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and cognitive deficits in 3xTg mice, a model of AD, 
fed either a Control diet or a high-fat, high-sucrose 
Western diet (WD). We find that acarbose decreases 
the body weight and adiposity of WD-fed 3xTg mice, 
increasing energy expenditure while also stimulat-
ing food consumption, and improves glycemic con-
trol. Both male and female WD-fed 3xTg mice have 
worsened cognitive deficits than Control-fed mice, 
and these deficits are ameliorated by acarbose treat-
ment. Molecular and histological analysis of tau and 
amyloid pathology identified sex-specific effects 
of acarbose which are uncoupled from the dramatic 
improvements in cognition in females, suggesting 

Abstract  Age is the greatest risk factor for Alzhei-
mer’s disease (AD) as well as for other disorders that 
increase the risk of AD such as diabetes and obesity. 
There is growing interest in determining if interven-
tions that promote metabolic health can prevent or 
delay AD. Acarbose is an anti-diabetic drug that not 
only improves glucose homeostasis, but also extends 
the lifespan of wild-type mice. Here, we test the 
hypothesis that acarbose will not only preserve meta-
bolic health, but also slow or prevent AD pathology 
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that the benefits of acarbose on AD may be largely 
driven by improved metabolic health. In conclusion, 
our results suggest that acarbose may be a promising 
intervention to prevent, delay, or even treat AD, espe-
cially in individuals consuming a WD.

Keywords  Alzheimer’s disease · Western diet · 
Acarbose · 3xTg

Introduction

As the aging population grows, so does the number of 
individuals afflicted with age-related diseases, includ-
ing Alzheimer’s disease (AD). It is estimated that 6.7 
million individuals in the United States alone are liv-
ing with AD, a number that is projected to double by 
the year 2050 [1, 2]. Along with the greatly increasing 
prevalence of AD are exorbitantly high medical costs. 
In total, AD and related dementias cost the United 
States approximately 345 billion dollars in 2023, 
which is projected to increase to one trillion dollars 
by the year 2050 [1, 2]. Both the high economic cost 
and prevalence of AD highlight the importance of 
identifying effective treatment options.

Diabetes and obesity are also significant risk 
factors for AD [1], and glucose tolerance is known 
to be impaired in people with AD (reviewed in 
[3]). As such, factors that contribute to metabolic 
health, including diet, may play a large role in the 

development of AD. For years, Western diet (WD), 
defined as high caloric intake with high levels of 
carbohydrates, fats (particularly saturated fats), and 
cholesterol [4–6], has been implicated in the obe-
sity epidemic and the development and progression 
of T2DM. Consuming a WD just one day a week 
leads to sustained insulin resistance and fatty liver 
disease in mice [7]. A link has also been established 
between WD and AD [5, 6, 8–11]. Long term con-
sumption of a WD exacerbates many aspects of AD 
pathology, including neuroinflammation, β-amyloid 
pathology, and tau pathology in several mouse mod-
els of AD [5, 8, 9, 11].

Acarbose is an α-glucosidase inhibitor that has 
been prescribed for treatment of T2DM since the 
late 1900’s [12, 13]. After a meal, α-glucosidase in 
the small intestines cleaves polysaccharides, which 
allows the smaller monosaccharides to be taken 
up by the gut, resulting in a post-prandial spike 
in blood glucose levels. When acarbose is used, 
α-glucosidase activity is blocked, leading to slowed 
and reduced overall glucose absorption and lowered 
post-prandial hyperglycemia [12, 13]. The benefits 
of acarbose on metabolic health have been shown 
in both mice and humans, and include reductions 
in body weight and improved glucose homeostasis 
[14–18]. Acarbose has also been shown to extend 
lifespan in genetically heterogenous mice, suggest-
ing that it may act to slow the aging process, espe-
cially in males [16, 17].
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As acarbose improves metabolic health and slows 
aging, it might also be able to combat AD through a 
variety of mechanisms. Acarbose reduces the activ-
ity of the mechanistic target of rapamycin complex 
1 (mTORC1) in both liver and kidneys [19], and 
genetic or pharmaceutical inhibition of mTORC1 
has been found to extend lifespan in diverse species 
(reviewed in [20, 21]). mTORC1 signaling is also 
strongly linked to AD, with humans with AD exhibit-
ing increased mTORC1 activation, and inhibition of 
mTORC1 with rapamycin has been shown to improve 
cognition and delay AD pathology in multiple mouse 
models [22–26]. Conversely, acarbose boosts the 
activity of a second mTOR complex, mTOR complex 
2 (mTORC2) in the liver in male mice [27]. mTORC2 
is necessary for normal neuronal morphology and 
synaptic plasticity, and its activity may be reduced 
in AD, suggesting a role for decreased mTORC2 in 
AD pathology [28]. mTORC1 and mTORC2 have 
both been shown to have effects on autophagy, which 
is dysfunctional in those with AD [29–31]. Finally, 
acarbose has been shown to reduce age-related 
increases in inflammation in liver and kidney via 
inhibition of the MEK3/p38/MK2 pathway [32], and 
to reduce hypothalamic inflammation specifically in 
males [33].

The triple-transgenic (3xTg) mouse expresses 
familial human isoforms of APP (APPSwe), Tau 
(tauP301L), and Presenilin (PS1M146V), which leads it 
to develop both Aβ and tau pathology as well as cog-
nitive deficits [26, 34–36]. The 3xTg mouse exhibits 
tau phosphorylation by 6 months of age, followed by 
Aβ in both the hippocampus and cortex by approxi-
mately 12 months of age. Cognitive decline is appar-
ent by 6 months of age. Previous work in 3xTg mice 
utilizing a high-fat diet has shown that consumption 
of a high-fat diet leads to worsened metabolic health, 
aggravated amyloid and tau pathology, and impaired 
cognitive function [37–39].

We hypothesized that a high-fat high-sucrose WD 
would exacerbate the pathology and symptoms of 
AD, which acarbose would be effective at ameliorat-
ing. Here, we preconditioned 3xTg mice by feeding 
either Con or WD from 2–6 months of age, inducing 
obesity and insulin resistance in WD-fed mice. We 
then initiated acarbose treatment in the diets of both 
3xTg and non-transgenic (NTg) controls at 6 months 
of age, coinciding with the beginnings of cognitive 
decline in the model, and roughly equivalent to a 

person with AD first beginning to experience clinical 
symptoms. We assessed the effects of both WD and 
acarbose on metabolic health, AD pathology, cogni-
tion, and survival.

