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Abstract
Introduction: It has been suggested that obesity may influence Alzheimer’s disease
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(AD) pathogenesis, yet the numerous publications on this topic have inconsistent
results and conclusions.
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Methods: Our study examined the effect of varying the timing of high-fat diet (HFD)
consumption on AD-related pathology and cognition in transgenic Tg6799 AD mice.
Results: HFD feeding starting at or before 3 months of age, prior to severe AD pathology, had protective effects in AD mice: reduced extracellular amyloid beta (Aβ) deposition, decreased fibrinogen extravasation into the brain parenchyma, and improved
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cognitive function. However, delaying HFD consumption until 6 months of age, when
AD pathology is ubiquitous, reduced these protective effects in AD mice.
Discussion: Overall, we demonstrate that the timeline of HFD consumption may play
an important role in how dietary fats affect AD pathogenesis and cognitive function.
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1

INTRODUCTION

late life (60+ years) is not associated with higher risk for developing
AD.6 In addition, low BMI in midlife might increase the risk of devel-

Alzheimer’s disease (AD) is the most prevalent form of dementia and is

oping AD later in life.6,7 However, it is unknown whether preventing

characterized by extracellular deposits of amyloid beta (Aβ) and intra-

weight loss in patients with preclinical AD would slow disease progres-

cellular inclusions of hyperphosphorylated tau. Hallmarks of AD also

sion.

include neuroinflammation, vascular abnormalities, and profound neu-

In animal studies, a high-fat diet (HFD) is often used to induce weight

ronal loss. Cardiovascular risk factors such as obesity, midlife hyper-

gain and to determine the association between obesity and AD-related

tension, and diabetes are thought to increase the risk for developing

phenotypes. Diet-induced obesity has been shown to exacerbate AD-

AD.1–3 However, the role of obesity as an independent risk factor for

related pathology and further impair cognitive function8,9 or induce

AD remains controversial. While some studies show a positive correla-

memory impairment in AD mice without affecting AD-related patholo-

tion between high body mass index (BMI) and dementia,4,5 a systematic

gies in the brain.10,11 Conversely, other evidence indicates that HFD

review of several large well-controlled studies reported that obesity in

might improve blood-brain barrier (BBB) integrity and spatial learning
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without affecting Aβ plaque load.12 Furthermore, others have reported
that crossing AD mice with a genetic mouse model of obesity and

RESEARCH IN CONTEXT

diabetes leads to an improvement in memory and decreased levels of
1. Systematic review: Relevant literature was reviewed

Aβ.13 This lack of consistency in results might be due to variations in

using PubMed, which identified a gap in understanding

the AD mouse model used, specific components of the diet, or the time

the effect of varied timing onset of high-fat diet (HFD)

course of HFD consumption.

consumption on amyloid beta (Aβ) pathology and cog-

The goal of our study was to characterize the effect of HFD

nitive function in mouse models of Alzheimer’s disease

on AD-related pathology and cognitive function in mice over var-

(AD).

ious timelines. Tg6799 (AD) mice and their wild type (WT) litter-

2. Interpretation: Our findings indicate that the timing of

mates were fed either HFD or control diet (CON). We determined

HFD consumption plays an important role in the pro-

the diet’s effect on Aβ plaque load in the retrosplenial cortex (RSC)

gression of Aβ pathology and cognitive dysfunction in

and hippocampus of AD mice as well as cognitive function. We also

ADmodel mice. Our data show that consumption of a HFD

studied the effect of HFD on the extravasation of fibrinogen into

at early ages may slow AD progression, while consump-

the brain, a pro-inflammatory plasma protein that is involved in AD

tion of HFD after AD pathology has already developed

pathogenesis.14 We show that when HFD was fed to AD mice early

may be detrimental.

in life, there was less parenchymal Aβ deposition, fibrinogen extrava-

3. Future directions: Future studies will identify specific

sation into the brain, and cognitive dysfunction compared to AD CON

components of the HFD that protect the brain against

mice. However, this neuroprotection was not observed in AD mice

Aβ accumulation and blood-brain barrier permeability.

that started consuming a HFD later in life, after AD pathology was

Dietary uptake and measures of metabolic activity will

already established. These results suggest that at early stages of AD,

also be analyzed. This research may lead to nutritional

dietary fats may be protective to the brain and slow AD onset and

approaches to delay or prevent the onset of AD years

progression.

before patients develop cognitive deficits.

