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Abstract

This study assessed the extent to which high fat diet (HFD)-induced β-amyloid accumulation and 

cognitive decline in APP/PSEN1 mice are reversible through control of fat intake. Ten months of 

HFD (60% calories from fat) led to significant deficits in a 2-trial Y maze task, and nest building 

assay, and decreased voluntary locomotor activity. The HFD induced an inflammatory response, 

indicated by increased expression of several inflammatory markers. Substituting a low fat diet led 

to pronounced weight loss and correction of glucose intolerance, decreases in the inflammatory 

response, and improved performance on behavioral tasks in both wild-type and APP/PSEN1 

transgenic mice. Insoluble β-amyloid levels, and extent of tau phosphorylation were also lower 

following dietary reversal in APP/PSEN1 mice compared to high fat-fed animals, indicating that 

the inflammatory response may have contributed to key pathogenic pathways in the Alzheimer’s 

disease model. The data suggest that weight loss can be a vital strategy for cognitive protection, 

but also highlight potential mechanisms for intervention when sustained weight loss is not 

possible.
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Introduction

Obesity and Alzheimer’s disease both have alarmingly high prevalence in Western societies 

(Alzheimer's-Association, 2015, Ogden, et al., 2014), and both are associated with cognitive 

decline and diabetes (Beydoun, et al., 2008,Gustafson, et al., 2003, Profenno, et al., 2010, 

Whitmer, et al., 2007). High fat diets (HFD) are thought to contribute directly to several of 

the key facets of Alzheimer’s disease, including increased accumulation of β-amyloid (Aβ), 

hyperphosphorylation of tau, and an inflammatory state in peripheral organs and brain 

(including astrocyte and microglial activation)(Levin-Allerhand, et al., 2002, Puig, et al., 

2012, Ramos-Rodriguez, et al., 2014, Shie, et al., 2002, Zhang, et al., 2016). Altered Aβ 
levels are not universally found (Knight, et al., 2014, Peng, et al., 2014, Studzinski, et al., 

2009), and may depend on the mouse model used, the level and type of dietary fat, and the 

duration of treatments. Tau phosphorylation has been studied less frequently, in part because 

of the weighting towards Aβ pathology in the most commonly-used mouse models of 

Alzheimer’s disease. Each of these pathological factors may contribute to cognitive factors 

individually, and also via changes to blood brain barrier (BBB) permeability. MRI imaging 

techniques have indicated BBB breakdown in hippocampus may be an early event in the 

Alzheimer’s disease pathological cascade (Montagne, et al., 2015,van de Haar, et al., 

2016b). BBB leakage is also directly increased by HFD (Loffler, et al., 2016, Ramos-

Rodriguez, et al., 2014, Takechi, et al., 2013), and long-term feeding with both saturated 

fatty acids and high cholesterol appear to exacerbate the effects of aging on BBB 

permeability (Takechi, et al., 2013).

Studies that included measures of cognition also demonstrate that HFD induces deficits in 

learning and memory, although experimental design strongly impacts the severity of deficits, 

and whether changes are observed in both control animals and the disease model (Knight, et 

al., 2014, Pistell, et al., 2010, Ramos-Rodriguez, et al., 2014, Yeh, et al., 2015). Negative 

effects on cognitive ability are found across several behavioral tasks, despite the challenges 

in testing in these populations, which vary dramatically in body size and adiposity.

Now that the links between HFD, inflammatory response and cognitive decline have been 

established, in both Aβ-positive and – negative populations, it is critical to investigate 

whether these changes are reversible, and thus whether the mechanisms may potentially be 

targeted by nutritional or pharmacological interventions. To that end, we designed a study in 

which long-term HFD feeding was initiated in young APP/PSEN1 mice and maintained for 

8 to 10.5 months to induce obesity and inflammatory signaling. The obese state was then 

reversed by providing a low fat diet (LFD) for 2 months (Reversal condition, REV) in a 

subset of these animals. Our objective was to assess the effects of young to mid-life obesity 

and its reversal on cognitive ability, and multiple markers of disease pathogenesis, in 

addition to glucose homeostasis. Specifically included in our analyses were assessments of 

both APP/PSEN1 and their non-transgenic littermates (wild-type, WT). Obesity and 
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cognitive decline are problems observed during otherwise normal aging, and sporadic (late 

onset) Alzheimer’s disease, and we therefore seek mechanisms that are not specific to 

populations carrying inherited mutant copies of Alzheimer’s related genes (e.g. APP, 

PSEN1).

Material and methods

Animals—Male and female APPSwe/PS1ΔE9 transgenic AD mice (Borchelt, et al., 1997) 

and wildtype littermates bred in-house were used in the present study (N=5–11/group). 

Founder mice were obtained from Jackson laboratories (ME. USA, #005864) and 

maintained on a C57Bl/6J background (#000664). Mice were weaned at 21 days old, 

genotyped via PCR using tail snips, and group-housed by sex (3–5 per cage) until 3 days 

prior to sacrifice, at which point they were moved to individual housing for nest building 

analysis. Food and water, including experimental diets were provided ad libitum, and mice 

were maintained on a 12/12 hr light/dark cycle. All procedures were approved in advance 

and conducted in accordance with Vanderbilt University institutional (IACUC) policies and 

guidelines.

Dietary Groups—At 2-months of age, standard lab chow (Purina 5001, 4% kcal/fat) was 

replaced with either high-fat diet (HFD; Research Diets: #D12492) in which 60% kcal are 

derived from lard, 20% from carbohydrate and 20% from protein, or low-fat diet control 

(LFD; Research Diets: #D12450J) in which 10% kcal are derived from lard and additional 

calories are derived from corn starch, with 70% carbohydrate and 20% from protein. Sucrose 

content per gram was equivalent between the two diets. Low fat diet contained approx. 3.85 

kcal/gram, high fat diet contained 5.24 kcal/gram. Full details are provided in 

Supplementary Table 1. Mice were weighed weekly following the initiation of experimental 

diets. At 9.5 months of age, a subset of mice on the HFD were provided with LFD for the 

duration of the study (reversal group, REV). All other mice were maintained on their 

original diets until the end of the study, an additional 10 weeks (see Fig. 1, Experimental 

outline).

Dietary intake—Average food consumption was calculated per day/ per mouse, from 

weight of food consumed per cage, per week. All cages contained both WT and APP/PSEN1 

mice, and thus intake is not calculated according to genotype.

Behavioral Tests—Behavioral testing began at 5–6 months of age to assess potential early 

cognitive changes, with major testing beginning at 9 and 12 months. This represents a 

middle-aged state in the mouse as we sought to investigate how diet may accelerate the 

cognitive and amyloid pathology shown by the mice. All behavioral tests were performed in 

the Vanderbilt Neurobehavioral Core Facility, during the second half of the light cycle. 