We find that WD negatively impacts both meta-
bolic health and cognition in 3xTg mice, with sex-
dependent effects on AD pathology. Acarbose treat-
ment had minimal effects on metabolic health, 
cognition, and AD pathology in the context of a 
low-fat control diet, but when administered to WD-
fed 3xTg mice acarbose ameliorated almost all WD-
induced impairments of metabolic health and cog-
nition. The effects of a WD and acarbose on mTOR 
signaling, autophagy, and AD pathology was strongly 
sex dependent. In females, WD decreased mTORC2 
signaling. In males, mTORC2 signaling was 
increased by WD and accumulation of p62 suggests 
autophagy was decreased. Acarbose reversed WD-
induced mTORC2 changes in females and autophagy 
changes in males. With respect to AD pathology, 
WD-fed females exhibited a decrease in total tau, 
insoluble Aβ40, and both soluble and insoluble Aβ42. 
In males, WD increased both total and phosphoryl-
ated tau levels as well as insoluble Aβ40 and soluble 
Aβ42, while soluble Aβ40 and insoluble Aβ42 levels 
were decreased by acarbose. WD impairs cognition 
in both male and female 3xTg mice, and acarbose 
completely reverses these effects. Finally, we find 
that WD dramatically increases the mortality of male 
3xTg mice, but acarbose treatment is not sufficient to 
improve survival. In conclusion, our findings suggest 
that acarbose may have the potential to improve not 
only metabolic health, but also to preserve cognition 
in people with AD who are suffering from metabolic 
syndrome or consuming a WD.

Results

Acarbose improves body weight, fat mass, and 
metabolic health in WD‑fed mice

We randomly assigned male and female 3xTg mice 
and non-transgenic (B6129SF2/J; NTg) mice to one 
of four diet groups: 1) a low-fat Control diet (Con); 
2) a Control diet containing 1,000  ppm acarbose 
(Con + ACA); 3) a high-fat, high-sucrose Western 
diet (WD); or 4) a WD containing 1,000  ppm acar-
bose (WD + ACA). WD and WD + ACA mice were 
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preconditioned on WD for 4 months prior to the start 
of the study (from 2 to 6  months of age); likewise, 
Con and Con + ACA mice were fed Con in parallel; 
all mice were then switched to their final diet groups, 
containing acarbose or not, at 6  months of age. 
An acarbose concentration of 1,000  ppm was cho-
sen due to the ability of this dose to extend lifespan 
and improve the healthspan of aging mice [16, 40]. 
The detailed composition of each diet is provided in 
Table S1.

The experimental design is summarized in 
Fig.  1A; in addition to the indicated procedures, we 
examined mice longitudinally, tracking their body 
weight monthly and determining body composition 
at the beginning of the experiment (6 months of age) 
and at the end of the experiment after 6  months on 
diet  (12 months of age). As expected, both female 
and male 3xTg mice preconditioned on WD from 
2 to 6  months of age had significantly greater body 
weight, fat mass, and adiposity than their Con-fed 
counterparts (Figs.  1B-E, G-J). Acarbose treatment 
immediately began reducing the body weight of WD-
fed 3xTg mice of both sexes, significantly reduc-
ing fat mass and slightly reducing lean mass after 
6 months of treatment; the overall effect was one of 

significantly reduced adiposity. Acarbose also blunted 
the accretion of body and fat mass and overall adipos-
ity in 3xTg females, but not in males, consuming the 
low-fat Con diet (Figs.  1C, E). These improvements 
in body weight and composition were not the result of 
reduced food consumption; instead, acarbose stimu-
lated food consumption in both female and male 3xTg 
mice, regardless of whether the mice were fed Con or 
WD (Figs. 1F, K). Overall, acarbose administration in 
the context of WD dramatically reduced body weight 
and improved body composition despite increased 
food consumption.

NTg females had increased body mass, fat and 
lean mass, and adiposity when fed a WD, and this 
was completely ablated by administration of acar-
bose (Figs.  S1A-D). Acarbose treatment in Con-fed 
females did not induce any changes in body mass or 
composition. Despite the decreased weight of WD-
fed NTg females, treatment with acarbose signifi-
cantly increased food consumption (Fig. S1E). Male 
NTg mice also increased in body mass, fat mass, 
and adiposity when fed WD, which was reversed 
by acarbose treatment (Figs.  S1F-I). Acarbose also 
decreased the fat mass and adiposity in Con-fed 
males (Figs.  S1G,I). Acarbose treatment increased 
food consumption in Con-fed, but not WD-fed, males 
(Fig. S1J). In summary, acarbose is effective at ame-
liorating WD-induced changes to body mass and 
composition in both sexes of 3xTg and NTg mice, 
with acarbose having minimal effects on Con-fed 
mice.

As acarbose-treated mice exhibited decreased 
body mass and reduced fat mass and adiposity despite 
increased food consumption, we examined energy 
balance parameters using metabolic chambers. Both 
female and male 3xTg mice exhibited decreased 
energy expenditure on WD, which was reversed by 
acarbose (Figs. 2A, D). WD-fed NTg mice exhibited 
a similar response to acarbose (Figs. S2A, D). These 
differences in energy expenditure were not associ-
ated with changes in activity in 3xTg females, but 
acarbose did increase activity in WD-fed 3xTg males, 
which reached statistical significance during the light 
cycle. (Figs. 2B, E). In NTg mice, there was a signifi-
cant decrease in activity during the dark cycle due to 
WD in females but no alterations in activity in male 
NTg mice by either diet or treatment (Figs. S2B, E). 
Finally, we assessed substrate utilization by measur-
ing the respiratory exchange ratio (RER), which is 

Fig. 1   WD-induced changes in the body mass and adiposity 
of 3xTg mice are ameliorated by acarbose. (A)  Experimen-
tal design: female and male 3xTg and non-transgenic (NTg) 
mice were placed on the indicated diets at 2  months of age, 
then at 6 months of age, half of each group was swapped onto 
the same diets containing 1,000  ppm acarbose; mice peri-
odically underwent metabolic and cognitive phenotyping until 
12  months of age. Schematic created with Biorender.com. 
(B–E)  In female 3xTg mice, body weight (B) was measured 
over the course of the experiment while mice consumed the 
indicated diets; fat (C) and lean mass (D) were determined at 
the beginning and end of the experiment, and adiposity (E) 
was calculated; n = 9–10 mice/group. (F) Food consumption of 
female 3xTg mice was measured in home cages at 10 months 
of age and normalized to body weight; n = 4–5 cages/group.
(G–J) In male 3xTg mice, body weight (G) was measured over 
the course of the experiment while mice consumed the indi-
cated diets; fat (H) and lean mass (I) were determined at the 
beginning and end of the experiment, and adiposity (J) was 
calculated; n = 5–14 mice/group. (K) Food consumption of 
male 3xTg mice was measured in home cages at 10 months of 
age and normalized to body weight; n = 7–10 cages/group. (C–
F, H–K) Statistics for the overall effects of diet, acarbose treat-
ment (ACA), and the interaction represent the p-value from 
a 2-way ANOVA conducted separately for each time point 
(when applicable), with Sidak post-test, *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001. Data represented as 
mean ± SEM

◂
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calculated from the ratio of O2 consumed and CO2 
released; when the RER approaches 1.0, carbohy-
drates are primarily being utilized for energy produc-
tion, and when the RER approaches 0.7, lipids are 
primarily being utilized [41, 42]. As expected, WD-
fed mice of both sexes had significantly decreased 
RER, signifying that WD-fed mice use significantly 
more lipids for their energy production than carbohy-
drates; there was no effect of acarbose (Figs. 2C, F). 
NTg males exhibit a similar response to WD feed-
ing, but females have no significant changes to RER 
in any group (Figs.  S2C, F). Thus, acarbose may 
improve body composition in part through increased 
energy expenditure, which may be due to increased 
activity in male mice.

