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Fasting is required formanyof thebenefits of
calorie restriction in the 3xTg mouse model
of Alzheimer’s disease

Reji Babygirija1,2,3, Jessica H. Han3, Michelle M. Sonsalla 1,2,4, Ryan Matoska1,2,
Mariah F. Calubag1,2,3, Cara L. Green1,2, Anna Tobon1,2, Chung-Yang Yeh1,2,
Diana Vertein1, Sophia Schlorf1,2, Julia Illiano2,5, Yang Liu 1,2,6, Isaac Grunow1,2,
Michael J. Rigby 1,7,8, Luigi Puglielli 1,7,11, David A. Harris 2,5,9,11,
John M. Denu10,11 & Dudley W. Lamming 1,2,3,4,6,9,11,12

Caloric restriction slows or prevents Alzheimer’s disease in animal models.
Calorie restriction is typically implemented in rodents through feeding once
per day; as the animals quickly consume their food, they are subject to a
prolonged self-imposed fasting period between meals. Here, we examine the
distinct contributions of fasting and reduced calories to the beneficial effects
of calorie restriction on Alzheimer’s disease by placing male and female 3xTg
and non-transgenic control mice on a series of diet regimens enabling us to
dissect the effects of calories and fasting. We find that reducing calories alone
improves body weight and glucose tolerance. However, a prolonged fast
between meals is necessary for many of the benefits of calorie restriction,
including improved insulin sensitivity, reduced Alzheimer’s pathology,
improved neuroprotective signaling, and improved cognition. Overall, our
results suggest that both when and how much we eat may influence the
development and progression of Alzheimer’s disease.

The global population is rapidly graying; with this silver tsunami, the
prevalence of Alzheimer’s disease (AD) is increasing and by 2050, 13.8
million Americans are projected to be struggling with AD1,2. Decades of
research to discover treatments for AD have been largely unsuccessful as
well as extremely expensive; identifying new and cost-effective inter-
ventions that can delay or prevent AD is therefore of critical importance.

Caloric restriction (CR), a reduction in caloric intake without
malnutrition or starvation, is the most robust, non-pharmacological
and reproducible intervention for extending lifespan in model

organisms3. CR slows the development of AD in multiple mouse
models4–7, as well as in squirrel monkeys8. While the impact of CR on
AD in humans is mostly unknown, short-term CR can improve
memory9. As few humans are prepared to engage in long-term CR,
there is substantial interest in understanding the mechanisms under-
lying CR to harness its benefits without the need to subject individuals
to an abstemious dietary regimen.

Many studies have investigated potential molecular mechanisms
whichmay be engaged by a CR diet. To name just a few, CR decreases
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mammalian target of rapamycin complex 1 (mTORC1) signaling and
activates autophagy. We recently asked a different question based on
the realization that CR-fedmicehave anunusual feedingpattern.While
ad libitum (AL)-fed mice eat in multiple small bouts throughout the
day, with most of the intake during the night, CR regimens are per-
formed by feeding mice only once-per-day. As a result, CR mice binge
eat their food within 1–2 hours10,11 and are subjected to a self-imposed
~22 hour fast betweenmeals.We recently developed a series of feeding
regimens that enabled us to dissect the relative contribution of fasting
from energy restriction in the CR diet paradigm.We found that in wild-
type mice, the prolonged fast between meals was necessary for the
beneficial effects of a CR diet on metabolic health, frailty, longevity,
and cognition12.

In the present study, we expanded upon this work and set out to
define the relative importance of fasting to thebenefits ofCR inAD.We
used the 3xTg mouse model of AD, which expresses familial human
isoforms of APP (APPSwe), Tau(tauP301L), and Presenilin (PS1M146V),
and exhibits both Aβ and tau pathology as well as cognitive deficits13.
3xTg mice have been widely used to study geroprotective interven-
tions, and CR has clearly beneficial effects on AD pathology and cog-
nition in this model4. We placed 3xTg mice as well as non-transgenic
(NTg) controls on a series of dietary regimens with similar composi-
tions and investigated whether the benefits of CR on AD are mediated
by energy restriction, fasting, or a combination of both.

Here, we find that fasting is not only required for many of the
metabolic benefits of CR in the 3xTgmouse, but that it is also required
formany of themolecular effects of CR, for CR-induced improvements
in tau pathology and neuroinflammation, and for the full cognitive
benefits of CR. Surprisingly, fasting is not required for CR-induced
reductions in brain Aβ plaques accumulation in females, while CR had
no effect on Aβ plaques in males. These results suggest that many of
the beneficial effects of CR onmemory, especially in males, may result
from reduced tau pathology or altered molecular signaling, and not
from the reduction in plaques. Our results demonstrate that fasting is a
critical component of the benefits of CR on AD, suggesting that fasting
alone or fasting-mimicking diets might help to prevent or delay AD in
humans without requiring reductions in energy intake.

Results
CR has sex-specific effects on body composition and energy
balance
We randomized 6-month-old male and female 3xTg and non-
transgenic (NTg) control mice to one of three groups of equivalent
body weight then placed each on one of three dietary regimens: Ad
libitum (AL) - mice with free access to a normal rodent diet (Envigo
Global 2018; SupplementaryData 1), Dilutedad libitum (DL) -micewith
free access to Envigo Global 2018 diluted 50% with indigestible cellu-
lose (TD.170950; Supplementary Data 1); equivalent to 30% restriction
of calories without imposing fasting, and caloric restriction (CR) - mice
fed a normal rodent diet (Envigo Global 2018) once per day in the
morning, with 30% restriction of calories relative to AL-fed mice and
with prolonged inter-meal fasting.

We followed the mice longitudinally for 9 months, tracking their
bodyweight and determining their body composition at the beginning
and the end of the experiment (Fig. 1A); as sex was a significant factor
(3-way ANOVA, Supplementary Data 2) in the response of these out-
comes and many other during the study, we analyzed the sexes sepa-
rately. Aswe expected, neither CR norDL-fed female 3xTg orNTgmice
gained weight during the course of the experiment, while AL-fed
femalesmice continued to gain weight (Fig. 1B, S1A); this was primarily
the result of an effect of CR andDL-feeding on fatmass,which resulted
in an overall reduction in adiposity in both the genotypes (Fig. 1C–E,
S1B-D). We tracked food consumption rigorously and observed that
both CR- and DL-fed mice had comparable calorie intake in both 3xTg
and NTg’s (Fig. 1F, S1E).