Animals were transferred from the colony to the testing room and allowed to acclimate for 

30 min. prior to the start of behavioral testing. All apparatuses were cleaned before and after 

each mouse with a 10% ethanol solution to reduce the influence of odor cues on behavior. 

Behavioral tests were conducted Monday through Friday, with no more than one task 

conducted on a single day, and a minimum of 20 hours between separate tests. Testing for 
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each age-group was completed within 2 weeks. All tests conducted are shown in Figure 1. 

Additional information concerning methods and results not shown are included in 

Supplemental File 1.

2-trial Y-maze—Memory for familiar spatial locations (2 arms of the maze) is indexed by 

greater exploration of a novel (previously-blocked) arm of the maze during a second trial. 

The two 5-min. trials were given on the same day, with a 5-min. inter-trial interval. Testing 

was undertaken at two time points (see Fig. 1) using a different testing room and different 

extra maze cues at the second test point, as previously described (Kennard and Harrison, 

2014). Trials were automatically tracked and analyzed using Anymaze tracking software 

(Stoelting, IL). Exploration data was checked to confirm that each mouse entered all open 

arms on a given trial.

Locomotor activity—Exploratory locomotor activity was measured during multiple 60-

min. sessions in automated chambers (30cm x 30cm x 16cm; Med Associates Inc, VT).

Nest Building—Nest building is a species-specific and natural behavior of rodents, which 

is important for their survival (Deacon, 2006). Three days before sacrifice and just prior to 

the start of the dark cycle, mice were transferred from group to individual housing and given 

clean cages containing cotton nestlets (5g each; Ancare, NY). 14- and 28-hrs later 

unshredded material was weighed and nests were scored on a 1–5 scale, as described 

(Deacon, 2006).

Fasting blood glucose levels—Blood glucose levels were measured 20 weeks after 

experimental diets were initiated, using a standard glucometer (Accu-Chek, Roche) with 

blood obtained from the tail tip.

Glucose tolerance test (GTT)—Glucose tolerance tests were performed following an 

overnight fast. Body weight was confirmed and baseline blood glucose (mg/dl) was 

measured using a glucometer (Accu-Chek, Roche), following which mice were injected 

(i.p.) with a glucose bolus (2g/kg). Additional blood glucose measurements were taken from 

a tail snip at 30, 60, 90, and 120 minutes post-injection

Sacrifice and tissue collection—Mice were anesthetized with isofluorane, followed by 

cervical dislocation. Following removal and dissection of brain, tissue samples were put 

immediately on dry ice, and then stored at −80°C until used in biochemical assays. Serum 

was collected in tubes containing 2 μl 0.5M EDTA and kept at −80°C.

Amyloid-β levels—Amyloid-β levels were quantified in cortex using anti-human Aβ1-40 

and Aβ1-42 sandwich ELISA kits (cat. no. KHB3441 and KHB3481; Life Technologies, CA) 

according to the manufacturer’s instructions for soluble and insoluble Aβ.

Western Blotting—Cortex samples were prepared using standard techniques and probed 

using the following primary antibodies: GFAP (MAB360, 1:2,000; Millipore, Bedford, MA)

(Buckman, et al., 2013), Neprilysin/CD10 (Ab79423, 1:1,000), Receptor for Advanced 

Glycation End Products (AGEs), RAGE (Ab37674, 1:1,000), Tau-5 (ab80579, 1:400) and 
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phospo-Tau (S396; ab109390, 1:5,000) all from Abcam (Cambridge, MA). TNFa (D2D4, 

1:500-1:1,000), and Synaptophysin (D35E4, 1:1,000) Cell Signaling (Danvers, MA), and 

Actin (D35E4, 1:400-1,5,000; Santa Cruz Biotechnology, Dallas Texas). Appropriate 

secondary antibodies were selected from Anti-Goat IgG (A5420, 1:5,000), Anti-Guinea Pig 

IgG (A7289, 1:5,000) and Anti-Rabbit IgG (A0545, 1:5,000) all from Sigma-Aldrich 

(USA).

Tau phosphorylation—Expression of phosphorylated tau (phosphorylated at serine 395) 

was calculated as a percentage of expression of total tau.

Inflammatory markers in serum—TNF-α, IL-6, IL-1b and IL-10 were measured using 

Multiplex assays via the Luminex100 system, by the Vanderbilt Hormone Assay and 

Analytical Services Core.

Malondialdehyde (MDA)—MDA was measured as thiobarbituric acid reactive substances 

as previously described (Harrison, et al., 2009).

Statistical analyses

Data are reported in figures and text as Mean + S.E.M. unless otherwise stated. Most 

measures were analyzed with 2(Genotype) x 2(Diet) Univariate ANOVA (9 months), or 

2(Genotype) x 3(Diet) ANOVA (12 months). Main effects from significant omnibus 

ANOVA were clarified using pairwise follow-up comparisons with Bonferroni corrections. 

Significant interactions were followed with an additional Univariate ANOVA followed by 

Tukey-corrected multiple comparisons to establish differences among all groups. Testing 

across multiple time points (e.g. locomotor activity) was analyzed using Repeated Measures 

ANOVA. All tests were first conducted with sex as an independent variable. Where there 

were significant differences between males and females we ran separate analyses for each 

sex (including weight, glucose tolerance, behavioral measures). Where there were no sex 

effects data were combined and analyzed together (biochemistry measures). Main effects 

from significant omnibus ANOVA were clarified using pairwise follow-up comparisons with 

Bonferroni corrections. Aβ measurements were performed in APP/PSEN1 mice only, and 

were analyzed by Univariate ANOVA followed by Fisher LSD-corrected post hoc analyses. 

Where assumptions of sphericity were violated, Greenhouse-Geisser corrections were used 

to obtain adjusted P values.

Results

Body weight, fasting blood glucose levels and glucose tolerance are all dependent on diet

Food intake—Average food intake was calculated per mouse, from total consumed per 

cage per week. After 20 weeks of feeding experimental diets (5 months of age), the mice fed 

HFD ate slightly more than LFD-fed mice, but this was only significant for females (P<0.05, 

Fig. 2A) and not males (P=0.11). Intake of diet decreased rapidly in REV mice in the first 

week that HFD was exchanged for LFD for both male and female mice (Ps<0.01, Fig. 2B).
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Diet induced weight change—Weights are shown for the entire experimental period, 

but statistics are performed on initial and final weights only. We confirmed that there were 

no differences in the initial weights of the four groups (Ps>0.103. Fig. 2Ci, ii). As expected 

the HFD led to prolonged weight gain in both males and females that was highly significant 

after 28 weeks of feeding (approx. 9.5 months of age) (Ps<0.001), but there was no 

difference according to genotype (Ps>0.209). Mice from the HFD were randomly allocated 

to the REV group. Following this point, female APP/PSEN1-HFD weighed significantly 

more than WT-HFD mice (P<0.01, Fig. 2Dii,). There were no genotype effects in LFD or 

REV mice (Ps>0.869). Decreased fat intake in REV mice led to rapid and substantial weight 

loss in all mice. In both sexes 10 weeks of LFD-feeding in REV mice led to significant 

decreases in weight compared to HFD mice (P<0.001, Fig. 2Di, ii). However, REV mice still 

weighed more than LFD mice that had never been fed the HFD (Ps<0.05).