Acarbose acts to improve glycemic control by 
blunting the postprandial blood glucose spike, 
improving insulin sensitivity in both humans and 

mice [12]. We assessed the effect of both WD and 
acarbose treatment on glucose tolerance and insulin 
sensitivity at 7  months of age, after the mice had 
been on Con or WD diet for 5  months and acar-
bose treatment for 1  month. In female 3xTg mice, 
WD feeding for 5  months mildly but significantly 
exacerbated glucose intolerance, and this effect 
was reversed by acarbose (Fig. 3A). While WD did 
not significantly impair glucose tolerance in 3xTg 
males, acarbose was still effective at improving glu-
cose tolerance in WD-fed 3xTg males (Fig. 3C). No 
significant effect on insulin sensitivity was observed 
with either WD or acarbose in 3xTg mice of either 
sex (Figs.  3B, D). We observed similar effects of 
WD and acarbose on glucose and insulin tolerance 
on NTg mice, except that Con-fed NTg males had 
improved insulin tolerance when treated with acar-
bose (Figs. S2G-J).
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Fig. 2   The effects of WD on energy balance in 3xTg mice are 
opposed by acarbose. (A–F) Metabolic chambers were used to 
measure energy expenditure, spontaneous activity, and the res-
piratory exchange ratio (RER) in female (A–C) and male (D–
F) 3xTg mice over a 24 h period. (A, D) Energy expenditure 
normalized to body weight in females (A) and males (D). (B, 
E) Spontaneous activity of females (B) and males (E). (C, F) 

RER of females (C) and males (F). (A–F) n = 4–9 mice/group, 
statistics for the overall effects of diet, acarbose treatment 
(ACA), and the interaction represent the p-value from a 2-way 
ANOVA conducted for the light and dark periods separately, 
with Sidak post-test, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. Data represented as mean ± SEM
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In summary, WD had expected negative effects on 
aspects of metabolic health, including weight, adi-
posity, and glycemic control in both sexes of 3xTg 
mice and NTg mice, and acarbose ameliorated many 
of these effects (Fig.  3E). As a whole, acarbose did 
not provide substantial benefits when administered 
in conjunction with a Con diet aside from a modest 
improvement in body mass and adiposity.

WD and acarbose induced sex and strain‑dependent 
changes in mTOR signaling and autophagy

mTOR is a master regulator of nutrient signaling, and 
hyperactivation of mTORC1 has been implicated in 
the pathology of AD and other age-related diseases 
[26, 43]. Since mTORC1 is activated by nutrient 
overload, we hypothesized that WD would lead to 
an increase in mTORC1 activity, which could drive 
AD pathology. In contrast, acarbose has been shown 
to inhibit age-related increases in mTORC1 activity 
in kidney and liver [19], and boost mTORC2 activ-
ity in male liver [27], which we hypothesized would 
reduce or delay AD pathology. As such, we endeav-
ored to determine if acarbose is able to ameliorate 
WD-induced changes to mTOR signaling in the brain 
of 3xTg mice.

We therefore performed Western blotting on pro-
tein lysate from whole brains to examine the effect of 
WD and acarbose on mTORC1 and mTORC2 activity 
and autophagy (Figs.  4A-J). We measured phospho-
rylation of pS240/244 S6 and pS473 AKT to assess 
the activity of mTORC1 and mTORC2, respectively. 
There was an overall effect of WD towards increas-
ing mTORC1 activity (as assessed by phosphoryla-
tion of S240/244 S6) in 3xTg females (p = 0.0772); 
there was no significant effect of WD on mTORC1 
activity in 3xTg males, and no effect of acarbose on 
mTORC1 activity in either sex (Figs. 4A-B, F-G). In 
contrast, there was no effect of WD or acarbose on 
mTORC1 activity in NTg females, however, there 
was an overall effect of WD, acarbose, and a signifi-
cant interaction on mTORC1 activity in NTg males, 
with WD reducing mTORC1 activity, and acarbose 
significantly reducing mTORC1 activity in Control-
fed mice (Figs. S3A-B, F-G).

We observed a significant interaction between 
diet and acarbose on mTORC2 activity (as assessed 
via S473 AKT phosphorylation), with acarbose sig-
nificantly increasing mTORC2 activity in WD-fed 

3xTg females (Figs.  4A, C). In 3xTg males, there 
was an overall increase in mTORC2 activity on WD 
(p = 0.0833), but the males were not responsive to 
acarbose (Figs.  4F, H). WD increased mTORC2 
activity in both female and male NTg mice, but there 
was no effect of acarbose in either sex (Figs. S3A, C, 
F, H).

Reduced autophagy in AD, which may be partly 
mediated by abnormal mTOR activity, is a key con-
tributor to the accumulation of plaques and tangles 
as it disrupts the ability of the brain to clear protein 
aggregates [44]. To assess the effect of WD and 
acarbose on autophagy, we examined levels of p62 
(sequestosome-1; SQSTM1) and Beclin1. WD signif-
icantly decreased p62 levels in 3xTg females but there 
was no effect of acarbose (Figs. 4A, D) Beclin1 levels 
trended toward a decrease by WD which was reversed 
by acarbose, suggesting a possible mild increase to 
autophagy in the WD + A group (Figs.  4A, E). In 
3xTg males WD increased p62 levels – indicating a 
possible decrease in autophagy – which was rescued 
by acarbose, whereas Beclin1 levels were not modi-
fied by diet or acarbose (Figs. 4F, I, J). Neither WD 
nor acarbose significantly affected p62 or Beclin1 lev-
els in NTg mice (Figs. S3A, D-F, I-J).

WD and acarbose alter astrocytic, neuronal, and 
microglial cell populations in a sex‑specific manner

In both humans and mice, AD pathology corre-
lates with alterations in the populations of various 
brain cell types. We assessed GFAP (glial fibrillary 
acidic protein), NeuN (neuronal nuclei), and Iba1 
(ionized calcium binding adaptor 1) as measures of 
astrocytic, neuronal, and microglial cell populations, 
respectively, in the cortex and CA1 hippocampus via 
immunofluorescent staining (Figs.  5A-H). GFAP is 
a cytoskeleton intermediate filament protein found 
in astrocytes that is commonly localized near Aβ 
plaques and is increased in patients with AD and in 
3xTg mice [34]. We found that GFAP levels were 
not altered by WD or acarbose in the cortex or hip-
pocampus of 3xTg females (Figs. 5A-D). GFAP lev-
els were decreased in both the cortex and hippocam-
pus in WD-fed 3xTg males (Figs.  5E-H). NeuN is 
a commonly used marker for assessing neuronal 
degeneration; in the cortex and hippocampus, WD 
increased NeuN levels in both sexes (Figs.  5A-H). 
Finally, Iba1 was measured to determine microglial 
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levels. Hippocampal Iba1 expression was decreased 
(p = 0.0718) by acarbose treatment in WD-fed 3xTg 
females; there was no effect in males (Figs. 5A-H).