Similar to females, CR- and DL-fed NTg males maintained a lower
bodyweight and adiposity than their AL-fed counterparts throughout
the course of the study (Fig. S1F-I). However, while 3xTg males had an
initial response in body weight to the diet regimens that was similar to
the 3xTg females, as the experiment continued the CR-fed 3xTg males
started to weighmore than the 3xTg DL-fedmales (Fig. 1G), and by the
end of the experiment AL- and CR-fed 3xTg males had comparable
levels of fat mass, lean mass, and adiposity, while DL-fed 3xTg males
had reduced fat mass and adiposity relative to both AL and CR-fed
3xTg males (Fig. 1H–J). As with females, CR and DL-fed 3xTg and NTg
males had comparable reductions in calorie intake relative to AL-fed
males (Fig. 1K, S1J).

CR-fed mice engage in rapid lipogenesis following refeeding and
then sustain themselves with these stored lipids14. We can see these
shifts in fuel utilization by using metabolic chambers to determine
substrate utilization by analyzing the respiratory exchange ratio (RER),
which is derived from oxygen consumption and carbon dioxide pro-
duction. A high RER value signifies the utilization of carbohydrates for
energy production or lipogenesis, while a value nearing 0.7 indicates
that lipids serve as the primary energy source. As we anticipated, both
male and female CR-fed 3xTg mice have a distinct RER curve from AL
and DL-fed mice, reflecting the rapid induction of lipogenesis follow-
ing feeding and a subsequent switch to utilizing lipids as the primary
energy source (Fig. 2A, B, E, F). CR-fed 3xTgmicehaddecreased energy
expenditure relative to AL-fed mice in both sexes; however, while DL-
fed males had lower energy expenditure, this effect did not reach
statistical significance (Fig. 2C, D, 2G, H).

Both male and female NTg mice fed a CR diet had similar RER
patterns to those observed in 3xTg mice (Fig. S2A-B, E–F). DL-fed
female and male mice had significantly higher energy expenditure
relative to AL-fed mice in both sexes. Although CR-fed mice also
exhibited lower energy expenditure, thedifferencewas not statistically
significant (Fig. S2C–D, G-H).

While CR-fed mice were provided food only at the beginning of
the light cycle and ate quickly, we analyzed the feeding pattern of the
AL and DL-fed mice while in the metabolic chambers. Across both
genotypes and sexes, AL and DL-fed mice had similar patterns of eat-
ing, primarily consuming food during the dark cycle and with neither
group undergoing fasting (Fig. S3A-D).

Improved glucose tolerance and insulin sensitivity is a hallmark of
CR in mammals. We performed glucose and insulin tolerance tests
(GTT and ITT, respectively), timing the assays such that mice in all
groups were fasted for similar lengths of time. As anticipated, both CR
andDL-fed female 3xTg andNTgmicehad improved glucose tolerance
relative to AL-fedmice (Fig. 3A, S4A). Strikingly, in agreement with our
previous results in C57BL/6J mice, insulin sensitivity as assessed by an
intraperitoneal ITT was significantly improved only in CR-fed female
mice, and not in DL-fed female mice, regardless of genotype (Fig. 3B,
S4B). We observed similar effects of CR and DL on glucose and insulin
tolerance in male 3xTg and NTg mice (Fig. 3C, D, S4C, D).

Overall, we found that CR and DL-fed 3xTg and NTg mice of both
sexes showed similar but not identical improvements in body weight
and composition, as well as glucose tolerance. However, improve-
ments in insulin sensitivity were observed only in CR-fed mice,
demonstrating that as previously shown inwild-typemice, CR-induced
improvements in insulin sensitivity require fasting (Fig. 3E).

Sex-specific effects of energy restriction with and without fast-
ing on metabolism
To investigate potential differences and overlaps on the effects of
energy restriction with and without fasting, we performed a targeted
metabolomics analysis of plasma and brain of AL, CR, and DL-fed 3xTg
mice of both sexes. Our analysis targeted ~50metabolites across three
molecular groups based on their chemical structures: amino acids,
carbohydrates, and nucleosides/nucleotides.
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Principal Component Analysis (PCA) revealed distinct metabolic
signatures in the plasma of AL, CR, and DL-fed 3xTg females (Fig. 4A).
Plotting the 47 targeted plasma metabolites illustrates the shared and
distinct metabolic signatures induced by CR and DL diets relative to
AL-fed females (Fig. 4B, Supplementary Data 3-4). Among the sig-
nificantly altered metabolites, we observed significant CR-induced
increases in guanosine, leucine, and isoleucine, as well as CR-induced

reductions in uridine. These changes were specific to CR and were not
induced by a DL diet; while multiple metabolites trended in the same
direction between CR and DL-fed mice, the only significantly altered
metabolite that was shared in both CR and DL-fedmice was glucose-6-
phosphate, which was decreased in the plasma of both groups
(Figs. S5A-C). While broadly similar trends in metabolites appeared in
male plasma metabolites, no metabolites reached statistical
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significance, perhaps due to a smaller sample size (Fig. 4C, D, Sup-
plementary Data 5-6).

Shifts in the levels ofmultiplemetabolites within a single pathway
can provide more information about regulatory processes than chan-
ges within levels of a single metabolite. We utilized Metabolite Set
Enrichment Analysis (MSEA) to identify the distinct and shared path-
ways altered by each diet regimen. Our analysis identified multiple
metabolic pathways that were altered in both 3xTg CR-fed and DL-fed
females, including downregulation of pathways involving the meta-
bolism of amino acids including “Cysteine and methionine metabo-
lism”, “Glycine, serine and threonine metabolism,” and “Pentose
phosphate pathway” (Fig. S5D, SupplementaryData 7). Therewere also
pathways altered specifically by each diet in 3xTg females; CR-fed
females showed upregulation of pathways including “Lysine degrada-
tion,” and “Valine, leucine, and isoleucine degradation.” Interestingly,
DL-fed females had no significantly upregulated pathways, and indeed
CR-fed females had upregulation of “Valine, leucine, and isoleucine
biosynthesis,” while DL-fed females had downregulation of this same
pathway. As there were no significantly altered metabolites between
the male diet groups, no pathways were significantly altered in DL-fed
3xTg males.