Diet-induced alterations to glucose metabolism—Twenty weeks after initiation of 

diets (approx. 6.5 months of age) we confirmed that HFD had initiated a diabetic, (or pre-

diabetic), state by measuring blood glucose following a 5-hour fast. Blood glucose was 

higher in HFD than LFD groups in both males and females (Ps<0.001, Fig. 3A, B), but APP/

PSEN1 mice were not more affected than WT mice (Ps>0.24). A blood glucose level of 

greater than 250 mg/dl was recorded in some HFD mice, indicating that these mice had 

already reached a diabetic state. However, the distribution did not differ according to 

genotype (males: 3 WT (10.3%), 4 APP/PSEN1 (22.2%); females: 6 WT (31.5%), 5 APP/

PSEN1 (20.0%)). To more fully assess glucose metabolism, we conducted a glucose 

tolerance test prior to sacrifice. Area under the curve (AUC) was calculated for blood 

glucose using baseline (pre-glucose), and 30, 60, 90 and 120-minute time points following 

the 2g/kg (i.p.) glucose bolus. For both males and females APP/PSEN1-HFD mice had a 

greater AUC than all three other groups (Ps<0.001; Fig. 3Ci, ii, Di, ii) reflecting both greater 

magnitude of initial response and inability to clear the glucose within the same time frame.

Replacing HFD with LFD led to a complete reversal of glucose intolerance in REV mice of 

both genotypes, in both males and females (Fig. 3Ei, ii, Fi, ii). In males, AUC was greater in 

APP/PSEN1 than in WT mice (P<0.01), and in HFD-fed mice compared to both groups of 

LFD-fed mice (LFD, REV, Ps<0.001). In female mice, there was a significant interaction 

among the factors of diet and genotype (P<0.001) because while all APP/PSEN1 mice had 

an elevated AUC indicating they were less able to respond to the dietary challenge than WT 

mice, the effect was magnified in HFD mice. No differences were observed between LFD 

and REV mice indicating a recovery of glucose processing in these mice.

High fat diet decreases activity and impairs cognitive ability in both wild-type and APP/
PSEN1 mice

Activity—Mice were given four 1-hour activity sessions between 5 and 6 months to ensure 

that they were fully habituated to the chambers. This permitted later comparisons of 

voluntary locomotor behavior at multiple time points without additional potential confounds 

of anxiety in a novel situation. By the final habituation session all mice had reached a 

baseline level of exploration. In males HFD led to decreased exploration compared to LFD 

(P<0.001) but there were no effects of genotype (Ps>0.757, Fig. 3A). In females a more 
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modest decrease in activity in HFD mice was not significant at this time point, and there 

were no differences according to genotype (Ps>0.110, Fig. 3A). At the 9-month testing point 

the decreased activity was still evident in HFD fed mice in both males and females (Ps<0.05, 

Fig. 3B). In males hyperactivity was observed in some APP/PSEN1 mice, but only those on 

the low fat diet (P<0.05). In females there were no differences according to genotype 

(Ps>0.212).

We hypothesized that reversal to LFD and the resulting weight loss would also result in 

recovery of normal activity levels. REV mice increased activity following just 4 weeks of 

REV diets (Ps<0.05; Fig. 3Ci, Cii). Hyperlocomotion in APP/PSEN1 was only observed in 

male mice, and only in LFD condition (P<0.001).

Two trial Y-maze—At 9 months APP/PSEN1 mice showed poorer memory in the 2-trial Y 

maze as evidenced by less time spent in the novel arm on the test trial (Ps<0.05, Fig. 3D). 

Treatment with HFD also significantly decreased percent time spent in the novel arm 

(Ps<0.05). Greater exploration was recorded in male APP/PSEN1 mice compared to WT but 

only in LFD (P<0.01) and not HFD (P=0.96). The same effect was not observed in females. 

HFD led to decreased activity in both genotypes (Ps<0.01).

At 12 months the poorest performance on the Y-maze was seen in APP/PSEN1-HFD mice, 

which had poorer memory retention than all other groups (Ps<0.05, Fig. 3E). There was a 

striking rescue of spatial memory in APP/PSEN1-REV mice. Critically, REV mice did not 

differ from LFD. Distance travelled in the Y-maze on the test trial was dependent on dietary 

treatment for both sexes (P<0.001, data not shown) but not genotype (Ps>0.061). HFD mice 

travelled less than LFD groups, which was partially rescued by REV treatments in males, 

and fully rescued in females.

Nest building—Each mouse underwent nest building testing once, immediately prior to 

sacrifice. At 9 months male APP/PSEN1 mice formed poorer nests than WT mice (P<0.01, 

Fig. 3E), and HFD also led to poorer nest quality in both genotypes (P<0.001). In female 

mice, significant impairments compared to WT-LFD were only observed in the APP/PSEN1 

mice on HFD (Diet X Genotype interaction, P<0.001).

In 12-month-old mice, the same pattern was observed in both male and female mice in nest 

building (Fig. 3H). APP/PSEN1 mice formed poorer nests than wild-type mice (Ps<0.001), 

but dietary reversal rescued the impairments induced by the HFD in both WT and APP/

PSEN1 mice (Ps<0.001).

Lipid peroxidation is not driven by HFD treatments in brain

Malondialdehyde (MDA) was used as a marker for lipid peroxidation in brain (a mixed 

cortical area) and liver. In brain greater MDA was detected in APP/PSEN1 than WT mice 

(P<0.05, Fig. 5A), as previously observed (Dixit, et al., 2015) but only in LFD and not HFD 

(P<0.05). MDA levels increased by approximately 5-fold in the 2.5 months between 

measurements (Fig. 5B). However, this increase was lower in HFD groups, which had 

significantly lower MDA than either of the LFD-fed groups (P<0.01). At 12-months no 

difference was observed according to genotype (P=0.317). We also looked at MDA in liver 
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as a marker of changes that may be occurring in the peripheral organs. At 9.5 months MDA 

levels in the liver were greater in APP/PSEN1 than wild-type mice (P<0.05, Fig. 5C) 

regardless of diet (Ps>0.28). At 12 months, overall levels of MDA in the liver were similar to 

the younger age (Fig. 5D), although there were now no differences between genotypes 

(P=0.73), but greater MDA was detected in the HFD mice than either LFD or REV groups 

(P<0.01).