2

METHODS
2.3

2.1

Behavioral analysis

Animals
For a detailed description, refer to Materials and Methods in support-

Male Tg6799 mice15 (referred to as AD mice) and their WT littermates

ing information.

were housed with food and water ad libitum, under controlled temperature (20–22°C), humidity (40%–60%), and illumination (12/12-hour
dark cycle). Experimental diets were administered starting at either 1,
3, or 6 months of age. All animal experiments were conducted in accor-

2.4
Immunofluorescence and
immunohistochemistry

dance with the guidelines of the US National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals and with approval

For a detailed description, refer to Materials and Methods in support-

from the Animal Care and Use Committee of The Rockefeller Univer-

ing information.

sity.

2.5
2.2

Western blot

Diet-induced obesity model
For a detailed description, refer to Materials and Methods in support-

AD mice and their WT littermates were divided into four groups: AD

ing information.

CON, AD HFD, WT CON, and WT HFD. HFD contained 60% kcal from
fat, 20% kcal from carbohydrates, and 20% kcal from protein (D12492,
Research Diets Inc.), and CON contained 10% kcal from fat, 70% kcal

2.6

Data analysis

from carbohydrates, and 20% kcal from protein (D12450J, Research
Diets Inc.). HFD contained 0.03% cholesterol, while CON contained

Statistical analysis was conducted using GraphPad Prism software.

0.005% cholesterol. Mice were weighed weekly, and body composi-

Data are presented as mean ± standard error of the mean. Immunoflu-

tion was assessed by EchoMRI-100H (EchoMRI, LLC). Mice remained

orescence results were analyzed using unpaired t-test, while all other

on their respective diets during behavioral testing. At the conclusion of

experimental results were analyzed using two-way analysis of variance.

diet administration, mice were sacrificed and tissue was collected for

Post hoc analyses were conducted using Sidak’s multiple comparison

analysis.

test. Significance threshold was set to P ≤ 0.05.
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F I G U R E 1 High-fat diet (HFD) caused significant weight gain and affected body composition similarly in wild-type (WT) and Alzheimer’s
disease (AD) mice. A, Schematic shows feeding timeline in WT and AD mice. The lightning icon indicates the onset of AD-related pathology. B, Male
mice (4–5 weeks old) fed a HFD versus control diet (CON) had greater weight gain. C, HFD induced a significant increase in % weight change
(P < 0.05), but post hoc analysis did not reveal statistically significant differences between groups. D, HFD increased % fat mass in WT and AD
mice. E, HFD decreased % lean mass in WT and AD mice. n = 9–11 mice per group. Results are from one representative experiment. Statistical
analysis performed by two-way analysis of variance. ****P < 0.0001

3

RESULTS

(Figure 1B, C). HFD also affected body composition and induced a significant increase in percent body fat mass and a decrease in percent

3.1
HFD induced weight gain and affected body
composition in 6-month-old mice

the ability to clear circulating glucose after a glucose tolerance test

To investigate the effect of increased dietary fat intake on AD-related

AD mice showed an increase in blood glucose after the GTT compared

lean mass in HFD-fed WT and AD mice (Figure 1D, E). HFD impaired
(GTT) in WT mice (Figure S1A, B in supporting information). HFD-fed

pathology in mice, we placed 4- to 5-week-old mice on a diet of

to CON-fed AD mice (Figure S1A, B). Additionally, HFD induced hyper-

60% kcal from fat (HFD) or an isocaloric control diet with 10% kcal from

glycemia after a period of fasting in both WT and AD mice (Figure S1C).