We also examined the metabolic signature in the whole brain of
3xTgmale and femalemice oneachdiet regimen. PCAon the identified
58 brain metabolites showed extensive overlap between female 3xTg
mice fed any of the three diets (Fig. 5A, Supplementary Data 8). In
particular, we were surprised to find that the effect of DL and CR diets
on brain metabolites was virtually identical; a total of 21 metabolites
were significantly alteredby either theCRorDLdiets orwere altered in
both. This included elevations in the levels of many essential and non-
essential amino acids, including methionine and S-Adenosyl homo-
cysteine (SAH), a metabolite in the cysteine and methionine metabo-
lism pathway (Fig. 5B, S6A-C and Supplementary Data 9). Reflecting
this high degree of overlap, MSEA found many biological pathways
thatwere significantly affected by bothDL andCR feeding in the brains
of 3xTg femalemice; pathways uniquelyupregulated inCR-fed females
included “Propanoate metabolism,” “Folate biosynthesis,” “Riboflavin
pathway,” “Lipoic acid metabolism,” and “Tryptophan metabolism”

(Fig. S7, Supplementary Data 10).
As in the brain, we observed many fewer changes in 3xTg males

fed either the CR or DL diets than in females; however, PCA showed
that CR was clearly distinct from both the AL and DL-fed groups
(Fig. 5C and SupplementaryData 11). While there were similar trends in
the effect of CR and DL diets on NAD metabolism (Fig. 5D and Sup-
plementary Data 12), only NADP+ and ribulose-5 phosphate were sig-
nificantly altered, and only in CR-fed 3xTg males (Fig. S8A-B). Among
the significantly altered pathways in DL-fed 3xTgmales were “Arginine
and proline metabolism” and “Arginine biosynthesis” which may
reflect the progression of neurodegeneration15,16 (Fig. S7A, Supple-
mentary Data 9). Notably, “Arginine biosynthesis” was similarly upre-
gulated in both CR and DL-fed female 3xTg mice and approached
significance in CR-fedmale 3xTgmice (p =0.066), the only pathway so

similarly regulated in all four groups. In CR-fed mice, we found that
“Glutathionemetabolism,” a key antioxidant defense pathway that has
been shown to be altered in AD17, was downregulated. The “Alanine,
Aspartate and Glutamate metabolism” pathway, also previously
implicated in AD18,19, was also downregulated specifically in CR-fed
males. Notably, the effect of CR and DL feeding on “Cysteine and
Methionine metabolism” was observed in both plasma and brain
samples of female, but not male, 3xTg mice, with similar effects on
most of the metabolites detected despite the pathway being upregu-
lated in the brain and downregulated in the plasma (Fig. S9A-B).

Fasting is required for CR-induced improvements in tau hyper-
phosphorylation and neuroinflammation, but not for CR-
induced improvements in Aβ plaque deposition
To investigate the role of fasting in the ability of CR to attenuate AD
pathology, we evaluated several pathological hallmarks of AD,
including phosphorylation of tau, amyloid beta (Aβ) plaque deposi-
tion, and gliosis. In earlier studies20, we did not see any visible plaques
in 12-month-old 3xTg mice, and we therefore evaluated AD pathology
in the cortex and hippocampus of both male and female 3xTg mice at
15months of age. Brain sections from 15-month-old 3xTgmice females
were immune stained and visualized using 3,3’-diaminobenzidine
(DAB) (Fig. 6A). We observed significant plaque deposition in AL-fed
females which was significantly diminished by both DL and CR, as
shown by the reduced plaque area in both the cortex and hippo-
campus of female 3xTg mice fed these diets (Fig. 6A). However, upon
immunoblotting for phosphorylated tau at phosphorylation site
Thr231, we observed that only CR-fed mice had reduced tau phos-
phorylation, which reached statistical significance as compared to DL-
fed mice (Fig. 6B). Furthermore, fluorescent immunostaining com-
binedwithquantitative analysis of cortical p-TauThr231 in female 3xTg
mice also showed significant decrease in p-Tau only in CR-fed
group (Fig. 6C).

As expected, the plaque-burdened AL-fed 3xTg females had sig-
nificant neuroinflammation with higher levels of activated astrocytes
(GFAP-positive) and microglia (IBA1-positive). CR-fed 3xTg females
showed a significant reduction in both GFAP- and IBA1- positive cells
(Fig. 6D). In contrast, despite a significant reduction in plaque burden,
DL-fed 3xTg females did not show a reduction in the number of either
GFAP or IBA1-positive cells (Fig. 6D).

Interestingly, in males, we did not observe significant plaque
deposition as observed in females (Fig. S10A). However, CR-fed 3xTg
males did showed a significant reduction in phosphorylated tau
(Fig. S10B and S10C), as well as a significant reduction in IBA1 positive
cells as compared to theAL-fedmice (Fig. S10D). Taken together, these
results suggest that fasting is essential for reducing hyperpho-
sphorylation of tau and gliosis in both females andmales, independent
of plaque deposition (Fig. 6E).

To gain further insight into neuroinflammation, we analyzed the
expression of several inflammatory genes in the brains of both male
and female 3xTg mice. We chose these pro-inflammatory and anti-

Fig. 1 | Metabolic health outcomes of 3xTg-AD mice on different feeding regi-
mens. A Experimental design: Six-month-old female and male 3xTg-AD and
NTg mice were placed on either ad libitum (AL), Diluted AL (DL), or Caloric
Restricted (CR, with fasting between once-daily meals) diet and phenotyped over
the course of the next 9 months. B–F n = 8 AL, n = 7 DL and n = 7 CR fed 3xTg
biologically independent female mice. G–K n = 8 AL, n = 5 DL, n = 7 CR 3xTg bio-
logically independent male mice. B, G, F, K Two-way RM ANOVA followed by
Dunnett’s test vs. AL. *p < 0.05 AL vs DL, # p < 0.05 AL vs CR. C–E,H–J Statistics for
the overall effect of diet (D), time (T), and the interaction (DxT) represent the p
values from a two-way ANOVA; *p < 0.05 from a two-tailed Sidak’s post-test
examining the effect of parameters identified as significant in the two-way ANOVA.
The overall effect of sex (S) represents the p value from a separately completed