Neuroinflammatory response is dependent on current dietary status

At 9.5 months both APP/PSEN1 genotype (P<0.001) and HFD diet (P <0.001, Fig. 5E, M), 

increased expression of GFAP with the greatest expression in APP/PSEN1-HFD mice. At 12 

months the effects of diet and genotype were even more evident, with strikingly elevated 

GFAP expression in APP/PSEN1-HFD compared to other groups (genotype x diet 

interaction P<0.001, Fig. 5F, M), which was decreased in REV mice. TNF-α was measured 

as a further indicator of inflammatory response more reflective of microglial activation. 

TNF-α was elevated in HFD compared to LFD, including REV groups, at both age points 

(P<0.01; Fig. 5G, H, M). By 12 months, cortical TNF-α expression in REV mice did not 

differ from LFD mice (P=0.43).

Multiplex analyses were conducted for several markers in plasma to assess inflammatory 

response in the periphery. 5–6 animals were left in each group after outliers (>2 s.d. from 

group mean) were removed, (up to 1 per group). There were no significant main effects of 

diet or genotype (Ps>0.073), and no interactions (Ps>0.066) for IL-1b, IL-6, IL-10 or TNF-α 
(Fig. 5I–L).

High fat diet leads to greater Aβ accumulation and tau-phosphorylation in APP/PSEN1 
mice

At 9.5 months there was a slight trend toward increased tau phosphorylation observed in 

APP/PSEN1 mice, but this difference was not significant (P=0.08, Fig. 6A, C), and there 

was no effect of the HFD (P=0.52). By 12.5 months, APP/PSEN1 mice that remained on the 

HFD showed greater levels of tau phosphorylation than WT-HFD mice (P<0.05), an effect 

that was not observed in either of the other two diet groups (Ps>0.9, Fig. 6B, C).

We measured guanidine-HCl-soluble and – insoluble Aβ1-40 and Aβ1-42 in cortex of APP/

PSEN1 mice by ELISA to determine the extent of differences in our HFD group, and how 

far this damage may be attenuated by REV diets. No differences were found according to 

sex so data were collapsed for analysis. Soluble Aβ1-40 was slightly but not significantly 

increased in HFD (P=0.062, Fig. 6D), whereas insoluble Aβ1-40 was significantly greater in 

HFD mice (P<0.01). In contrast, while soluble Aβ1-42 was also higher in HFD mice 

(P<0.05), insoluble Aβ1-42 was not different among the groups (P=0.619). The ratio of total 

Aβ1-42/1-40 did not differ between the groups (LFD 2.74 +0.32, HFD 2.09 +0.35; P =0.19). 

At 12 months, there was a significant effect of mouse sex only on the measure of soluble 

Aβ1-40 where females had greater soluble Aβ1-40 than males (P<0.05), although there was 

no effect of diet (Ps>0.196). (Data in Fig 6E are presented as combined males and females 

for simplicity.) For all other analyses, data were combined across sex. Early HFD appeared 

to have increased production of soluble Aβ1-42 (Ps<0.01) and this was not rescued by REV 
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diet. Insoluble Aβ1-40 and Aβ1-42 were significantly decreased in REV compared to HFD 

(P<0.01). Total Aβ1-42/1-40 ratios were greatest in REV mice, but this was not significant 

(P=0.053; LFD 1.94 +0.14, HFD 2.29 +0.15, REV 2.46 +0.16).

Neprilysin (CD10) is involved in Aβ degradation and altered expression could explain 

changes in Aβ levels. We found no significant effects of diet or genotype at either age point 

(Fs<1.46, Ps>0.26, data not shown).

Failure to clear Aβ, or transport it from CSF into brain is one potential explanation for 

higher Aβ levels. We therefore checked levels of RAGE, which mediates transport of Aβ 
into the brain (Deane, et al., 2003). At 9.5 months, RAGE in hippocampus was elevated in 

HFD-APP/PSEN1 mice compared to WT and LFD mice (P<0.001, Fig. 6F, H). By 12 

months, RAGE expression was still elevated in APP/PSEN1 mice compared to WT, 

(P<0.001, Fig 6G, H). The effect of HFD increasing RAGE expression also persisted 

(P<0.001). Reversal of high fat intake resulted in lower RAGE expression in WT mice, but 

the same rescue was not observed in APP/PSEN1 mice.

Discussion

To model a lifetime of poor diet and induce an obese state, WT and APP/PSEN1 mice were 

fed HFD (60% calories from lard) from 2 months of age. Mice on HFD consumed more fat 

and calories overall, which led to significant weight gain. Instigation of LFD feeding 

following 28 weeks of HFD led to profound weight loss and reversal of obesity, and diabetic 

phenotypes, as well as cognitive, and neuropathological changes. APP/PSEN1 mice were 

more affected by diets in almost all of these categories, despite lack of an overt difference in 

weights between genotypes except in one group. It is unclear whether the greater weights 

recorded in female APP/PSEN1-HFD mice after the group was divided at 9.5 months 

reflects a true increased susceptibility to weight gain in these mice as has been observed in 

some studies (Mody, et al., 2011), or whether it reflects a sampling bias created during the 

random allocation of mice to continued HFD or REV diets. Genotypic difference in response 

to HFD was not observed in several other studies with similar design (Graham, et al., 2016, 

Ramos-Rodriguez, et al., 2014), and was not observed in the males in our study, or prior to 

9.5 months.

Despite similar weights, glucose clearance was significantly impacted in APP/PSEN1 mice. 

Glucose tolerance tests revealed a greater initial glucose spike in APP/PSEN1 mice on HFD 

at both ages, plus slower glucose clearance in those mice. Deterioration of glucose tolerance 

is likely due to HFD-induced insulin resistance. The decreased ability of APP/PSEN1 and 

other Alzheimer’s disease mouse models to clear a glucose load may be due not to 

differences in insulin resistance, but to failure to produce, store, and release enough new 

insulin to counter the elevated circulating glucose (Maesako, et al., 2012b, Mody, et al., 

2011). A similar effect of impaired glucose tolerance in a different APP/PSEN1 transgenic 

line was linked to differences in a number of factors involved in insulin signaling in the brain 

(Mody, et al., 2011). Competition between amyloid and insulin or amylin for insulin 

degrading enzyme has also been proposed as a contributory factor to altered insulin function 

(Schilling, 2016). It has also been proposed that brain-derived amyloid may accumulate in 
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the pancreas, compromising integrity and function of islets (Vandal, et al., 2015, Vandal, et 

al., 2014). The APP protein is also found in pancreas, however mutations in these 

Alzheimer’s disease mouse models are driven by brain-specific promoters and thus 

pancreatic amyloid is not likely to be produced in situ owing to the inserted human 

mutations. This additional negative role for amyloid in Alzheimer’s disease supports the 

argument for the bidirectional link between Alzheimer’s disease and diabetes.