Sex‑specific response of AD pathology to WD and 
acarbose in 3xTg mice

We assessed the progression of the two primary hall-
marks of AD pathology: the accumulation of phos-
phorylated tau and Aβ in the brain. We performed 
Western blotting and an ELISA to assess the progres-
sion of AD in the whole brain of 3xTg mice (Fig. 6). 
In female 3xTg mice, we observed that levels of total 
tau were decreased by both WD and by acarbose 
(p = 0.0532) (Fig.  6A-B). However, there was an 
overall increase in the level phosphorylated tau T231 
by acarbose (p = 0.0830) and a proportional increase 
of phosphorylated tau T231 (normalized to total 
tau) with both WD and acarbose (Figs.  6A,  C-D). 
In 3xTg males, WD increased both overall tau levels 
(p = 0.1257) and T231 phosphorylated tau, resulting 
no overall change in the ratio of phosphorylated to 
total tau (Figs. 6J-M).

Amyloid precursor protein (APP) and soluble 
Aβ40 levels were not altered by either WD or acar-
bose in females 3xTg mice (Figs. 6A, E–F); however, 
levels of insoluble Aβ40 were lower in WD-fed mice 
(p = 0.0568) (Fig.  6G). In contrast, levels of both 
soluble and insoluble Aβ42 were decreased by WD 
in females (Figs.  6H-I). We also utilized immuno-
histochemistry to examine Aβ plaque load in the hip-
pocampus and cortex of 3xTg mice but observed min-
imal Aβ aggregation in any of the diets (Fig.  S4A). 
Only 1–2 mice per diet group showed any measurable 
plaques; of these the mice with the most numerous 
plaques (via DAB staining as indicated with the arrow 
in the top leftmost figure) in each diet are shown.

There was no effect of either WD or acarbose on 
APP levels in 3xTg males (Fig.  6J, N). However, 
there was an interaction between WD and acarbose 
on soluble Aβ40 levels (p = 0.0070), which we inter-
pret as acarbose reducing soluble Aβ40 only in WD-
fed 3xTg males (Fig.  6O). WD increased insoluble 
Aβ40 levels (p = 0.0514) but the effect of acarbose 
was not statistically significant (Fig.  6P). There was 
an overall effect of WD to increase soluble Aβ42 
levels, whereas insoluble Aβ42 was not increased 
by WD but was decreased by acarbose (Figs. 6Q-R). 
Similar to female mice, only 1–2 mice per diet exhib-
ited any plaque accumulation with the most abundant 
plaque loads shown in Fig. S4A.

Acarbose ameliorates WD‑induced deficits in spatial 
learning

To assess the effect of WD and acarbose treatment on 
cognitive function, we performed behavioral assays 
at 11–12 months of age. To test spatial learning, we 
examined performance using Barnes maze (Figs. 7A-
F). Female 3xTg mice consuming a WD had strongly 
impaired spatial learning and memory in Barnes 
maze, as indicated by increased latency to goal during 
training days 2–4 and during the short and long-term 
memory tests (Fig. 7A) as well as significantly wors-
ened success rate during the same periods (Fig. 7B). 
In addition, WD-fed 3xTg females also exhibited 
increased latency to any hole during the Barnes maze, 
indicating worsened anxiety (Fig.  7C). Acarbose 
treatment rescued almost all the WD-induced cogni-
tive deficits in 3xTg females (Figs. 7A-C). Male 3xTg 
mice exhibited similar, though less pronounced, WD-
induced deficits in spatial learning, memory, and anx-
iety from WD; acarbose did not significantly rescue 
any of these deficits, but there was a trend towards 
improvement with acarbose with respect to latency to 
goal and latency to any hole (Figs. 7D-F). There were 
much more limited changes in cognition due to WD 
or acarbose in NTg mice of either sex (Figs.  S5A-
F), however male WD-fed mice exhibited improved 
latency to goal and success rate with acarbose treat-
ment (Figs. S5D-E).

Novel object recognition (NOR) was used to assess 
recognition memory (Figs.  S6A-D). In female 3xTg 
mice, neither diet nor treatment had any effect on 
discrimination index (DI) or absolute DI although 
female 3xTg mice in general exhibited a stronger 

Fig. 3   Acarbose improves glucose tolerance in WD-fed 3xTg 
mice of both sexes. (A–B) Glucose (A) and insulin (B) toler-
ance tests were performed in female mice at 7 months of age, 
n = 9–10 mice/group. (C–D) Glucose (C) and insulin (D) toler-
ance tests were performed in male mice at 7  months of age, 
n = 8–11 mice/group. (E)  Heat map representation of all the 
metabolic parameters measured in female and male 3xTg mice; 
color represents the log2 fold-change vs. Con-fed 3xTg mice 
of the same sex. (A–D) Statistics for the overall effects of diet, 
acarbose treatment (ACA), and the interaction represent the 
p-value from a 2-way ANOVA, with Sidak post-test, *p < 0.05, 
**p < 0.01, and ***p < 0.001. Data represented as mean ± SEM

◂
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preference for the familiar object than the novel 
object, as supported by previous research showing 
that 3xTg mice exhibit neophobia [45] (Fig.  S6A). 

In male 3xTg mice, WD significantly worsened dis-
crimination index and neophobia in the long-term 
memory test, although those changes were not seen in 
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the absolute DI (Fig. S6B). Overall, male 3xTg mice 
did not have as pronounced a neophobia as females. 
Female NTg mice did not exhibit any changes in DI 
or absolute DI, although they were much less neopho-
bic than 3xTg females (Fig. S6C). NTg males did not 
exhibit any significant changes due to diet or acarbose 
alone, but rather showed an interaction effect wherein 
the combination of WD and acarbose was detrimental 
compared to WD-fed mice (Fig. S6D).

WD impairs the survival of male 3xTg mice

Female 3xTg mice did not have any changes to sur-
vival with either WD or acarbose during the period 
of the experiment (Fig. 8A). Consistent with previous 
reports of our lab and others [46–49], we observed 
that male 3xTg mice had high levels of mortality dur-
ing the period of the experiment, particularly when 
fed a WD (Fig.  8B). Male 3xTg mice had signifi-
cantly higher mortality, with ending survival rates of 
64%, 47%, 19%, and 30% in Con, Con + ACA, WD, 
and WD + ACA, respectively (Fig.  8B). WD was 
associated with double the mortality rate than Con 
in male mice. Acarbose did not improve survival in 
either Con- or WD-fed male 3xTg mice.