three-wayANOVA.BALvsDL *p =0.003, AL vsCR#p =0.0100 (3months), AL vs DL
*p =0.0015, AL vs CR #p =0.0022 (6 months), AL vs DL *p < 0.0001, AL vs CR
#p =0.0001 (9 months). C AL vs DL *p < 0.0001, AL vs CR *p<0.0001. D AL vs DL
*p =0.0015, AL vs CR *p =0.0004 (E) Al vs DL *p =0.0002, AL vs CR *p< 0.0001 (F)
AL vs DL *p =0.0002, AL vs CR#p =0.0005 (3months), AL vs DL *p =0.0005, AL vs
CR#p =0.0008 (6months) AL vsDL *p =0.0003, AL vs CR#p =0.0005 (9months).
G AL vs DL *p =0.0398, AL vs CR #p =0.0493 (6 months), AL vs DL *p =0.0148
(9 months) (H) AL vs DL *p =0.0048, DL vs CR *p =0.0237 (I) AL vs DL *p =0.0450
(K) AL vs DL *p <0.0001, AL vs CR #p<0.0001(3months), AL vs DL *p =0.0030, AL
vs CR #p =0.0005 (6 months), AL vs DL *p =0.0003, AL vs CR #p =0.0007
(9 months). Data represented as mean± SEM. FC: Food Consumption. Source data
are provided as a Source Data file.
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inflammatory genes based on prior studies demonstrating their rele-
vance to AD-related neuroinflammation21–24. Interestingly, in DL fed
3xTg females, alongwith the activation of astrocytes and gliawe found
an increase in expression of inflammatory genes compared to AL-fed
controls. Specifically, pro-inflammatory genes Il6 and Cxcl2 were ele-
vated in DL-fed females, along with an increase in the gene Il10
encoding the anti-inflammatory cytokine IL-10 (Fig. 7A, B), suggesting

a mixed inflammatory response. In contrast, in 3xTg males, CR-fed
mice had upregulation of both pro-inflammatory (Il1b and Il6) and anti-
inflammatory (Il10) genes compared to AL- andDL-fed groups (Fig. 7C,
D). A summary of the effects of diet (D), sex (S) and their interaction
(DxS) for each gene separately is provided in Fig. 7E. We observed
significant diet by sex interactions in pro inflammatory markers Il1a,
Il1b and Ccl2 genes.
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CR and DL have distinct effects on mTORC1 signaling and
autophagy
mTORC1 signaling has been extensively studied in the brains from AD
mouse models, revealing mTORC1 activation in these brains25,26. It is
widely believed that CR decreases mTORC1 signaling, which would
result in the activation of autophagy while reducing overall biosynth-
esis, decreasing protein translation as well as lipid synthesis27. We
therefore investigated how once-per-day CR and energy restriction
alone impact mTORC1 signaling in the brains of the AD mice.

We performed immunoblotting in brain lysates to assess the
phosphorylation of mTORC1 substrates p-S240/S244 S6 and T37/S46
4E-BP1. Compared to AL and DL-fed 3xTg females, we observed sig-
nificantly decreased phosphorylation of both substrates in CR-fed
3xTg females (Fig. 8A–C).We assessed autophagy by examining
expression of the autophagy receptor p62 (sequestosome 1, SQSTM1)
and the autophagosomemarker LC3A/B. We found that CR-fed female
mice exhibited increased expression of both p62 and LC3A/B com-
pared toAL andDL-fed groups (Fig. 8D, E). Althoughp62 accumulation
is often associated with impaired autophagic flux, others who have
observed increased levels of both p62 and LC3 following CR have
interpreted this as enhanced autophagy induction28. In summary,
these results indicate that fasting is critical for both CR-mediated
suppression of mTORC1 signaling and CR-dependent induction of
autophagy.

We also investigated the expression of brain-derived neuro-
trophic factor (BDNF), which is known for its neuroprotective effects;
reduced BDNF levels are reported in the pathogenesis of AD28–36. BDNF
has been shown to modulate mTORC1 signaling specifically in the
neurons to promote synaptic plasticity and neuronal growth37,38.
Moreover, CR has been shown to protect against cognitive decline via
upregulation of BDNF30,39. In addition to the well-established benefits
of CR, multiple studies have demonstrated that during intermittent
fasting (IF), neurons undergo an adaptive response mediated by ele-
vated BDNF levels, which enhance neuronal resilience and plasticity in
response to metabolic stress40–42. Consistent with these findings, we
find that BDNF levels were increased in the CR-fed 3xTg females
compared to DL-fed mice (p =0.0808); upregulation of BDNF may
contribute towards the neuroprotective effects in the once-a-day fed
CR group (Fig. 8F).

In males, we observed very similar results to those we found in
females, with significant downregulation of p-S240/S244 S6 and T37/
S46 4E-BP1 in the CR-fed group compared to the AL-fed group
(Fig. 8G–I). While the DL-fed 3xTg males exhibited reduced phos-
phorylation of mTORC1 substrates compared to AL-fed males, these
reductions were not statistically significant (Fig. 8G–I). Similar to
females, we assessed the expression of autophagy markers p62 and
LC3A/B. Although p62 levels were elevated in CR-fed mice compared
to AL-fed controls, this difference did not reach statistical significance
(p =0.0827). In contrast, LC3A/B levels were significantly increased in
CR-fedmice relative to AL and DL-fed groups (Fig. 8J, K). Finally, BDNF
expression was significantly upregulated in CR-fed 3xTg males, which
aligns with the improvements in AD pathology, particularly the tau-
specific improvements in the males (Fig. 8L).

Fasting is required for rescuing hippocampal-dependent long-
term memory in both sexes
We examined the contribution of fasting on CR-induced improve-
ments in cognition by performing behavioral assays on 12-month-old
3xTg and NTgmice that had been fed either an AL, DL, or CR diet prior
to sacrificing them for the histological assays described above. We
examined the performance of both sexes in a Barnes Maze (BM) and
tested Novel Object Recognition (NOR).

In the BM assay, mice were required to locate an escape box
placed at the target hole using spatial cues during days 1-4 of the
acquisition phase. On days 5 and 12 of the BM assay short-term
memory (STM) and long-term memory (LTM), respectively, were tes-
ted, evaluating how well the mice remembered the location of the
target hole. There was no effect of diet on the performance of NTg
female mice in the BM, while there was an overall effect of diet on the
BM performance of NTg males, with DL- and CR-fed NTg males per-
forming better than AL-fed NTg males, especially in the STM assay
(Fig. S11A-D, S11F-I).

Both AL- and DL-fed 3xTg female and male mice failed to locate
the target hole within the given 90 seconds of assessment time even
after 4 days of training (Fig. 9A, F). In contrast, CR-fed 3xTg mice of
both sexes – but not DL-fed 3xTgmice - rapidly located the escape box
during the training phase, during the STM test, and during the LTM
test conducted 12 days after the initial assay (Fig. 9B, G). Additionally,
AL-fed and DL-fed 3xTg mice of both sexes made more errors during
the training phases than CR-fed mice (Fig. 9C, D, H, I).

The NOR task evaluates the preference for exploring a familiar
object versus a new object and is quantified based on a discrimination
index (DI). A positive DI implies a preference for exploring novelty,
indicating that the memory of the familiar object persists and that the
mice favor exploring thenewobject. As expected,NTg femalemice fed
any of the three diets performedwell at the NOR test with a positive DI
and no difference between groups (Fig. S11E). In contrast while male
NTg mice didn’t show significant deficits in STM, the CR-fed males
performed better during the LTM test then DL-fed males (Fig. S11J).