fat (CON) for 20 weeks until the mice reached 6 months of age (Fig-

Fasting also induced an increase in blood ketones in HFD-fed WT but

ure 1A). HFD induced significant weight gain in both WT and AD mice

not AD mice (Figure S1D). However, after refeeding, both WT HFD

4 of 11

and AD HFD mice showed an increase in blood ketones compared to
CON-fed mice (Figure S1E). Plasma levels of cholesterol were significantly increased in HFD-fed WT and AD mice (Figure S1F). Although
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3.4
HFD consumption starting at 1 month of age
affected fibrinogen extravasation into the brains of
6-month-old AD mice

HFD induced a small increase in plasma high-density lipoprotein (HDL)
levels, the difference between HFD-fed and CON-fed mice was not sig-

HFD induces fibrinogen deposition in white adipose tissue (WAT) of

nificant (Figure S1G). HFD did not affect plasma HDL levels in AD mice

mice,17 so we investigated whether AD genotype affected this result.

(Figure S1G). Neither AD genotype nor HFD affected plasma levels of

HFD significantly increased the percentage of fibrinogen-positive cells

low-density lipoprotein (Figure S1H).

in both 6-month-old WT and AD mice (Figure 4A, B), indicating that
genotype did not affect fibrinogen deposition in WAT. Because AD animal models and human patients show deposition of fibrinogen in their

3.2
HFD consumption starting at 1 month of age
reduced Aβ pathology in 6-month-old AD mice

brains,14 we investigated any change in this pathology after HFD feeding. While AD CON brains showed extensive fibrinogen extravasation
from blood vessels into the brain parenchyma, AD HFD brains showed

HFD significantly reduced percent area covered by Aβ plaques

little extravasation (Figure 4C, D). It has also been shown that Aβ and

throughout the brains of 6-month-old AD mice compared to AD CON

fibrinogen co-deposit in the brains of AD animal models and patients.18

mice (Figure 2A, B; Figure S2A in supporting information). Aβ plaque

Upon investigation, we found minimal Aβ/fibrinogen co-deposition in

coverage was also specifically quantified in the RSC (boxed area, Fig-

the RSC of our experimental AD mice (Figure S4A in supporting infor-

ure 2C) and hippocampus at Bregma –2.92 mm of all AD CON and AD

mation). While there was less Aβ/fibrinogen co-deposition in the AD

HFD mice (Figure 2C). HFD significantly reduced percent area cov-

HFD mouse brains than AD CON, this difference was not significant

ered by Aβ plaques in the RSC and hippocampus of 6-month-old AD

(Figure S4B). Our findings showed that while dietary fats consumed at

mice compared to AD CON mice (Figure 2D, E). WT mice showed no

a young age did not alter fibrinogen deposition in WAT of AD mice com-

Aβ staining (not shown). Additionally, mouse cortical extracts were

pared to WT mice, it greatly protected the integrity of the BBB to pre-

analyzed by western blot for expression levels of Aβ (Figure 2F;

vent a blood protein from leaking into the brain tissue, which may aid in

6E10), which showed that AD HFD mice had reduced cortical lev-

preventing Aβ/fibrinogen co-deposits.

els of Aβ compared to AD CON (Figure 2G). Furthermore, to investigate other changes in AD-related pathology induced by dietary fat
consumption, mouse cortical sections were examined for the presence of innate immune cells. Compared to AD CON, AD HFD mice
exhibited a decrease in CD11b-positive cells in the RSC (Figure S2B,

3.5
HFD consumption starting at 3 months, but
not 6 months, reduced Aβ pathology and improved
cognitive function in AD mice

C) at 6 months of age, consistent with the reduction in Aβ plaques
(Figure 2C, D).