Discussion

Metabolic health is an important risk factor for AD, 
and as such, alterations to diet that affect metabolic 
health may have a strong impact on AD pathology 
and cognitive function; dietary restrictions, for exam-
ple, are beneficial for metabolic health and have also 
been shown in a variety of models to improve AD 
pathology and cognition (reviewed in [26]). WD has 
been proposed by many to worsen AD pathology, 
both on its own and through the development of obe-
sity and T2DM (reviewed in [5]). WD feeding has 
been shown in a variety of mouse models to worsen 
AD pathology [5, 8, 9, 11]. On the other hand, phar-
maceutical interventions that are effective at treating 
either obesity or T2DM and promote improved glu-
cose homeostasis may be beneficial for AD, suggest-
ing that there may be untapped potential in already 
FDA approved pharmaceuticals.

Here we explore the use of the α-glucosidase 
inhibitor acarbose, which slows the uptake of carbo-
hydrates in the small intestine and improves glycemic 

control in those with T2DM and is a geroprotective 
agent that extends the lifespan of mice, to slow or 
prevent the progression of AD in the 3xTg mouse 
model. We began acarbose treatment at 6 months of 
age, a point at which 3xTg mice in our animal colony 
have already begun to develop cognitive deficits and 
other aspects of AD pathology [49], in order to model 
a human beginning treatment after an early diagno-
sis. We administered acarbose to both NTg and 3xTg 
mice in the context of both Con and WD to examine 
the effects of acarbose in both wild-type mice and 
specifically in the context of AD with and without 
WD-induced metabolic syndrome.

As expected, we observed that WD worsened 
metabolic health in both NTg and 3xTg mice. WD 
significantly diminished spatial learning in the 3xTg 
mice, which was completely reversed by acarbose 
treatment in both sexes. Surprisingly, in contrast to 
other interventions that have been tested in mice, we 
saw that the effect of acarbose on brain mTOR signal-
ing, autophagy, and AD pathology were fairly muted, 
highly dependent upon sex and strain, and did not 
clearly correlate with the benefits of acarbose on cog-
nition of WD-fed mice.

WD increased body mass and more than dou-
bled adiposity of all sexes and strains compared to 
their Con-fed counterparts. Acarbose reversed these 
effects, reducing body mass and adiposity to a level 
comparable to or even lower than Con-fed mice, 
despite acarbose-treated WD-fed mice eating more. 
These changes are likely due to changes in energy 
expenditure; WD decreased energy expenditure and 
acarbose restored energy expenditure to “normal” 
levels. With respect to glucose tolerance, WD-feeding 
impaired the glucose tolerance of female mice, an 
effect that was reversed by acarbose. While we did 
not observe an effect of WD on glucose tolerance in 
males, acarbose still improved the glucose tolerance 
of WD-fed males. Finally, sensitivity to IP insulin 
was not impacted by diet or treatment, except for an 
improvement of insulin sensitivity in Con-fed acar-
bose treated NTg male mice.

We assessed cognitive function using both 
Barnes maze and novel object recognition. Strik-
ingly, WD strongly diminished spatial learning and 
memory and worsened anxiety in 3xTg mice of both 
sexes, and these effects were completely reversed by 
acarbose. In female mice, neither WD nor acarbose 
affected performance in the novel object recognition 
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test, but in males WD worsened both object dis-
crimination and neophobia in LTM. These results 
show a strong link between alterations to metabolic 
health and cognitive deficits.

To identify possible mechanisms between 
changes in metabolic health and cognition, we 
examined the effect of WD and acarbose on the 
mTOR nutrient signaling pathways through Western 
blotting of downstream targets. In 3xTg females, 
there was an overall effect of WD towards increased 
mTORC1 and decreased mTORC2 signaling in 
the brain, which is likely due to nutrient overload, 
with acarbose reversing the effect on mTORC2, 
which may be mediated by an overall decreased 
uptake of carbohydrates in acarbose-treated mice, 
as shown previously [50]. In male 3xTg mice, 
WD did not alter mTORC1 signaling but trended 
toward increased mTORC2 signaling, possibly due 
to reduced glucose utilization in 3xTg mice [51]. 
Acarbose treatment did not affect mTORC1 or 
mTORC2 signaling in male 3xTg mice. In the NTg 
mice, mTORC1 signaling is decreased in males fed 
a WD but not in females whereas mTORC2 sign-
aling is increased in both sexes. While we had ini-
tially thought that acarbose might work through 
reducing mTORC1 activity – and acarbose has 
previously been shown to reduce mTORC1 activ-
ity in the liver and kidneys [19] – our data sug-
gests that the benefits of acarbose are likely not the 
result of altered mTOR signaling in the brain. Our 
results here are consistent with those of another 
recent study showing that acarbose does not alter 
brain mTORC1 signaling [52], and conceptually 
makes sense, as acarbose itself is largely believed 
to be confined to the gut; only 2% of the active drug 

enters the bloodstream and blood–brain barrier pen-
etrance is even lower [53].

p62 is an autophagy receptor and is a key player in 
the clearance of neurofibrillary tangles through direct 
binding and preparation for degradation [54–56]. 
Increased p62 levels typically indicate inhibition 
of autophagy due to retention of p62 in the cell as 
opposed to degradation in a lysosome [56, 57]. Bec-
lin1 is the mammalian orthologue of Atg6 in yeast 
and is required for induction of autophagy through 
formation of Beclin1-Vps34-Vps15 core complexes 
[58]. In general, p62 and Beclin levels are inversely 
correlated, with increased Beclin1 and decreased 
p62 levels indicating increased autophagy [58]. We 
found sex- and strain- dependent differences in the 
autophagic response to WD and acarbose. 3xTg 
female mice exhibit decreased (p = 0.0613) p62 lev-
els during WD feeding. However, Beclin1 levels 
were also decreased, which would suggest decreased 
autophagy. Male 3xTg mice fed a WD had increased 
levels of p62 (p = 0.1025), suggesting an impairment 
in autophagy, that was ameliorated (p = 0.0906) by 
acarbose, but no significant changes to Beclin1 levels. 
In NTg mice, neither WD nor acarbose altered p62 
nor Beclin1 levels. Overall, while our data suggests 
that WD and acarbose may alter autophagy, future 
studies will need to examine this more closely, as 
exactly how autophagy is being altered in the brains 
of these animals remains unclear.