We found that AL-fed 3xTg females spent more time with the
familiar object than the novel object, suggesting defects in recognition
memory (Fig. 9E). However, both the DL fed, and CR-fed females spent
more time with novel objects than with the familiar object (Fig. 9E).
However, 3xTg males did not show significant changes in their dis-
crimination index, although CR-fed 3xTg males had the highest DI
during the LTM test (Fig. 9J). Overall, these results demonstrate that
fasting plays a role in the cognitive benefits of a CR diet for 3xTg mice
of both sexes.

Fasting promotes survival outcomes in 3xTg AD-mice
Throughout our experiments, and consistent with our previous
findings20 as well as studies by other groups, we observed that 3xTg
mice, particularly males, had a higher mortality rate as they approached
one year of age. While we did not intend originally intend to assess the
effects of these diets on survival, in agreement with these previous
results, we found that AL-fed 3xTgmales have a shorter lifespan thanAL-
fed female mice (Fig. S12A-B). 3xTg males fed a DL diet had significantly

Fig. 2 | Distinct fuel utilizationpatterns of 3xTg-ADmice under reduced caloric
intake conditions.Metabolic chambers were used to determine fuel source utili-
zation and energy expenditure 24 hours in female (A–D) and male (E–H). Six-
month-old female and male 3xTg-AD mice were placed on either ad libitum (AL),
Diluted AL (DL) or Caloric Restricted (CR with fasting between once-daily meals)
diet and phenotyped over the course of the next 9months.ARespiratory exchange
ratio (RER) over 24hrs in females. (B) RER in light, dark and combined cycles in
females. C Energy expenditure (EE) over 24 hrs in females. (D) EE normalized to
body weight in females during light, dark and combined cycles in females. (E) RER
over 24 hrs in males. (F) RER in light, dark and combined cycles in males (AL vs CR
*p< 0.0001, DL vs CR *p< 0.0001 (light), AL vs CR *p =0.0016, DL vs CR

*p =0.0006 (dark)). (G) EEover 24 hrs inmales. (H) EEnormalized tobodyweight in
males during light, dark and combined cycles in males. A–D n = 6 AL, n = 6 DL and
n = 5 CR-fed biologically independent 3xTg female mice were used. E–H n = 5 AL,
n = 5 DL and n = 6 CR fed biologically independent 3xTg male mice were used.
B, D, F, H (Left panel) Statistics for the overall effect of diet (D), time (T), and the
interaction (DxT) represents the p values from a two-way ANOVA; *p <0.05 from a
two-tailed Sidak’s post-test examining the effect of parameters identified as sig-
nificant in the two-way ANOVA. The overall effect of sex (S) represents the p value
from a separately completed three-way ANOVA. (Right panel) *p < 0.05, two-tailed
Tukey’s test post one-way ANOVA. Data represented as mean ± SEM. Source data
are provided as a Source Data file.
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decreased survival (log-rank test, p =0.009) relative to AL-fed males
(Fig. S12B). In contrast, female 3xTg mice did not show significant dif-
ferences in survival between the different dietary groups (Fig. S12A).

Discussion
Therehasbeen growing interest in dietary interventions for diseases of
aging, including AD43. One such possible intervention is fasting, which

has shown potential promise as an effective intervention in alleviating
symptoms of neurodegenerative diseases including AD and Parkin-
son’s disease44–47. Previous studies have found benefits of intermittent
fasting without calorie restriction in mice, finding that intermittent
fasting improved glucose metabolism, regulates circadian rhythms,
and promotes neuronal resilience as well as recovery from neural
injury48–51. In the context of AD, CR or intermittent fasting
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independently has been shown to promote cognitive function and
protect from worsening AD pathology in animal models of
AD4–8,45,46,52,53. However, the physiological and molecular mechanisms
that underlie the benefits of CR on cognition – as well as its beneficial
impacts on the development and progression of Alzheimer’s disease –
have remained elusive.

Recent work from our lab and others has demonstrated that in
wild-typemice,many of the benefits of CR arise not from the reduction
in calories, but instead from the prolonged fasting period that
accompanies once-a-day experimental CR regimen. Fasting in the
context of CR is required for the benefits on insulin sensitivity, frailty,
cognition, and lifespan in wild-type mice12,54, and indeed fasting alone
without reduction of calories is sufficient for many of the molecular
effects of CR as well as extending lifespan in wild-type mice12,55.

Here, we build on this foundation bydetermining if the protective
effects of CRon the progression anddevelopment of ADarise from the
restriction of energy alone or as a result of fasting between meals. We
placed both female and male 3xTg AD and NTg mice on different
feeding regimens allowing us to distinguish between the effects of
energy restriction and fasting. Metabolic and behavioral phenotyping
was performed in both genotypes; however, molecular and histologi-
cal analysis was conducted only in the 3xTg-AD group. In 3xTg AD
mice, we found that a reduction of calories without a prolonged fast
improves glucose tolerance and aspects of ADpathology, reducing the
density of Aβ plaques and neuroinflammation, but did not improve tau
pathology. In contrast, prolonged fasting was necessary for CR-
mediated improvements in insulin sensitivity and tau pathology.

Without exception, CR with fasting had equal or greater cognitive
benefits in multiple assays and in both sexes of 3xTg AD mice than
energy restriction alone. Fasting was likewise required for CR-
mediated molecular changes, including CR-induced reduction in
brain mTOR signaling and the activation of autophagy. While there
were sex-specific effects of CR, the importance of fasting largely held
true across both sexes. Our results suggest that prolonged fasting
between meals is an essential component of the benefits of CR on the
development and progression of AD in mice.

CR-mediated attenuation of Aβ plaques been demonstrated in
various ADmousemodels5,7,56. Further, a previous study, found that CR
reduces both Aβ and tau accumulation and improved cognitive per-
formance in the 3xTgmousemodel of AD4. Our findings are consistent
with these previous reports, as we observed attenuation of Aβ plaques
and tau pathology in CR-fed 3xTg mice.