The REV diet led to fast and sustained weight loss, and completely reversed abnormal 

glucose clearance, indicating that although APP/PSEN1 mice were more affected by the 

diets, this was not a permanent state. The forced weight reduction was designed to allow us 

to identify which neural and behavioral processes were indeed reversible following chronic 

high fat feeding. It is important to note that this type of dramatic weight loss of 30–40% is 

not readily achievable in clinical populations, particularly in such a short time frame (Batsis, 

et al., 2016). The only exception is in the case of bariatric surgeries where food intake is far 

more limited, following which improvements in cognitive ability have been described 

(Alosco, et al., 2014, Spitznagel, et al., 2015). Nevertheless a goal of healthy weight 

maintenance throughout life should be maintained given the deficits in learning and memory 

and cognitive function in obese populations (Elias, et al., 2003, Elias, et al., 2005, Waldstein 

and Katzel, 2006).

Negative effects of HFD on cognitive function have been observed within just a few weeks 

of starting the diets (Knight, et al., 2014). Unfortunately, the reality in human populations is 

that obesity is a chronic problem spanning years or decades. At both 9 and 12 months a 

modest deficit in Y-maze in APP/PSEN1 mice was amplified by chronic HFD. Performance 

was poorer in HFD mice overall indicating that cognitive deficits were not only due to 

pathology in APP/PSEN1 mice. Performance in the Y-maze is calculated from percent time 

spent exploring the novel arm permitting assessment despite differing activity levels. 

Although Y-maze exploration was sensitive to diet and genotype, activity differences cannot 

fully explain the different patterns of exploration of the novel arm given that all mice entered 

all three arms at least once, and locomotor activity was not lower in APP/PSEN1 mice than 

WT. Reversal of the obese state in the mice significantly rescued cognitive performance on 

this task, and this effect appeared more dramatic in APP/PSEN1 mice. The same pattern of 

behavioral deficits in APP/PSEN1 mice, worsened by HFD, and rescued by dietary reversal 

was observed in the nest building task. Nest building is analogous to a ‘Daily Living 

Activity’ for mice (Torres-Lista and Gimenez-Llort, 2013) and requires intact executive 

function. Although male and female mice undergo different evolutionary and hormonal 

pressures regarding nest building for the protection of offspring, all adults build nests given 

the opportunity and this task is sensitive to familial Alzheimer’s disease mutations, to diet 

and streptozotocin-induced diabetes, and in both sexes (Filali, et al., 2009, Torres-Lista and 

Gimenez-Llort, 2013, Wesson and Wilson, 2011, Yeh, et al., 2015).

Methodological variations among published studies often preclude the finding of consistent 

results, even when ostensibly the same task has been employed. Length and age-of-onset of 

dietary treatment, age, sex and genotypic mutations and the background of mice can all 

affect magnitude of deficits observed. Fat content and source (animal or vegetable-derived, 

(Julien, et al., 2010, Koivisto, et al., 2014)) are critical in determining physiological 
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response, and age of initiation and length of treatment vary widely amongst studies. 

Experimental high fat diets range from 20–70% fat content. Some studies begin diets in 

young mice (2 months, e.g. (Maesako, et al., 2012a, Theriault, et al., 2016)) and others not 

until far later in the life-span and disease processes (Mody, et al., 2011, Theriault, et al., 

2016). Nevertheless, cognitive deficits have been reported in a wide range of cognitive tasks, 

driven both by diet and genotype, although magnitude of deficits and compounding of diet 

and genotype effects vary (Knight, et al., 2014, Maesako, et al., 2012b, Peng, et al., 2014, 

Ramos-Rodriguez, et al., 2014, Yeh, et al., 2015). Even within our own study, the finding of 

cognitive deficits was not universal across tasks. We did not find significant differences 

among groups in commonly used tasks of Y-maze alternation and fear conditioning, both of 

which require intact hippocampal function. This could be due to task complexity or other 

methodological components age of testing and duration of diets (these tasks were begun at 6 

months of age), although HFD had clearly induced significant weight gain and led to a 

higher fasted blood glucose level by 6 months. We report significantly decreased activity in 

HFD mice, which is an important finding on its own as it may reflect reversible neurological 

changes not assessed in this study. These issues highlight the importance of task choice and 

the need for inclusion of multiple measures to avoid false negatives, or overstatement of 

outcomes.

Oxidative changes have been observed after short-term HFD feeding (e.g. 1 month), in the 

absence of changes in Aβ, indicating that it may be an early initiating factor in the disease 

process (Studzinski, et al., 2009). In our study HFD did not increase lipid peroxidation in the 

brain as measured by MDA. In fact, MDA was lower in HFD mice. We do not propose that 

HFD is protective against oxidative stress, rather that there has been some change in the lipid 

metabolism of these mice that causes this result.

Chronic inflammatory response is a hallmark of Alzheimer’s disease that ultimately 

contributes to irreversible damage within the brain (Lue, et al., 2010). Astrocytes play a key 

a role in amyloid degradation, and enhanced microglial activation is typically focused 

around areas of Aβ deposition (Graham, et al., 2016, Ramos-Rodriguez, et al., 2014, 

Simard, et al., 2006). We therefore measured both GFAP and TNF-α in hippocampus by 

Western blot as a marker for glial activation. Both were increased significantly by HFD, and 

the increase in GFAP was greater in APP/PSEN1 mice. Both GFAP and TNF-α were also 

responsive to the reversal of high fat intake, indicating systems that may be responsive to 

therapeutic intervention. Similar changes in inflammatory response were seen in WT and 

APP/PSEN1 mice, including GFAP, Iba-1, s100b, and IL-6 (Graham, et al., 2016, Pistell, et 

al., 2010, Simard, et al., 2006, Yeh, et al., 2015). Increased fat intake in C57Bl6 mice caused 

isolated microglia to secrete more TNF-α, but the same effect was not observed in 

peripheral macrophages, indicating that despite the strong effect of peripheral adiposity, 

there are specific changes in the brain (Puig, et al., 2012). Indeed, although peripheral 

inflammatory markers showed a strong trend toward greater inflammatory response in the 

HFD-fed APP/PSEN1 mice the variability seen in the data indicates that this is likely not the 

primary, or only source of inflammatory response in the brain. To obtain a thorough 

understanding of these changes, a full panel of cytokines and chemokines and pro-

inflammatory molecules should be studied in future. Identifying the changes that most 

strongly correlate with cognitive decline, and which are most amenable to reversal, may help 
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identify the best areas for therapeutic targets. For example, high fat and sugar consumption 

increased a number of pro-inflammatory markers in prefrontal cortex of young (<5 months) 

C57Bl/6 mice (including IL-6, IL-Iβ, but not TNF-α)(Carlin, et al., 2016). Interestingly, 

voluntary exercise (running wheels) prevented this increase only in CCL2 and CXCL10.