Next, we assessed the impact of WD and acar-
bose on aspects of AD pathology in the 3xTg mice. 
We measured the levels of different brain cell types 
(astrocytes, neurons, and microglia) in the cortex 
and hippocampus and measured both tau and amy-
loid pathology in the whole brain. Once again, WD 
and acarbose exhibited dramatic sex-dependent dif-
ferences. GFAP (astrocyte marker) levels in the cor-
tex and hippocampus are unchanged in female mice, 
but in male mice are decreased in the cortex by WD 
feeding, which may suggest impairments in glucose 
utilization in the brain [59]. Although WD and acar-
bose did not have strong effects on Iba1 levels over-
all, it would be useful to dig deeper into the inflam-
matory state of WD-fed and acarbose-treated mouse 
brains in the future to conclusively determine if WD 
and acarbose alter cognition through changes in neu-
roinflammation. WD-fed female 3xTg mice exhib-
ited an overall trend of WD to decrease Aβ40 and 
Aβ42 levels. In contrast, the proportion of T231 tau 

Fig. 5   WD and acarbose impact astrocyte, neuron, and 
microglia populations in the cortex and hippocampus of 3xTg 
mice. (A, C, E, G) 5 μm paraffin-embedded brain slices were 
immunostained for GFAP, NeuN, and Iba1 to measure astro-
cyte, neuron, and microglial populations respectively in the 
cortex (A, E) and CA1 region of the hippocampus (C, G) of 
3xTg mice.10 × magnification shown for cortex (scale bar in 
image is 400  μm); 20 × magnification for hippocampus (scale 
bar in image is 400 μm). Results in the cortex and hippocam-
pus are quantified in both female (B, D)  and male (F, H) 
mice. (B, D, F, H) n = 5–6 mice/group; statistics for the overall 
effects of diet, acarbose treatment (ACA), and the interaction 
represent the p-value from a 2-way ANOVA, with Sidak post-
test, *p < 0.05. Data represented as mean ± SEM
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phosphorylation is increased in WD-fed female mice. 
As a whole, female mice did not show a strong corre-
lation between AD pathology and cognition, exhibit-
ing worsened cognition on WD despite improvements 
in Aβ40 and Aβ42 levels. In male 3xTg mice, both 
tau and T231 tau phosphorylation are increased in 
WD-fed mice, as well as insoluble Aβ40 and solu-
ble Aβ42 levels. While not increased by WD, solu-
ble Aβ40 and insoluble Aβ42 levels are decreased 
by acarbose treatment in male mice. As such, males 
showed a stronger link between AD pathology and 
cognition than females via alterations in tau and Aβ40 
and Aβ42 levels.

These results suggest that in 3xTg males, WD 
leads to impaired metabolic health and increased 
tau and Aβ levels which lead to worsened cogni-
tion, all of which are ameliorated by acarbose treat-
ment except for tau levels. In females, the relationship 
between WD, acarbose, and AD pathology is more 
complex. WD did indeed worsen metabolic health 
and cognitive deficits which were completely reversed 
by acarbose treatment, however, female mice on WD 
exhibit decreased Aβ levels. The possible increase in 
autophagy seen in 3xTg females could be a compen-
satory mechanisms to offset AD pathology; studies 
in APP/PS1 mice have found that early in amyloid 

pathology, autophagy is increased in an attempt to 
offset initial Aβ deposition [60, 61]. As seen previ-
ously in our lab, Aβ pathology is still in its nascency 
at 12–13  months of age, and true Aβ aggregation 
doesn’t occur until closer to 15  months of age [49], 
which supports the idea of increased autophagy in the 
female WD-fed mice as a compensatory mechanism. 
Female mice exhibited similar levels of soluble amy-
loid as males but had approximately 100 times greater 
levels of insoluble amyloid, suggesting greater amy-
loid pathology. This is reflective of amyloid pathol-
ogy in humans, wherein females tend to see more 
extreme AD pathology than males [62]. Interestingly, 
previous research on acarbose have shown that acar-
bose has more dramatic improvements on lifespan 
and metabolic health in males than females, albeit 
body and fat mass was improved to the same extent 
or more in some female mice [16, 17, 27, 32, 63]. In 
both the 3xTg and NTg mice, acarbose was equally 
effective at improving body mass and adiposity, 
energy expenditure, and glycemic control in males 
and females. Cognition was actually improved more 
dramatically in females than males. These results 
highlight important sex differences in AD pathology 
and response to both diet and pharmaceuticals.

While we did not originally intend to assess the 
impact of WD and acarbose on survival in 3xTg mice, 
we observed high mortality rates in 3xTg males over 
the course of the study, as we and others have pre-
viously shown [46, 47, 64–67]. In the present study, 
3xTg males on Con diet had a survival proportion of 
64% whereas WD severely worsened survival, with 
only 19% survival by 12–13 months of age. Surpris-
ingly, acarbose did not extend the lifespan of either 
Con or WD-fed 3xTg males, despite previous studies 
showing lifespan extension by acarbose in wild-type 
mice [15, 16, 63]. Female 3xTg mice exhibited low 
levels of mortality which were not impacted by diet 
or treatment.

Further research will be needed to determine the 
actual mechanism responsible for the alterations to 
cognition, which are overall more strongly correlated 
with changes to metabolic health than AD pathology. 
One possible mechanism is the improvement of glu-
cose homeostasis. As shown here, acarbose improves 
glucose tolerance in mice fed WD. Glucose homeo-
stasis and glucose uptake in the brain is perturbed 
during AD, so improvements to peripheral glucose 
signaling may also coincide with improvements in 

Fig. 6   Sex-specific effects of WD and acarbose on AD pathol-
ogy in 3xTg mice. (A–R)  Tau and amyloid pathology was 
assessed via Western blot and ELISA in female (A–I) and 
male (J–R) 3xTg mice.  (A–E) Representative Western blots 
from 3xTg female mice are shown in (A) and quantified in 
(B–E). T231 phosphorylated tau (B) and total tau (C) levels 
were measured relative to total protein (Ponceau). In addi-
tion, the ratio of phosphorylated T231 tau to total tau (D) was 
calculated. The level of amyloid precursor protein (APP) was 
measured relative to ponceau staining (E); n = 5–6 mice/group. 
(F–G) Soluble (F) and insoluble (G) Aβ40 levels were meas-
ured by ELISA; n = 4–5 mice/group.  (H–I) Soluble (H) and 
insoluble (I) Aβ42 levels were measured by ELSA; n = 4–5 
mice/group. (J–N)  Representative Western blots from 3xTg 
male mice are shown in (J) and quantified in (K–N). T231 
phosphorylated tau (K) and total tau (L) levels were meas-
ured relative to total protein (Ponceau). In addition, the ratio of 
phosphorylated T231 tau to total tau (M) was calculated. The 
levels of APP was measured relative to total protein (Ponceau) 
(N); n = 5–6 mice/group. (O–P) Soluble (O) and insoluble (P) 
Aβ40 levels were measured by ELISA; n = 4–5 mice/group. 
(Q–R) Soluble (Q) and insoluble (R) Aβ42 levels were meas-
ured by ELSA; n = 4–5 mice/group. (B–I, K–R) Statistics for 
the overall effects of diet, acarbose treatment (ACA), and the 
interaction represent the p-value from a 2-way ANOVA, with 
Sidak post-test, *p < 0.05 and **p < 0.01. Data represented as 
mean ± SEM
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Fig. 7   WD-induced impairments in spatial learning, mem-
ory, and anxiety in female and male 3xTg mice are reversed 
by acarbose. (A–F)  Barnes maze was used to assess spa-
tial learning and memory. (A, D)  Latency to goal was meas-
ured in female (A) and male (D) mice. (B, E) Success rate of 
female (B) and male (E) mice. (C, F) Latency to any hole, a 
measure of anxiety, of female (C) and male (F) mice.  (A–F) 
n = 8–10; statistics for the overall effects of diet, acarbose treat-