Importantly, we have gained new insight into the mechanisms
behind the benefits of a CR diet. First, DL-fed mice, which were energy
restricted but did not experience prolonged daily fasts, showed sig-
nificant attenuation of Aβ plaques. Notably, this occurred in the
absence of improved insulin sensitivity, neuroinflammation, brain
mTORC1 signaling, or activation of brain autophagy – all physiological
and molecular changes that have been hypothesized to explain the
ability of CR to slow the development or promote the clearance of Aβ
plaques. Moreover, while DL-fed mice did show a trend towards cog-
nitive improvements, it was clearly not as beneficial as CR. Themodest
benefits of targetingAβplaques alonemayhelp explain theonlypartial
success of Aβ-targeted antibodies in slowing cognitive decline in
humans with AD57,58.

The importance of fasting for the cognitive response to CR was
evident in behavioral assays. 3xTg mice have consistently been shown
to have impairments in hippocampal-dependent tasks such as Barnes
Maze andNORwithmemorydeficits becoming apparent as early as4-6
months of age and growing more severe with increasing age13,59. Here,
we found that CR-fed 3xTg mice, which underwent prolonged daily
fasting, had significantly better spatial referencememory compared to
both AL-fed and DL-fed 3xTg mice. This was particularly evident with
regards to latency to target in both males and females. Latency to
target measures how fast the mouse reaches the correct escape hole
after learning its location during the training phase, which is deter-
minedbyhowwell they can recall the correct location, and thusmostly
reflects spatial referencememory. In contrast, error hole visits provide
insights into search strategy; entries into non-target holes are con-
sidered to be errors in working memory60–64. The findings from our
study suggest that mice subject to energy restriction with fasting (CR)
have significantlybetter spatial referencememory thanmice subject to
energy restriction without fasting (DL).

Overall, our results demonstrate that, energy restriction with
fasting – traditional once-per-day CR – was highly effective in
improving cognition, reducing not only Aβ plaques but also hyper-
phosphorylation of tau and tau pathology, reducing neuroinflamma-
tion, and was accompanied by molecular changes believed to be
beneficial, notably the reduction of mTORC1 signaling and activation
of autophagy. In combination with our results in DL-fed mice, we
conclude that prolonged fasting between meals is, at a minimum,
required for most of the benefits of CR except the reduction of Aβ
plaques.

Rather surprisingly, this suggests that the benefits of reduced
mTORC1 signaling, and increased autophagy may be mediated pri-
marily by an Aβ-independent mechanism and moreover, previous
studies have demonstrated that mTORC1 inhibition leads to the sup-
pression of tauopathy65,66. These findings are consistent with studies in
transgenicmousemodels of tauopathies, where CR has been shown to
alleviate tau pathology and improve cognitive function67–70. Intrigu-
ingly, despite DL reducing plaque deposition, astrocytic andmicroglial
activation in the DL mice was comparable to AL-fed mice, while pro-
inflammatory gene expression was extremely high. In contrast, CR-fed
females not only had reduced plaques, but had reduced glial activation
relative to both CR and DL-fed mice, with substantially lower pro-
inflammatory gene expression, suggesting thatwhile caloric reduction
alone may attenuate plaque pathology, the reduction in plaque
deposition observed in the DL-fed mice may not be mediated by glial
cells. Further, it suggests that the inflammatory response is also
independent of plaque burden. Future studies utilizing spatial tran-
scriptomics or single-cell nucleus RNA sequencing will be critical to
determine whether these inflammatory patterns persist at the regional
and cellular levels. Throughout our study, we observed largely similar
physiological, molecular and behavioral outcomes in response to all
the three feeding regimens in both sexes with the exception in neu-
ropathological outcomes. Specifically, the reduction of calorieswith or
without fasting resulted in sex specific reduction of Aβ plaques in both
cortex and hippocampus.While DL and CR reduced plaque deposition
in both regions in females, there was no effect of either DL or CR on
plaques in males.

Fig. 3 | Fasting is required for CR-induced insulin sensitivity in both female and
male 3xTg-ADmice.Glucose (A) and insulin (B) tolerance tests were performed in
female mice after three months on ad libitum (AL), Diluted AL (DL) or Caloric
Restricted (CR with fasting between once-daily meals) fed diets. A GTT: n = 6 3xTg
biologically independent mice per group. B ITT: n = 6 3xTg biologically indepen-
dentmice per group. Glucose (C) and insulin (D) tolerance tests were performed in
male mice after three months on AL, DL or CR fed diets. C GTT: n = 6 AL, n = 5 DL
and n = 6 CR fed 3xTg biologically independentmice. (D) ITT: n = 6 AL, n = 5 DL and

n = 6 CR fed biologically independent mice. E Heat map representation of all the
metabolic parameters in 3xTg and NTg female andmalemice. Color represents the
log2 fold-changevs. AL fedmice.A–D Statistics for theoverall effects of diet (D), sex
(S) and their interaction (DxS) represent the p values from a 2-way ANOVA;
*p < 0.05, froma two-tailed Tukey’s test post ANOVA.AALvsDL *p =0.0065. (B) DL
vsCR *p =0.0018. (C) ALvsCR *p =0.0030. (D) AL vsCR,DLvsCR *p< 0.0001. Data
represented as mean± SEM. NTg, Non-transgenic control, AUC, Area Under the
Curve. Source data are provided as a Source Data file.
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Fig. 4 | Plasma metabolome displays sex specific effects of fasting and energy
restriction in 3xTg-AD mice. Targeted metabolomics were performed on the
plasma of female andmale 3xTgmice fedad libitum (AL), Diluted AL (DL) or Caloric
Restricted (CR with fasting between once-daily meals) diets. Principal Component
Analysis (PCA) ofplasmametabolites from3xTg females (A) andmales (C) fedonan
AL, DL or CR diets. Heatmap of 47 targeted metabolites, represented as log2-fold

change vs. AL-fed mice in females (B) and males. (D). B *p < 0.05 vs. AL-fed mice,
two-tailed Tukey’s test post ANOVA. A–D For females n = 5 AL, n = 6 DL, n = 6 CR
biologically independent mice per group were used. For males n = 4 AL, n = 3 DL,
n = 5 biologically independentmice per groupwere used. Source data are provided
as a Source Data file.
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Fig. 5 | Overlapping brain metabolome profile in female 3xTg-AD mice under
energy restriction and once-per-day CR regimen. Targeted metabolomics were
performed on the brain of female and male 3xTg mice fed ad libitum (AL), Diluted
AL (DL) or Caloric Restricted (CR with fasting between once-daily meals) diets.
Principal Component Analysis (PCA) of plasma metabolites from 3xTg females (A)
and males (C) fed on an AL, DL or CR diets. (B, D) Heatmap of 47 targeted

metabolites, represented as log2-fold change vs. AL-fed mice in females (B) and
males (D). B, D *p < 0.05 vs. AL-fed mice, two-tailed Tukey’s test post one-way
ANOVA.A–D For females n = 6 biologically independentmice per groupwere used.
For males n = 6 AL, n = 5 DL, n = 6 biologically independent mice per group were
used. Source data are provided as a Source Data file.
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As expected with CR, both males and females had reduced
mTORC1 signaling and autophagy activation. However, females dis-
played significant reduction in mTORC1 when compared to DL-fed
mice, whereas males showed significant reduction when compared to
AL-fed mice. The extent of autophagy activation by CR was similar in
both sexes, though induction of BDNF by CR was more pronounced in
males following energy restriction.