In Tg6799 mice, Aβ plaque deposition starts as early as at 2 months of
age. By 6 months of age, Tg6799 mice display abundant parenchymal
Aβ plaque deposition and memory deficits.18 We investigated whether

3.3
Early HFD feeding improved cognitive
function in 6-month-old AD mice

the timing of HFD feeding was related to the improvement in ADrelated pathology and cognition in our AD mouse cohorts. Therefore,
we delayed the onset of HFD administration until 3 months of age

Memory was assessed in 6-month-old AD mice by novel object recogni-

(Cohort I) or 6 months of age (Cohort II), after AD-related pathology

tion (NOR), which evaluates the ability of rodents to recognize a novel

begins to develop. The diet regimen continued until Cohort I mice were

object in a familiar environment.16 There were no differences between

8 months and Cohort II mice were 11 months old (Figure 5A).

groups on the training day (Figure 3A), indicating no place preference.

In Cohort I, HFD consumption starting at 3 months of age signifi-

As expected, AD CON mice spent less time exploring the novel object

cantly reduced Aβ plaque burden across the entire brain (Figure 5B and

on the testing day compared to WT mice (Figure 3B). However, AD HFD

S5A, B in supporting information). More specifically, there was signifi-

mice performed significantly better than AD CON and as well as WT

cantly less Aβ staining in the RSC of AD HFD versus AD CON mice, yet

groups (Figure 3B). There was no difference in the total distance moved

no difference was detected in the hippocampus (Figure 5C, D). Neither

or velocity during training or testing between any groups (Figure S3 in

genotype nor diet affected object exploration or locomotion on NOR

supporting information), indicating that neither AD genotype nor HFD

training day (not shown). However, during testing, HFD increased the

impaired locomotion. Memory was also assessed in a contextual fear

novel-to-familiar object exploration ratio in AD mice compared to AD

conditioning paradigm and measured as percent time spent freezing, a

CON mice (Figure S5C), indicating that HFD consumption starting at

species-specific response to fear. Interestingly, while HFD led to a non-

3 months, after the onset of AD-like pathology, still led to improved

significant decrease in freezing behavior in WT mice, AD HFD mice had

cognitive function in 8-month-old AD mice. HFD had a similar effect

a significantly increased freezing response compared to AD CON mice,

on AD-related pathology and cognitive function in 6-month-old and 8-

indicating improved memory of the foot shock (Figure 3C).

month-old mice, despite the delayed onset of high-fat feeding (1 month
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F I G U R E 2 High-fat diet (HFD) consumption starting at 1 month reduced amyloid beta (Aβ) brain pathology in 6-month-old Alzheimer’s
disease (AD) mice. A, HFD reduced Aβ deposition throughout the brains of AD mice. % area covered in Aβ staining is indicated at each Bregma
location. Results are from one representative experiment. B, HFD reduced Aβ deposition at multiple Bregma points in the brains of AD mice; each
symbol represents a single Bregma point per mouse imaged. C, Representative images of 6E10 staining used to visualize Aβ plaques in AD mice.
Staining was quantified in the retrosplenial cortex (RSC), designated by boxed area, and hippocampus. Wild-type (WT) mice had no detectable Aβ
staining (not shown). D, E, HFD reduced Aβ deposition in the RSC (D) and hippocampus (E) of AD mice. Results are from one representative
experiment. F, Representative western blots of cortical protein extracts isolated from 6-month-old WT and AD mice, showing expression of human
Aβ by 6E10 antibody. GAPDH was used for normalization. G, HFD reduced levels of Aβ in cortical protein extracts isolated from AD mice. Results
are from one representative experiment. For (A) and (B), n = 5-8 mice per group. For (C–E), n = 6 mice per group. For (F) and (G), n = 7 per group.
Statistical analysis performed by Student’s t test. *P < 0.05, ****P < 0.0001. Scale bar = 500 μm
vs. 3 months). Therefore, consuming dietary fats prior to significant AD

ingly, HFD consumption corrected this phenotype, restoring locomo-

pathology may be protective and delay disease progression. AD CON

tion to WT levels in Cohort I AD mice (Figure S5D, E).