ment (ACA), and the interaction represent the p-value from a 
2-way ANOVA conducted for STM and LTM separately, with 
Sidak post-test, *p < 0.05 and **p < 0.01. For training days, 
statistics represent a pairwise 2-way ANOVA for the effects 
of diet group and training day with Sidak post-test, $p < 0.05 
Con vs WD, $$p < 0.01 Con vs WD, $$$p < 0.001 Con vs 
WD, $$$$p < 0.0001 Con vs WD, #p < 0.05 WD vs WD + A, 
##p < 0.01 WD vs WD + A. Data represented as mean ± SEM
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brain glucose signaling as well [3]. In addition, acar-
bose has been previously shown to improve metabolic 
dysfunction-associated steatohepatitis (MASH; pre-
viously known as non-alcoholic steatohepatitis) in 

rodent models [68, 69]. Recently, it has been reported 
that liver dysfunction—and in particular MASH 
and metabolic dysfunction-associated steatotic liver 
disease (MASLD)–- contribute to worsened AD 
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Fig. 8   WD increases mortality in male 3xTg mice.  (A–
B)  Kaplan–Meier plots of the survival of female (A) and 
male (B) 3xTg mice starting at 6 months of age. (A) n = 8–10 
mice/group,  (B) n = 8–34 mice/group. The overall effect of 
diet (WD) and acarbose (ACA) was determined using a Cox 
proportional hazards test (HR, hazard ratio). The two‐tailed 

stratified log‐rank p‐value for the decrease in lifespan of 3xTg 
males as a result of WD is shown in (B).  (C) Heat map rep-
resentation of all the brain signaling, AD neuropathology, and 
cognitive parameters measured in female and male 3xTg mice; 
color represents the log2 fold-change vs female or male 3xTg 
mice fed control diet
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pathology in mice [70, 71]. In addition, it would be 
useful to look deeper into the effect of WD and acar-
bose on inflammation in the brain to determine if 
altered inflammation is responsible for the changes in 
cognition.

Limitations of the current study include the use of 
3xTg mice as the AD model. Although 3xTg mice are 
a valuable tool for testing the impact of diet and inter-
ventions on AD pathology and develop both tau and 
Aβ pathology, the model does have its limitations. 
First, like most rodent models of AD, 3xTg are a 
model of early onset, or familial, AD. This limits the 
translatability of work in 3xTg mice to people with 
late-onset AD, although there is still the potential for 
3xTg mice to be used to study how diet and interven-
tions may impact AD pathology directly. In addition, 
3xTg mice lack a robust aggregation of Aβ plaques 
at 12–13  months of age, which limits our ability to 
determine how WD or acarbose impact Aβ pathology. 
Aging the mice longer as we have done in other stud-
ies was difficult due to the exceptionally high mortal-
ity of WD-fed 3xTg male mice. Utilizing additional 
AD mouse models may give additional insight into 
how WD or acarbose may affect tau or Aβ pathology 
directly. We also utilized only a single mixed genetic 
background, and it has become clear that strain is a 
critical factor in the response to both diets and drugs 
[72–75]; it is possible that the effect of WD and acar-
bose on AD pathology and on cognition may differ 
depending on genetic background. Limitations of the 
molecular analyses used include a lack of region-spe-
cific quantification of mTOR and autophagy markers, 
which were measured in whole brain in the current 
study. In the future, it would be beneficial to meas-
ure mTOR and autophagy specifically in the cortex or 
hippocampus to more accurately determine the effect 
of diet and acarbose on these areas.

In conclusion, we have shown that WD has nega-
tive effects on metabolic health and cognition in 3xTg 
mice, which are reversed by acarbose treatment. We 
also found that the effects of WD and acarbose on 
molecular signaling in the brain and on AD pathology 
do not correlate clearly with the effects on cognition 
and are strongly sex dependent. Our results suggest 
that the benefits of acarbose on cognition of WD-
fed 3xTg mice are mediated not by direct action on 
AD pathology, but instead by improvements in meta-
bolic health. Our results support the idea that already 
FDA approved pharmaceuticals for other age-related 

diseases may be beneficial for the prevention or treat-
ment of AD pathology — particularly the use of anti-
diabetes drugs such as acarbose.

Materials and methods

Animals

All procedures were performed in accordance 
with institutional guidelines and were approved by 
the Institutional Animal Care and Use Commit-
tee (IACUC) of the William S. Middleton Memo-
rial Veterans Hospital (Madison, WI, USA) and the 
University of Wisconsin-Madison IACUC (Madison, 
WI, USA). Male and female homozygous 3xTg-AD 
and B6129SF2/J mice were originally obtained from 
The Jackson Laboratory/Mutant Mouse Resource 
& Research Centers and were bred and maintained 
with food and water available ad  libitum. All mice 
were maintained at a temperature of approximately 
22  °C, with a 12:12 light/dark cycle. Health checks 
were completed on all mice daily. Mice were accli-
matized to our experimental facility for one week 
before experiment start and were housed 2–3 per 
cage. At 2  months of age, half of the mice of each 
genotype and sex were randomly assigned to receive 
either Control diet (Con; Envigo Global 2018) or 
Western diet (WD; TD.88137). At 6 months of age, 
the mice were then split further into different groups: 
half of the Con-fed mice remained on Con while 
the other half received a custom diet consisting of 
Teklad 2018 plus 1000 ppm of acarbose (Con + ACA; 
TD.190479). Half of the WD-fed mice remained 
on WD awhile the other half received a custom diet 
consisting of the WD plus acarbose (WD + ACA; 
TD.210479). All diets were obtained from Inotivo 
(formerly Envigo). Full diet descriptions, composi-
tions, and item numbers are provided in Table  S1. 
Randomization of mice to groups was performed at 
cage level to ensure all groups had approximately the 
same starting weight and body composition.

In vivo procedures

Glucose tolerance tests were performed by fasting 
the mice overnight for 16  h then injecting glucose 
(1 g kg−1) intraperitoneally (i.p.) [76, 77]. Insulin tol-
erance tests were performed by fasting the mice for 
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4  h then injecting insulin I.P. (0.75 U kg−1). Blood 
glucose measurements were taking using a Bayer 
Contour blood glucose meter (Bayer, Leverkusen, 
Germany) and test strips. Mouse body composi-
tion was analyzed at several points throughout the 
study using an EchoMRI Body Composition Ana-
lyzer (EchoMRI, Houston, TX, USA). Metabolic 
parameters (O2, CO2, food composition, respiratory 
exchange ratio (RER), and energy expenditure) and 
activity tracking were analyzed using a Columbus 
Instruments Oxymax/CLAMS-HC metabolic cham-
ber system. Mice were acclimated to the chamber 
cages for ~ 24 h and data from a subsequent, continu-
ous 24  h period was recorded and analyzed. Food 
consumption in home cages was measured by moving 
mice to clean cages, filling the hopper with a meas-
ured quantity of fresh diet, and measuring the remain-
der 3–4  days later. The amount of food consumed 
was adjusted for the number of mice in each cage, 
the number of days that had passed, and the relative 
weights of the mice. Mice were euthanized by cervi-
cal dislocation after a 3 h fast and tissues for molecu-
lar analysis were flash-frozen in liquid nitrogen or 
fixed and prepared as described below. For the brain, 
the right hemisphere was fixed in formalin for histol-
ogy whereas the left hemisphere was flash-frozen for 
Western blot and ELISA analyses.