HFD has been shown to have a negative effect on the two major pathological pathways of 

Alzheimer’s disease; tau phosphorylation and Aβ accumulation. Hyperphosphorylation of 

tau ultimately contributes to microtubule breakdown and formation of neurofibrillary 

tangles, both of which can then contribute to learning and memory deficits. Insulin 

deficiency may contribute to tau phosphorylation through modulation of activity of tau 

kinases (Bosco, et al., 2011, Zhang, et al., 2016). HFD increased tau phosphorylation in the 

APP/PSEN1 line, but not in wild-type mice, an effect that was observed in cortex but not 

hippocampus (Ramos-Rodriguez, et al., 2014). Here we report an increase in tau 

phosphorylation in the hippocampus of APP/PSEN1 mice that was driven by high fat diet, 

but that was prevented by dietary reversal.

Amyloid accumulation may result from increased production, failed degradation and 

clearance, or a combination of these factors. HFD can promote cleavage of APP by altered 

regulation of BACE1 trafficking, and thus ultimately resulting in greater production of Aβ 
(Dall'Armellina, et al., 2013, Maesako, et al., 2015). Studies that have used long-term HFD 

interventions, or earlier starting points tend to find greater changes in amyloid accumulation 

(Maesako, et al., 2012a, Maesako, et al., 2012b, Shie, et al., 2002). Aβ clearance is at least 

partially dependent on activity of astrocytes and microglia. Plaques are often surrounded by 

microglia, which may explain why HFD-fed animals exhibit a heavier microglial burden 

than WT or LFD mice (Ramos-Rodriguez, et al., 2014, Shi, et al., 2013). The reversible 

effect of HFD on both GFAP and TNF-α, supports the hypothesis that glial cells play an 

important role in the changes in Aβ level reported here. Nevertheless, whether the detected 

changes occurred in glial cells which were directly associated with plaques was not 

determined as part of this study.

Increased formation of AGEs and expression of RAGE are seen in both Alzheimer’s disease 

and type 2 diabetes (Guglielmotto, et al., 2012, Srikanth, et al., 2011, Yan, et al., 2009). We 

found significant upregulation of RAGE by both HFD and APP/PSEN1 genotype, with the 

greatest effects in the combination group. RAGE was increased in blood vessels of 6 months 

old APP/PSEN1 mice by 8 weeks of HFD feeding (32% fat), in combination with microglial 

activation. This was despite no change in plaque load (Herculano, et al., 2013) indicating 

that amyloid load per se may not be the main factor in cognitive decline. The increase in 

RAGE was prevented by treatment with carnosine, which has anti-glycation properties, 

indicating that there may be an area for intervention, and indeed our data suggest that dietary 

reversal was effective against RAGE over-expression, although the effect was mostly limited 

to WT mice. Wistar rats fed a 45% fat diet for 17 weeks also increased RAGE expression 

although this was unaffected by treatment with proposed anti-inflammatory blackberry 

extract in the HFD-fed mice (Meireles, et al., 2015).

The literature is mixed as to extent of increases in soluble versus insoluble Aβ, changes in 

plaque deposition (number and size) and even differences in cortical compared to 
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hippocampal areas (Graham, et al., 2016, Knight, et al., 2014, Ramos-Rodriguez, et al., 

2014, Takeda, et al., 2010, Yeh, et al., 2015). As with other measures, this may depend 

largely on type and duration of dietary treatment. Our data are in agreement with the 

majority of studies, which point to a clear ability of HFD to increase plaque deposition in 

mouse models of AD e.g. (Ettcheto, et al., 2016, Levin-Allerhand, et al., 2002, Maesako, et 

al., 2015). There is less consensus as to the specific cause of this accumulation with 

evidence for and against enzymatic activity, amyloid transport across the blood brain barrier, 

and glial cell response as driving forces behind the pathogenesis. HFD has also been shown 

to drive BBB leakage. Vascular integrity was more compromised in APPSL mice than WT 

following just 12 weeks of 23% HFD (Loffler, et al., 2016). 27 weeks feeding with 60% 

HFD in APP/PSEN1 mice increased cortical haemorrhage burden as indicated by Prussian 

blue staining (Ramos-Rodriguez, et al., 2014). If the BBB is compromised, the influx and 

efflux of AB would be less dependent on transport by LRP-1 and RAGE (Deane, et al., 

2003, Zlokovic, et al., 2010). Advanced magnetic resonance imaging techniques indicate 

that altered neurovascular function and BBB integrity, including BBB leakage and lower 

cerebral blood flow, are indeed early pathological events in Alzheimer’s disease that are 

strongly related to cognitive decline (Montagne, et al., 2015,van de Haar, et al., 2016a,van de 

Haar, et al., 2016b). These findings are particularly significant because they suggest that 

amelioration of these neurovascular factors, such as by reversal of high fat diet intake, could 

aid in stabilization of the BBB and thereby directly contribute to slowing cognitive decline.

Conclusions

In this study we showed that HFD feeding led to weight gain, diabetic state (glucose 

intolerance), cognitive impairment, neuroinflammatory response, tau phosphorylation and 

Aβ accumulation in APP/PSEN1 mice. Each of these was reversed, at least partially, by 

substituting a LFD for HFD, even after 7 months of HFD feeding when neuropathological 

burden was reasonably advanced. These data support the adverse role of HFD in 

Alzheimer’s disease pathogenesis and suggest that early to midlife diet may be critical in 

triggering accelerated amyloid pathology. Although this suggests that lifestyle changes, or 

targeted pharmacological interventions, may be effective against pathological and cognitive 

changes, it also highlights the importance of early interventions and preventative measures 

to protect neural health in aging and disease. Extreme weight loss as observed here in our 

mouse model, and the instigation of such austere dietary change, is complicated in human 

populations, particularly in the elderly or cognitively compromised individuals. 