mice showed an increase in total distance moved and velocity com-

In Cohort II, in which HFD consumption was delayed until 6 months

pared to WT CON mice during NOR testing (Figure S5D, E), indicating

of age, there was an overall increase in Aβ brain staining in AD HFD

that AD genotype caused hyperactivity in 8-month-old mice. Interest-

mice compared to that of AD CON (Figure S5F, G). When specifically
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F I G U R E 3 High-fat diet (HFD) consumption starting at 1 month improved cognition in 6-month-old Alzheimer’s disease (AD) mice. A, No
differences between groups were present on the training day of the novel object recognition (NOR) test, indicating no place preference. B, HFD
increased the novel-to-familiar object exploration ratio in AD mice on the testing day of the NOR test, indicating improved memory compared to
AD control (CON) mice. As expected, the object exploration ratio was lower in AD CON mice compared to wild-type (WT) groups. Results are from
one representative experiment. C, In a contextual fear conditioning test, AD HFD mice spent more time frozen than AD CON mice, indicative of
improved memory. Results are from one representative experiment. For (A) and (B), n = 5–6 mice per group. For (C), n = 9–13 mice per group.
Statistical analysis performed by two-way analysis of variance. *P < 0.05

F I G U R E 4 High-fat diet (HFD) consumption starting at 1 month reduced fibrinogen extravasation into the retrosplenial cortex (RSC) of
6-month-old mice. A, Representative images of white adipose tissue (WAT) fibrinogen staining. Scale bar = 130 μm. B, HFD increased percent
fibrinogen-positive cells in WAT of wild-type (WT) and Alzheimer’s disease (AD) mice. Results are combined from two independent experiments. C,
Representative images of fibrinogen staining (red) show fibrinogen extravasation from collagen IV-positive blood vessels (green) into the RSC of
AD control (CON), but not AD HFD mice. Scale bar = 20 μm. D, There was significantly less fibrinogen staining outside of blood vessels in RSC of
AD HFD mice, indicating strong blood-brain barrier integrity. For (A) and (B), n = 9–10 mice per group, three sections per animal. For (C) and (D),
n = 6–7 mice per group, three sections per animal. Results are combined from two independent experiments. Statistical analysis performed by
two-way analysis of variance (A and B) or Student’s t-test (C and D). **P < 0.01, ***P < 0.001
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F I G U R E 5 High-fat diet (HFD) consumption starting at 3 months, but not 6 months, reduced amyloid beta (Aβ) pathology in the retrosplenial
cortex (RSC) of Alzheimer’s disease (AD) mice. A, Schematics show HFD feeding timeline in cohorts I and II. Lightning icon indicates the onset of
AD-related pathology. B, Representative images of Aβ staining in whole brain slices of 8-month-old AD mice. Staining was quantified in the RSC,
designated by boxed area, and hippocampus. Wild-type (WT) mice had no detectable Aβ deposits (not shown). Scale bar = 500 μm. C, D, In cohort I,
delaying the onset of HFD to 3 months of age reduced Aβ deposition in the RSC but not the hippocampus of 8-month-old AD mice. E,
Representative images of Aβ staining in 11-month-old mice. Staining was quantified in the RSC and hippocampus. WT mice had no detectable Aβ
deposits (not shown). Scale bar = 500 μm. F, G, In cohort II, delayed HFD feeding until 6 months of age did not significantly decrease Aβ plaque
deposition in the RSC or hippocampus. For B-D, n = 5–6 mice per group. For E-G, n = 8 mice per group. Results are from one representative
experiment. Statistical analysis performed by Student’s t-test. *P < 0.05
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F I G U R E 6 Delayed onset of high-fat diet (HFD) consumption until 3 and 6 months of age reduced cortical fibrinogen extravasation in 8- and
11-month-old Alzheimer’s disease (AD) mice. A, C, Representative images of fibrinogen staining (red) show fibrinogen extravasation from collagen
IV-positive blood vessels (green) into the retrosplenial cortex (RSC) of (A) 8-month-old and (C) 11-month-old AD control (CON) mice, but not AD
HFD mice. Scale bar = 20 μm. B, D, HFD significantly reduced fibrinogen staining outside of blood vessels in RSC of 8- and 11-month-old AD mice.
n = 8 mice per group, three sections per animal. Results are from one independent experiment. Statistical analysis performed by Student’s t-test.
**P < 0.01
comparing Aβ staining in the RSC of AD mice, there was no longer