These sex differences were even more clearly seen in our meta-
bolomic analysis of plasma and brain tissue in the 3xTg mice. We
observed significant changes inmetabolic pathways in response todiet
in females, with some overlap in the response to DL and CR feeding,
whilemales showedmany fewer changes with no overlapping changes
between the DL and CR groups. One key pathway identified in females
across both plasma and brain tissues was the cysteine andmethionine
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metabolism pathway. This is particularly interesting given that
methionine restriction has been previously shown to improve meta-
bolic outcomes as well as improve longevity in animal models71–73.
Furthermore, components of the circulating methionine cycle are
known to play an important role in the pathogenesis of AD74,75.
Methionine is a key regulator of DNA and histonemethylation76–79, and
methionine cycle disruptions have been linked to altered DNA
methylation patterns in AD, which affects neuroinflammation80–82.
Thus, the role of methionine metabolism and its epigenetic effects on
the development and progression of AD will be an important area for
further study.

Interestingly, we found a significant overlap in metabolite abun-
dance between the DL and CR groups in the brains of female 3xTg
mice. These overlapping metabolites were primarily amino acids,
which were increased in both DL and CR groups compared to control
mice. Consistent with previous studies in mice, we also observed an
increase in branched-chain amino acids (Leucine, Isoleucine, and
Valine) in the brains of both DL and CR-fed female mice12,83.

The current study has several limitations that need to be addres-
sed in future research. One significant limitation is the use of a diet
diluted with indigestible cellulose (DL); while potentially a low-energy
diet could be deleterious for a variety of reasons, in wild-type mice
energy restriction induced by a low energy diet has similar impacts on
lifespanas energy restriction inducedbymany feeding smallmeals of a
normal diet54. In our previous work, we found that a DL diet does not
impair macronutrient absorption or gut integrity; however, the effects
of DL on the gut microbiome or micronutrient absorption remains an
open question. Future studies should examine these potentially con-
founding factors.

In this study, we used intraperitoneally administered glucose to
assess glucose metabolism. While this is an established technique84,85,
this approach is less physiologically relevant than orally administered
glucose, as it bypasses incretin hormone signaling that could sig-
nificantly impact insulin secretion and glucose homeostasis86. Future
studies should consider the use of orally administered glucose to
provide a more physiologically relevant assessment of differences in
glucose metabolism.

We also did not study the effects of fasting alone, without energy
restriction, on AD pathology and cognition in 3xTgmice. Based on the
results we and others have observed in wild-type mice12,55, we hypo-
thesize that fasting may be sufficient to recapitulate many of the
benefits of CR on cognition and AD pathology, but this has not been
tested. Additionally, while there are many benefits of using the 3xTg
mouse model of AD87, the use of other AD mouse models could pro-
vide additional insight, particularly into whether the benefits of CR are
mediated via its remediations of tauopathy.

Our molecular analyses were limited; while we examined the
effects of mTOR signaling and autophagy, we did not take a broader
and unbiased view of the molecular pathways engaged by CR; fasting
and energy restriction likely impinge on many other pathways which

have been shown to impact AD pathology, e.g., AMPK and SIRT188–90.
Our molecular analysis did not explore the transcriptome or the pro-
teome and was limited to the whole brain and plasma, rather than
narrowing in on specific brain regions. A growing body of literature
suggests other tissues outside the brain, including the liver, can also
influence thedevelopment andprogressionofAD91–93. Lastly, our study
focused exclusively on the brain and plasma. Given the significant
resultsweobserved in insulin sensitivity and theoverlap inmetabolites
in the brain, it would be important to include analyses of the liver,
skeletal muscle, and adipose tissue in future studies. These tissues are
key contributors to metabolic health, and examining their responses
could provide important insights into the systemic effects of CR and
fasting in AD mice.

In conclusion, our findings strongly suggest that while not all
benefits of CR require fasting, fasting plays a critical role in CR-induced
improvements in ADpathology. Although energy restriction alonewas
sufficient to mitigate plaque pathology in 3xTg females and improve
certain aspects of cognition, fasting was essential for the reduction of
tau pathology as well as many other molecular and histological mar-
kers of AD and the full cognitive benefits of CR. Our results suggest
that CR with fasting – or, potentially, although we have not tested it
here, fasting alone – could be a promising therapeutic approach to AD.
Even if this diet regiment is too arduous for many or for the elderly in
particular our results suggest that potential CRmimetic agents should
aim to mimic the results of daily fasting, and not simply energy
restriction, to fully capture the benefits of CR for AD.

Methods
Animals
All procedures were performed in accordance with institutional guide-
lines and were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the William S. Middleton Memorial Veterans Hospital
and theUniversity ofWisconsin-Madison IACUC (Madison,WI, USA).Male
and female homozygous 3xTg-AD mice and their non-transgenic litter-
mates were obtained fromThe Jackson Laboratory (Bar Harbor, ME, USA)
and were bred and maintained at the vivarium with food and water
available ad libitum. Prior to the start of the experiments at 6months they
were randomly assigned to different groups based on their body weight
and diet. Mice were acclimatized on a 2018 Teklad Global 18% Protein
Rodent Diet for 1 week before randomization and were singly housed. All
mice were maintained at a temperature of approximately 22 °C, and
health checks were completed on all mice daily.