Nevertheless, continued work to clarify the mechanisms by which dietary reversal can 

improve cognition and neural function is critical to the development of new therapeutics to 

obtain the same cognitive improvement in both obese, and non-obese individuals.
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HFD
High fat diet

LFD
Low fat diet

HFD to LFD; REV
Reversal diet

Aβ
β-amyloid

APP
Amyloid Precursor Protein

PSEN1
Presenilin 1

RAGE
Receptor for Advanced Glycation End Products

AGE
Advanced Glycation End Products

EZM
Elevated Zero Maze

GTT
Glucose Tolerance Test

TNF-α
Tumor Necrosis Factor-alpha

IL:IL-1b, IL-6, IL-10
Inter-Leukin

ELISA
Enzyme-linked Immunosorbent Assay

GFAP
Glial Fibrillary Acidic Protein

MDA
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Highlights

• High fat diet-induced cognitive deficits were reversible by low fat diet 

treatment

• High fat diet-induced inflammatory response was reversible by low fat diet 

treatment

• High fat diet-induced acceleration of β-amyloid accumulation was partially 

reversible

• APP/PSEN1 mice on high fat diet showed greater glucose intolerance than 

wild-type mice
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Figure 1. Experimental design
Mice were randomly allocated to high fat diet (HFD) or low fat diet (LFD) at 2 months of 

age and remained on the same diet until sacrifice, except in the case of Reversal (REV) 

mice. Half of surviving high fat diet mice were switched to low fat diet (Reversal) at 9.5 

months of age. Y-maze (spontaneous alternation) and fear conditioning were conducted at 6 

months of age following activity and elevated zero maze. a Denotes tasks that were 

conducted but are not described below. Methods and Results for these tasks are given in 

Supplementary File 1.
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Figure 2. High fat diet increases food consumption and leads to weight gain Food intake
A) Food intake was assessed per cage per week, and is calculated as intake per mouse, (male 

mice F1, 20=2.892, P=0.105; female mice F1, 18=5.575, P=0.03), N=8–14 cages per group. 

B) Intake patterns remained similar in LFD and HFD mice at 9.5 months, but a dramatically 

decreased intake was observed in REV mice (males F1, 7=11.223, P=0.007; females 

F1, 8=29.911, P=0.001 ) N=3–5 cages per group. Mouse weight up to 9 months. Weights 

were monitored weekly, and are presented here in 4-week blocks for Ci) males, and Cii) 
females up to 9 months of age when the first set of mice were sacrificed. HFD weighed 

significantly more than LFD following instigation of the diets (week x diet interaction: 

males F7, 532=92.63, P<0.001, females F7, 518=100.81, P<0.001). N=15–29 per group. 

Mouse weight following reversal diet initiation Weights are shown in 2-week time bins 

following instigation of REV diets in Di) males and Dii) females. Weights varied according 

to diet and time in males (diet x time interaction F2, 41=229.20, P<0.001) and females (diet x 

time F2, 44=131.102, P<0.001, diet x genotype F2, 44=4.16, P<0.001). N=5–11 per group. A, 
B) Data were analyzed separately for male and female mice using Univariate ANOVA with 

diet as the independent variable. C, D) Data were analyzed by 2(genotype) x 2(diet) x 2(time 

point) RM-ANOVA . *, **, *** P<0.05, 0.01, 0.001 versus all other diet groups, +++ 

P<0.001 effect of genotype within HFD.

Walker et al. Page 22

Neurobiol Dis. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Diet-induced obesity leads to glucose intolerance to a greater extent in APP/PSEN1 
mice and is rescued by reversal to LFD
Blood glucose: HFD significantly increased fasted blood glucose levels in A) male 

(F1, 77=68.59, P<0.001) and B) female mice (F1, 73=114.79, P<0.001) following 20 weeks 

on diet. There were no effects of genotype on this measure (Fs<1.38, Ps>0.24). N=15–29 per 

group. Glucose tolerance test-9.5 months: In both C) males and D) females Area Under the 

Curve (AUC) measurements were significantly elevated in APP/PSEN1-HFD mice 

compared to other groups (Genotype x Diet interaction F1, 27=13.340, P=0.001 and 

F1, 27=16.343, P=0.001 respectively) indicating that groups responded to the glucose bolus 

differently. N=5–10 per group. Glucose tolerance test-12 months REV diets completely 

reversed glucose intolerance phenotype in both WT and APP/PSEN1 mice. E) In males 

AUC was larger in APP/PSEN1 mice (F1, 41 = 9.592, P=0.004), and in HFD-fed mice (F2, 41 

= 37.243, P<0.001), with no interaction among the factors. F) In females the effect of HFD 

was even greater in APP/PSEN1 mice (F2, 42 = 7.136, P=0.002). N=5–10 per group.
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Data were analyzed by 2(genotype) x 2 or 3(diet) ANOVA. *, **, *** P<0.05, 0.01, 0.001 

indicates different compared to all other groups, or as marked. For Eii) ## P<0.001, indicates 

main effect of genotype; +++ P<0.001 indicates main effect of diet, HFD compared to LFD 

and REV, regardless of genotype.
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Figure 4. HFD-induce cognitive deficits are reversed by switching to LFD in both APP/PSEN1 
and WT mice
Locomotor activity. A) At 6 months of age male mice on HFD travelled less in the activity 

chambers than LFD (F1, 77=28.031, P<0.001), but activity was not dependent on genotype, 

(Ps>0.757). Female mice explored similar amounts regardless of diet and genotype 

(Ps>0.110). N=15–29 per group. B) At 9 months of age decreased activity induced by HFD-

feeding was observed in both males (F1, 68=22.23, P<0.001) and females (F1, 66=10.067, 

P<0.01). Hyperactivity was observed in male APP/PSEN1 mice, but only in the LFD 

condition (diet X genotype interaction, F1, 68=4.085, P<0.05). There were no differences 

according to genotype in female mice (Fs1, 66<1.585, Ps>0.212). N=15–26 per group. C) 
Locomotor activity. Significant recovery of HFD-induced hypolocomotion following REV 

diets was observed in both males (Ci; Main effects of both Genotype and Diet (Ps<0.05), 

and significant interactions: Session X Diet F4, 82=2.95, P<0.05, Genotype X Diet 

F2, 41=4.50, P<0.05) and females (Cii; Main effect of Diet, Session x Diet interaction 

(Ps<0.05); Genotype x Diet x Session F4, 86=2.64, P<0.05). Y maze. D) APP/PSEN1 mice 

spend less time in novel arm, (males F1, 77=4.47, P<0.05; females F1, 66=11.92, P<0.001). 