In Cohort II, in which the onset of HFD was delayed until 6 months,

a protective effect of the HFD (Figure 5E, F). There was no effect of

HFD did not significantly affect the percentage of fibrinogen-positive

HFD feeding on Aβ deposition in the hippocampus (Figure 5G) or cog-

cells in the WAT of 11-month-old WT and AD mice (Figure S6C, D).

nitive function by NOR (Figure S5H). These results indicate that delay-

Additionally, we found evidence of fibrinogen deposition in the WAT

ing HFD feeding until after moderate AD-related pathology was devel-

of CON-fed WT and AD mice (Figure S6C), indicating that fibrinogen

oped failed to slow AD-like progression. Neither genotype nor diet

deposition in peripheral tissues might accompany aging in the absence

affected object exploration or locomotion on NOR training day (not

of metabolic insults. Interestingly, HFD still significantly reduced fib-

shown). HFD had no effect on locomotion during NOR testing (Fig-

rinogen extravasation into the brain parenchyma of 11-month-old AD

ure S5I, J) in 11-month-old mice. Therefore, our findings suggest that

mice (Figure 6C, D), indicating that delayed-onset HFD improved BBB

delaying the onset of HFD feeding until 6 months, when AD pathol-

integrity even after AD-like pathology had begun but was unable to

ogy is widespread, does not alleviate AD-related pathology or cognitive

reverse or slow Aβ deposition.
HFD did not affect Aβ/fibrinogen co-deposition in the RSC of 8-

dysfunction in mice.

month-old AD mice (Cohort I; Figure S6E, F) or 11-month-old AD

3.6
Delayed onset of HFD consumption until 3
and 6 months of age reduced fibrinogen
extravasation into the brains of AD mice

mice (Cohort II; Figure S6G, H), although a small non-significant
decrease in Aβ/fibrinogen co-localization was observed in AD HFD
mice in both cohorts. Overall, these results suggest that HFD improved
BBB integrity and reduced fibrinogen extravasation into the brain

In Cohort I, in which the 20-week HFD regimen was delayed until

parenchyma, although it had little effect on Aβ/fibrinogen co-deposits,

mice were 3 months old, HFD significantly increased the percentage

which have been shown to exacerbate AD-related pathology.

of fibrinogen-positive cells in the WAT of both WT and AD mice (Figure S6A, B in supporting information). In parallel with our findings in 6month-old AD mice, HFD also significantly reduced fibrinogen extrava-

4

DISCUSSION

sation from blood vessels into the brain parenchyma of 8-month-old
AD mice in this cohort (Figure 6A, B). Therefore, despite the delayed

The goal of our study was to determine the effect of varied HFD feeding

onset of feeding, HFD helped improve BBB integrity.

onset on AD-related pathology and cognitive function in Tg6799 AD
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mice. In this rapid-progression animal model of AD, extracellular plaque

pathology of WT mice. Therefore, our results indicate that early con-

deposition begins at 2 months and is readily detectable throughout the

sumption of HFD led to a reduction in Aβ accumulation in the RSC and

cortex and hippocampus by 6 months.15 Furthermore, Tg6799 mice

hippocampus, which contributed to an improvement in cognitive per-

display evidence of spatial memory deficits as early as 4 months of

formance in AD mice.