Behavioral assays

All mice underwent behavioral phenotyping at 
11–12  months of age. All behavioral assays were 
recorded and analyzed utilizing the EthoVision XT 
animal tracking software by Noldus. Before each 
procedure the mice were allowed to acclimate to the 
behavioral testing room for 30  min. The arenas and 
objects used were all cleaned with 70% ethanol to 
remove olfactory cues between mice and runs.

For Novel Object Recognition (NOR), mice were 
first habituated to the empty arena with no objects. 
Approximately 24 h later, an acquisition trial was per-
formed where the mice were placed in the arena with 
two of the same object, equidistant from the mouse, 
hereafter referred to as “Object A”. The mouse was 
allowed to explore the two objects for 5  min before 
returning to the home cage. One hour after the acqui-
sition trial, a short-term memory (STM) test was per-
formed during which the mouse was placed into the 
arena with one of object A as well as a single novel 

object, or “Object B”, and allowed to explore for 
5  min. The following day, 24  h after the STM test, 
a long-term memory (LTM) test was performed. 
During the LTM test, the mouse was placed in the 
arena with one of object A and a single novel object, 
“Object C”, and allowed to explore for 5 min. Results 
were quantified by calculating discrimination index 
(DI) by dividing the time spent exploring the novel 
object by the time spent examining either object. A 
DI value between -0.2 and 0.2 indicates no differ-
ence in time spent examining each object. A posi-
tive value indicates greater time was spent examining 
the novel object whereas a negative value indicates 
greater time was spent examining the familiar object. 
Due to the nature of the DI calculation, absolute DI is 
also calculated to separate discrimination from object 
preference.

For Barnes maze, the test involved 4 phases: 
habituation, acquisition, and STM and LTM mem-
ory tests. During habituation, the mice were placed 
on the maze and immediately led to the escape box 
where they remained for 2  min before returning to 
their home cage. After approximately 15  min, the 
mice underwent their first acquisition trial in which 
they were allowed to explore the maze until either 
they found the escape box or 3 min had elapsed. If the 
mouse did not find the escape box in 3 min, they were 
gently led to the escape box. Regardless of how the 
mouse reached the escape box, they remained there 
for 1  min after every trial. Over the first four days, 
four acquisition trials were performed each day with 
an inter-trial interval of 15 min between each trial. On 
days 5 (STM test) and 12 (LTM test), the escape box 
was removed and the mouse was placed on the maze 
for 90  s to determine how well it was able to recall 
where the escape box was. The latency to goal, suc-
cess rate, and latency to any hole were analyzed. For 
success rate, mice were determined to be successful 
if they made it to the goal in 90 s or less and as such 
were scored a 1. Mice that did not make it to the goal 
within 90 s were scored a 0.

Immunoblotting

Tissue samples (brain and liver) were lysed in cold 
RIPA buffer supplemented with phosphatase inhibi-
tor and protease inhibitor cocktail tablets (Thermo 
Fisher Scientific, Waltham, MA, USA) using a Fast-
Prep 24 (M.P. Biomedicals, Santa Ana, CA, USA) 
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with bead-beating tubes from (VWR, Radnor, PA, 
USA) and zirconium ceramic oxide beads from 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Protein lysates were then centrifuged at 13,300  rpm 
for 10  min and the supernatant was collected. Pro-
tein concentration was determined by Bradford 
Assay (Pierce Biotechnology, Waltham, MA, USA). 
20–60 μg protein was separated on 8%, 10%, or 16% 
tris–glycine gels (ThermoFisher Scientific, Waltham, 
MA, USA) and transferred to PVDF membrane 
(EMD Millipore, Burlington, MA, USA). The phos-
phorylation of mTOR substrates including pS240/244 
S6 and pS473 AKT were assessed in the brain and 
liver along with p62 protein receptor and Beclin1. 
Markers for AD pathology were also assessed by 
Western blot, specifically targeting p-Thr231 tau, total 
tau, and APP. Antibody vendors, catalog numbers and 
the dilution used is provided in Table  S2. Imaging 
was performed using a Bio-Rad Chemidoc MP imag-
ing station (Bio-Rad, Hercules, CA, USA). Quanti-
fication was performed by densitometry using NIH 
ImageJ software.

Immunohistochemistry for AD neuropathology 
markers

Formalin-fixed brains were paraffin embedded and 
cut into 5 μm sections which were affixed to Super-
frost Plus microscope slides (ThermoFisher Scien-
tific, Waltham, MA, USA). Sections were depar-
affinized and rehydrated then stained with the 
following primary antibodies: anti-GFAP (Ther-
moFisher; #PIMA512023; 1:1,000), anti-Iba1 
(Abcam; #ab178847; 1:1,000), and anti-NeuN. For 
amyloid plaque staining, slides were deparaffinized 
and rehydrated then treated with formic acid for 
epitope retrieval before staining with monoclonal 
antibody 6E10 (1:1,000) and visualizing with diam-
inobenzidine chromagen. Sections were imaged using 
an EVOS microscope (ThermoFisher Scientific, 
Waltham, MA, USA) at magnifications of 10X and 
20X. Image-J was used for quantification by convert-
ing images into binary images via an intensity thresh-
old and positive area was quantified.

ELISA

Amyloid-β 40 (Aβ40) and 42 (Aβ42) in the brain 
was quantified using human Aβ40 and Aβ42 ELISA 

kits (Invitrogen, USA, #KHB3482 and #KHB3441, 
respectively) in accordance with manufacturer’s 
instructions.

Statistical analyses

All statistical analyses were conducted using Prism, 
version 9 and 10 (GraphPad Software Inc., San 
Diego, CA, USA). Tests involving multiple factors 
were analyzed by either a two-way analysis of vari-
ance (ANOVA) with diet and genotype as variables 
or by one‐way ANOVA, followed by a Dunnett’s, 
Tukey–Kramer, or Sidak’s post-hoc test as specified 
in the figure legends.

Survival analyses were conducted in R using the 
“survival” package (Therneau, 2015). Kaplan–Meir 
survival analysis of 3xTg mice was performed with 
log‐rank comparisons stratified by sex and diet. Cox 
proportional hazards analysis of 3xTg mice was per-
formed using sex and diet as covariates. Alpha was 
set at 5% (p < 0.05 considered to be significant). Data 
are presented as the mean ± SEM unless otherwise 
specified.
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