HFD feeding also decreased percent time spent in novel arm (males F1, 77=13.97, P<0.001; 

females F1, 66=4.23, P<0.05). There was no Diet X Genotype interaction for either sex 

(Fs<0.87, Ps>0.35). N=15–29 per group. E) In male mice poorest performance (least percent 

time spent in novel arms) was observed in HFD-APP/PSEN1 mice. There were significant 

main effects of both genotype (F1, 42=4.41, P<0.05) and diet (F2, 42=6.93, P<0.01) but no 

interaction among the factors (F2, 42= 1.68, P=0.20). A similar pattern was observed in 

female mice with poorest performance recorded in HFD-APP/PSEN1 mice and a recovery 

of function in REV mice (F2, 43=5.07, P<0.05). There was no significant effect of genotype 

(F1, 43=1.32, p=0.26). Nest building. F) Nest building in male mice was poorer in APP/

PSEN1 mice than WT (F1,27=9.06, P<0.01) and in HFD compared to LFD mice 

(F1,27=21.93, P<0.001). In female mice significant impairments in nest building behavior 

were only observed in the APP/PSEN1 mice on HFD (Diet X Genotype interaction, 

F1,21=15.08, P<0.001). G) Both male and female APP/PSEN1 mice built poorer quality 

nests than WT counterparts regardless of diet (male F1,40=25.66, P<0.001, female 

F1,42=23.78, P<0.001). HFD also significantly impaired nest quality, and this deficit was 

reversed in REV mice (males F2,40 =11.73, P<0.001, females F2,42=22.65, P<0.001). *, **, 
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*** P<0.05, 0.01, 0.001 indicates difference compared to all other diet groups, or between 

two diet groups as marked; a, b, c P<0.05, 0.01, 0.001 according to genotype (WT vs. APP/

PSEN1 regardless of diet).
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Figure 5. High fat diet drives changes in oxidative stress and inflammatory response in brainand 
periphery
A–D) Lipid peroxidation. A) At 9.5 months Malondialdehyde (MDA) in brain was elevated 

in APP/PSEN1 mice, but only those on LFD (diet X genotype interaction F1, 34=6.545, 

P<0.05). N=8–12 per group. B) At 12 months MDA in brain was lower in HFD mice than 

the other diet groups (F2, 76=8.682, P<0.001), but there was no effect of genotype 

(F1, 76=1.015, P=0.317). N=12–16 per group. C) At 9.5 months MDA in liver was 

significantly greater in APP/PSEN1 mice than WT (F1, 52=4.10, P<0.05), regardless of diet. 

N=11–17 per group. D) At 12 months MDA in liver was not affected by genotype (F1, 87 = 

0.119, P=0.73) but was elevated in HFD mice (F2, 87 = 5.019, P<0.01). N=13–17 per group. 

E–L) Inflammatory response E) At 9.5 months GFAP expression was increased by both 

APP/PSEN1 genotype (F1, 31=28.92, P<0.001), and HFD (F1, 31=20.86, P<0.001). N=8–9 

per group. A representative Western Blot is shown for GFAP and actin for both age groups 

under the relevant panel. F) At 12 months GFAP expression was elevated in APP/PSEN1 

mice HFD-fed mice compared to every other group tested (Genotype F1, 25=43.42, P<0.001; 

diet F2, 25 =26.659, P<0.001; Interaction F2, 25=20.297, P<0.001). N=5–6 per group. G) At 

9.5 months TNF- α expression was greater in HFD animals than LFD (F1, 30=9.31, P<0.01) 

regardless of genotype (F1, 30=0.42, P=0.52, interaction F1, 30=2.94, P=0.09). N=7–10 per 

group. H) By 12 months TNF-α expression was still elevated in HFD compared to other diet 

groups at 12 months (F1, 18=8.39, P<0.01) with difference according to genotype 

(F1, 18=2.09, P=0.17, diet x genotype interaction F1, 18=3.46, P=0.054). N=3–5 per group. 

Representative images from Western Blot experiments are shown in panel M. I-L) Plasma 
inflammatory markers. No effects of diet or genotype were observed in any of the markers 

assayed Il-1b, IL-6, IL-10, TNFα (Fs<2.88, Ps>0.073), with no interactions (Fs<3.0, 

Ps>0.066). N=5–6 per group *, ** P<0.05, 0.01 indicates differences as marked, a P<0.05 

indicates main effect of genotype regardless of diet group.
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Figure 6. High fat diet leads to greater tau phosphorylation and Aβ accumulation in APP/PSEN1 
mice
Tau phosphorylation in hippocampus was calculated as p-tau/Tau, made relative to WT-LFD 

mice. A,C) At 9.5 months there were no significant effects of genotype of diet on tau 

phosphorylation (Fs1, 20<3.38, Ps>0.08). B,C) By 12.5 months, there were no overall main 

effects of diet or genotype (Fs<1.78, Ps>0.12), but pairwise comparisons indicated that tau 

phosphorylation had increased in the APP/PSEN1 compared to WT in the HFD mice only 

(P=0.026), but not LFD (P=0.932), or REV groups (P=0.899).

Amyloid-β levels were measured in cortex of APP/PSEN1 mice only using ELISA. D) At 

9.5 months soluble Aβ1-40 levels did not differ between LFD and HFD fed mice 

(F1, 18=3.958, P=0.062). Insoluble Aβ1-40 and Soluble Aβ1-42 were significantly elevated in 

HFD mice (F1, 18=11.483, P<0.01; F1, 18=4.915, P<0.05 respectively). Insoluble Aβ1-42 was 

unchanged according to diet (F1, 18=0.255, P=0.619). Data are combined for males and 

females, N=9–11 per group. E) At 12 months female mice had greater soluble Aβ1-40 than 

males, but there were no effects of diet for either group (F2, 35=1.71, P=0.196). There were 

no effects of sex on any other measure. Data are shown collapsed across sex for all 

measures. Insoluble Aβ1-40, Soluble Aβ1-42, and Insoluble Aβ1-42 were all significantly 
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altered according to dietary treatment (F2, 38=5.966, P<0.006, F2, 38=8.026, P<0.001, 

F2, 38=5.653, P<0.01, respectively). N=12–15 per group. F,H) At 9.5 months expression of 

RAGE protein was increased by APP/PSEN1 genotype (F1, 25=6.3, P<0.05), and HFD 

(F1, 25=19.2, P<0.001). A pairwise comparisons following the significant interaction 

(F1, 25=4.99, P<0.05) showed that APP/PSEN1 had greater RAGE expression than each of 

the other groups (Ps<0.05). N=5–9 per group. G,H) At 12 months there RAGE expression 

was elevated in APP/PSEN1 mice (F1, 22=17.98, P<0.001). Treatment with HFD led to 

elevated RAGE expression (F2, 22=12.82, P<0.001). Follow up comparisons indicated that 

although REV diets decreased RAGE expression in WT mice, the same was not observed in 

APP/PSEN1. N=3–6 per group. *, **, *** P<0.05, 0.01, 0.001 indicates differences between 

groups as marked based on Univariate ANOVA (Tukey) or post hoc analyses (Bonferroni) 
following significant omnibus ANOVA. C,H) Representative Western blots. Where only 

data for APP/PSEN1 mice are present, bars are in the order: D) LFD, HFD, E) LFD, HFD, 

REV.
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