age.15

In addition to hallmark AD pathologies, AD is also associated with

We initially administered HFD to Tg6799 AD mice before the onset

vascular abnormalities,31,32 such as parenchymal deposition of fibrino-

of extracellular Aβ deposition or cognitive deficits. Contrary to some

gen, a critical component of the blood coagulation cascade.14,33–35

previous reports, HFD consumption significantly reduced the percent

Fibrinogen is a glycoprotein found in large quantities in blood.36 In

area covered by Aβ plaques in the RSC and hippocampus as well as

response to injury, fibrinogen is converted to fibrin, the major com-

throughout the whole brain of 6-month-old AD mice compared to their

ponent of blood clots. Fibrinogen is normally excluded from the brain

CON-fed AD littermates. HFD also reduced the number of CD11b-

by the BBB. However, AD patients and mouse models show a loss of

positive microglial cells surrounding extracellular Aβ deposits. Impor-

BBB integrity,37–41 which promotes fibrinogen extravasation into the

tantly, HFD improved object recognition memory and conditioned fear

brain. We have previously shown that fibrinogen extravasation corre-

memory in AD mice, which indicates an improvement in cognitive func-

lates with the degree of Aβ pathology in AD mice and patients.33,42–44

tion. Surprisingly, when we delayed the onset of HFD until 3 months

Due to its potent pro-inflammatory properties and direct interaction

of age, after Aβ starts accumulating, HFD similarly reduced Aβ plaque

with Aβ,18,45–47 extravascular fibrinogen may contribute to and/or pro-

deposition in the RSC and improved cognitive function in 8-month-old

mote neuroinflammatory responses and neuronal dysfunction.34,48 In

AD mice. However, HFD did not improve Aβ pathology or cognitive

fact, fibrin deposition is present in areas of the brain with prominent

function in 11-month-old AD mice when HFD consumption started at 6

synaptic degeneration.33 In this study, we found extravasated fibrino-

months of age. In fact, Aβ pathology was exacerbated across the entire

gen in the RSC of 6-month-old AD mice, while their WT littermates

brain when HFD feeding occurred after AD pathology had already

showed none. However, chronic HFD consumption reduced fibrinogen

begun. Thus, the timing of HFD consumption is critical for improving

extravasation in AD mice. Surprisingly, 20-week HFD consumption also

AD-related pathology and cognition, as HFD does little to rescue AD-

reduced fibrinogen extravasation in the RSC of 8- and 11-month-old

related phenotypes after Aβ pathology has already spread throughout

AD mice (Cohorts I and II), but HFD only reduced Aβ deposition in

the brain.

