microglial activa-
tion, associated with BBB disruption (46,47) and oxida-
tive stress (26), has also been observed in the hippocampi
of a HFD-fed middle-aged rats and mice. In this study,
we present in vitro bioassay studies showing that fac-
tors present in the circulation of aged obese mice elicit
significantly more pronounced microglia activation than
serum factors derived from young obese or aged lean mice
(Figure 4K and L). In addition, we find that microglia acti-
vation induced by serum-derived factors is exacerbated
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Figure 8. Effects of obesity in aging on the hippocampal expression of genes involved in abnormalities of microtubule-associated tau protein. Quantitative reverse
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mean = SEM (n = 6 in each group). *p < .05 vs Young; *p < .05 vs Young (high-fat diet [HFD]); %p < .05 vs Aged.

with advanced age (Figure 4M and N) extending previous
findings demonstrating age-related increases in microglia
activation in humans (48) and laboratory animals (49). On
the basis of the aforementioned findings, we hypothesize
that increased extravasation of plasma-derived factors pro-
motes activation of microglia in aged obese mice and that
obesity-related microgliosis is further exacerbated by the
age-related alterations in the capacity of circulating fac-
tors to cause microglia activation. It is also likely that the
elevated inflammatory state in perivascular microglia, in
turn, contributes to a compromised BBB (50). In addition,
likely extravasated macrophages (which express surface
markers similar to that expressed by activated microglia)
are also present in the hippocampus of aged obese mice,
which may exacerbate the harmful action of activated
microglia. Microglia-derived proinflammatory cytokines,
chemokines, proteases, and reactive oxygen species have
been shown to promote neuronal dysfunction (51-53).
Clinical studies also show that markers of inflammation
are related to cognitive deficits in elderly patients (54). On
the basis of the aforementioned studies, one can hypoth-
esize that exacerbation of neuroinflammation and oxida-
tive stress is causally linked to hippocampal dysfunction in
aged obese mice (8,27,42).

Epidemiological studies provide evidence that in addi-
tion to the established association of obesity and metabolic
disease with cerebrovascular lesions and vascular cognitive
impairment, there is a direct relationship between obesity
and pathogenesis of AD (reviewed in (7)). Experimental
studies support this notion, by demonstrating that feeding
a HFD exacerbates cerebral pathological alterations and
the accompanying cognitive deficit in APP transgenic mice
as well (55-57). To determine whether obesity-induced
microvascular alterations and chronic low-grade neuroin-
flammation in aged mice were sufficient to trigger early
processes involved in the development of AD, we studied
hippocampal expression of genes involved in regulation
of the cellular APP-dependent signaling pathways, beta-
amyloid generation and processing, and the pathogen-
esis of tauopathy. Interestingly, neither obesity nor aging
affects cerebral expression of APP (Figure 6), whose pro-
teolysis generates beta amyloid, the main component of
amyloid plaques. We have not detected consistent obesity-
related changes in the expression of APP-binding proteins
(Figure 6) and enzymes that are involved in cleavages
of APP (Figure 7). Previous studies indicated that HFD-
induced obesity increases tau phosphorylation in the
mouse hippocampus (58). Further, recent studies show that
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in THY-Tau22 transgenic mice exhibiting HFD-induced
obesity exhibit spatial learning deficits as well as the pro-
gression of hippocampal tau pathology (59). In the present
study, obesity did not upregulate the expression of genes
that are involved in abnormalities of microtubule-associ-
ated protein tau (Figure 8). Interestingly, the results of pre-
vious experimental studies show that brains of HFD-fed
younger mice often do not exhibit overt AD histopathology
(60), increases in beta amyloid (61) or phospho-tau (62).
This lack of effects occurs in the presence of significant
elevation in protein oxidation and lipid peroxidation (61)
and suggests that obesity-related neuroinflammation may
contribute to but is not sufficient to cause amyloid and tau
pathologies observed in AD.

Limitations of the Study

In the present study, we analyzed hippocampal IgG con-
tent as a marker of BBB disruption. In future studies, the
severity of BBB should be further analyzed using high— and
low—molecular weight fluorescent tracer molecules. For
microglia isolation, we used antibodies against CD54 and
Iba-1, which likely resulted in the enrichment of CD54+/
Iba-1+ microglia in the cell cultures. It is presently unknown
whether serum-induced activation is different in a different
subpopulation of microglia. As many proteins are known to
be modulated at the posttranslational level in their contribu-
tions to Alzheimer pathology, further studies are needed to
investigate the interaction of aging and HFD-induced obe-
sity at the posttranslational level as well.

CONCLUSIONS

Collectively, our present and previous studies as well as
investigations by other laboratories demonstrate that obe-
sity in aging is associated with a heightened state of sys-
temic inflammation, which exacerbates BBB disruption,
neuroinflammation, and oxidative stress in the mouse hip-
pocampus and that the aforementioned pathophysiological
alterations are associated with significant cognitive decline
in these animals. Future studies should elucidate the specific
age-related mechanism that underlies increased sensitivity
of aged cerebral vessels to inflammation-mediated damage,
including the role of age-related changes in IGF-1 (63).
Indeed, recent studies demonstrate that IGF-1 deficiency
exacerbates the prooxidant and proinflammatory vascu-
lar effects of obesity and promotes endothelial injury in
HFD-fed obese rats (16), mimicking the aging phenotype.
Aging also may increase the sensitivity of the microglia to
the proinflammatory effects of plasma-derived factors and
these effects may be potentiated by obesity. Future studies
can be designed to test this hypothesis. Both obesity and
aging can lead to structural alterations in the cerebromi-
crovasculature, endothelial dysfunction, and/or impaired
neurovascular coupling (64). The interaction between
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neuroinflammation and these vascular mechanisms war-
rants further investigation.
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