the RSC of 8-, but not 11-, month-old mice. This result indicates that a

In this study, consumption of HFD at an early age led to region-

reduction in extravascular fibrinogen does not directly reflect a reduc-

specific as well as widespread reduction of Aβ deposition throughout

tion in Aβ. In addition, we found minimal Aβ/fibrinogen co-deposits in

the brains of AD mice. One of the specific brain area affected by dietary

the RSC of AD HFD mice at 6, 8, and 11 months of age. This result

fat consumption was the RSC, which has important reciprocal connec-

also suggests that Aβ accumulation occurs prior to BBB disruption

tions with several brains regions, including the hippocampus,19 visu-

and fibrinogen extravasation into the brain parenchyma. Therefore,

ospatial cortex,20 prefrontal cortex,21 and posterior secondary motor

the Aβ/fibrinogen interaction resulting in their co-deposition in the

cortex.22

The connectivity pattern of the RSC is consistent with its

brain might represent a later stage in the development of AD-related

role in cognitive function.23–26 The RSC is thought to play a critical

pathology. Additionally, HFD failed to induce an improvement in object

role in AD pathophysiology as it is one of the first regions to undergo

recognition memory in 11-month-old AD mice. This result suggests

pathological changes in patients.27,28 Pathological changes in the RSC

that chronic HFD consumption is not sufficient to preserve cognitive

are also present in mouse models of AD. Tg2576 AD mice show aber-

function in older AD mice if HFD feeding starts after significant Aβ

rant changes in the markers of cellular activity in RSC before the for-

deposition, despite potential neuroprotective effects that accompany

mation of overt Aβ pathology.29 In Tg6799 AD mice, increased accu-

reduced BBB permeability to fibrinogen.33 Future studies will deter-

mulation of Aβ in the RSC is accompanied by an impairment in object

mine whether HFD-induced reduction in fibrinogen extravasation pro-

recognition memory as early as at 4 months of

age.30

Taken together,

these results indicate that pathological changes in the RSC may reflect

tects the brains of AD mice from synaptic degeneration with HFD feeding starting at 1, 3, or 6 months of age.

some of the earliest AD-related processes and impact cognitive func-

Our results are consistent with previous studies that have reported

tion in mouse models of AD. In our study, HFD consumption reduced

HFD-induced improvement in BBB function in AD mice. For exam-

Aβ deposition in the RSC and improved object recognition memory in

ple, in rodent MRI studies HFD significantly reduces BBB permeabil-

6- and 8-month-old AD mice. However, delaying the onset of HFD con-

ity to the contrast agent and decreases the volume of lateral ventri-

sumption until after mice display overt Aβ accumulation and cognitive

cles in Tg2576 AD mice, indicating a reduction in brain atrophy.12 This

deficits did not improve object recognition memory. Furthermore, HFD

reduction in BBB leakage is accompanied by a significant improve-

increased freezing behavior in the contextual fear conditioning test

ment in learning in HFD-fed AD mice. However, the protective effect

in 6-month-old AD mice, indicating improvement in fear learning and

of HFD on BBB function might depend on HFD composition. For exam-

memory. While WT HFD mice exhibited a decreased freezing response

ple, Theriault et al. reported that a sucrose-rich “Western diet” con-

compared to WT CON mice, this difference was not statistically signif-

taining 42% kcal from fat and 42.7% kcal from carbohydrates does not

icant. HFD consumption did not affect WT mouse learning and mem-

affect BBB permeability and exacerbates AD-related cognitive decline

ory behaviors in NOR nor were there any changes observed in brain

in APPswe/PS1 mice.49 In addition, another Western diet high in sat-
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urated fat and sucrose increases Aβ plaque load and microglial density
in APP/PS1 mice without affecting short-term memory.50 These results
indicate that a high-fat, low-carbohydrate diet—like the one used in our

7.

study—may be protective against AD-induced BBB damage, while highfat diets containing high carbohydrates or high sucrose have deleteri-

8.

ous effects on AD pathophysiology.
In sum, we show that chronic HFD consumption reduced AD-related
pathology, including Aβ accumulation, fibrinogen extravasation, and

9.

cognitive dysfunction in 6- and 8-month-old AD mice when HFD intake
started at or before 3 months of age (before or early-stage disease).
Delaying the onset of HFD until 6 months (moderate disease pathol-

10.

ogy) reduced this protective effect, as HFD did not reduce Aβ plaque
deposition or aid in cognitive performance in 11-month-old AD mice.
However, the delayed onset of HFD feeding still reduced the extrava-

11.

sation of fibrinogen into the brain parenchyma, thus raising the possibility that a diet high in fat improved BBB function even after AD

12.

mice developed overt Aβ pathology and cognitive deficits. HFD-fed 6and 8-month-old AD mice also showed a decrease in BBB permeability, suggesting that improved cognition in these animals might be due

13.

to the decrease in synaptic damage induced by the alleviated Aβ load
and reduced fibrinogen extravasation into the brain parenchyma.

14.
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