At the start of the experiment, mice were randomized to three
different groups (1) AL, ad libitum diet; (2) DL, Diluted ad libitum diet
where animals were providedwith ad libitum access to a low-energy diet
dilutedwith indigestible cellulose, which reduced caloric intake by ~30%
and (3) CR, animals in which calories were restricted by 30%, and ani-
mals were fed once per day during the start of the light period; Animals
fed the AL and CR diet were fed 2018 Teklad Global 18% Protein Rodent
Diet (Envigo) and animals fed a DL diet were fed Teklad 2018 with 50%

Fig. 6 | Fasting required for mitigating hyperphosphorylation of tau, but not
Aβ plaques in female 3xTg-AD mice. A–C Analysis of AD neuropathology in
female 3xTg mice fed on ad libitum (AL), Diluted AL (DL) or Caloric Restricted (CR
with fasting between once-daily meals). A Representative plaque images in the
cortex and hippocampus of female 3xTgmice. scale bar in the 4x image is 1000 µM,
10x image is 400 µM, 20x is 200 µM and 40x is 100 µM. Quantification of plaque
area in female cortex n = 5 biologically independent mice per group and for hip-
pocampus n = 5 AL, n = 4 DL and n = 5 CR fed 3xTg biologically independent mice.
B Western blot analysis of phosphorylated Thr231 Tau in female(n = 6 biologically
independent mice/group). C Representative immunofluorescence images of 3xTg
females stained with p-Tau Thr231 antibody (AT180), 63x magnification shown;
scale bar 50 µM. Quantitative analysis of fluorescence intensity. n = 5 AL, n = 5 DL,
n = 4 CR fed 3xTg biologically independent mice. D Immunostaining and quantifi-
cation for astrocytes (GFAP) and microglia (IBA1) in female 3xTg mice. 20x

magnification shown; Scale bar 200 µM. n = 5 AL, n = 5 DL, n = 4 CR for GFAP and
n = 5 biologically independent mice/group for IBA1. E Heat map representation of
the neuropathological findings in female and male 3xTg mice; log2 fold-change
relative to AL-fed mice of each sex. A Statistics for the overall effects of diet, sex,
region, and their interactions represent the p values from a three-way ANOVA;
*p < 0.05, from a two-tailed Tukey’s test post ANOVA. B, C Statistics for the overall
effects of diet (D), sex (S) and their interaction (DxS) represent the p values from a
2-way ANOVA; *p < 0.05, from a two-tailed Tukey’s test post ANOVA. C AL vs CR
*p =0.0162, DL vs CR *p =0.0093. (D) Statistics for the overall effects of diet, sex,
and cell type (GFAP or IBA1 stain) represent the p values from a three-way ANOVA;
*p < 0.05, two-tailed Tukey’s test post ANOVA. GFAP; DL vs CR *p =0.0182. IBA1; AL
vs CR *p =0.0286, DL vs CR *p =0.0274. AL; ad libitum, DL; Diluted AL, CR; Caloric
Restricted. Data represented as mean± SEM. Source data are provided as a Source
Data file.
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Fig. 7 | Diet induced differential expression of neuroinflammatory genes in
3xTg-AD mice. A–D Expression of the indicated pro-inflammatory and anti-
inflammatory genes from female (A,B) andmale (C,D) 3xTgmice fed on ad libitum
(AL), Diluted AL (DL) or Caloric Restricted (CR with fasting between once-daily
meals) diets from 6–15 months of age using qPCR. E Summary of statistical out-
comes from two-way ANOVAs (Diet x Sex) conducted separately for each gene.
A, B n = 5 AL, n = 5 DL, n = 6 CR fed 3xTg biologically independent female mice
(C, D) n = 5 AL, n = 5 DL, n = 5 CR fed 3xTg biologically independent male mice.

A–D Statistics for the overall effect of diet (D), genes (G), and the interaction
represent the p values from a two-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, two-tailed Sidak’s post-test examining the effect of parameters
identified as significant in the two-way ANOVA. E Statistics for the overall effect of
diet (D), sex (S), and the interaction represent the p values from a two-way
ANOVA. Data represented as mean ± SEM. Source data are provided as a Source
Data file.
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cellulose (TD.170950). Diet descriptions, compositions and item num-
bers are provided in Supplementary Data 1. This manuscript abides by
the ARRIVE guidelines for the reporting of animal experiments.

In vivo procedures
Glucose and Insulin tolerance testswere performedby fasting themice
overnight and then injecting either glucose (1 g kg–1) or insulin (0.75 U

kg−1), respectively, intraperitoneally73,84. We timed the assays in such a
way that all the groups were fasted for similar durations of time to
minimize confounding factors affecting the tests. Specifically, after
3 hours of feeding the CR mice at the start of the light cycle, all the
dietary groups were fasted overnight ( ~ 21-22 hours) before perform-
ing the tolerance tests the following morning. Glucose measurements
were taken using a Bayer Contour blood glucose meter (Bayer,
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Leverkusen, Germany) and test strips. Mouse body composition was
determined using an EchoMRI Body Composition Analyzer (EchoMRI,
Houston, TX, USA). For determining metabolic parameters [O2, CO2,
food consumption, respiratory exchange ratio (RER), energy expen-
diture] and activity tracking, themicewere acclimated to housing in an
Oxymax/CLAMS-HC metabolic chamber system (Columbus Instru-
ments) for ∼24 h and data from a continuous 24 h period was then
recorded and analyzed. Following 3 hours of feeding the CR mice at
the start of the light cycle, all dietary groups underwent a 3 hr fast,
followedby cervical dislocation and tissues formolecular analysiswere
flash-frozen in liquidnitrogenorfixed andprepared asdescribed in the
methods below.

Behavioral assays
All mice underwent behavioral phenotyping when they were twelve
months old. The Novel Object Recognition test (NOR) was performed
in an open fieldwhere themovements of themouse were recorded via
a camera that is mounted above the field. Before each test mice were
acclimatized in the behavioral room for 30minutes and were given a
5min habituation trial with no objects on the field. This was followed
by test phases that consisted of two trials that are 24 hrs apart: Short
Term Memory test (STM) and Long Term Memory test (LTM). In the
first trial, themicewere allowed to explore two identicalobjects placed
diagonally on opposite corners of the field for 5minutes. Following an
hour after the acquisition phase, STMwas performed and 24 hrs later,
LTM was done by replacing one of the identical objects with a novel
object. The results were quantified using a discrimination index (DI),
representing the duration of exploration for the novel object com-
pared to the old object.

For Barnes maze, the test involves 3 phases: habituation, acqui-
sition training and the memory test. During habituation, mice were
placed in the arena and allowed to freely explore the escape hole,
escape box, and the adjacent area for 2min. Following that during
acquisition training the mice were given 180 s to find the escape hole,
and if they failed to enter the escape box within that time, they were
led to the escape hole. After 4 days of training, on the 5th day (STM) and
12th day (LTM) the mice were given 90 s memory probe trials. The
latency to enter the escape hole, distance traveled, and average speed
were analyzed using Ethovision XT (Noldus).

Immunoblotting
Tissue samples from brain were lysed in cold RIPA buffer supple-
mented with phosphatase inhibitor and protease inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA, USA) using a FastPrep 24
(M.P. Biomedicals, Santa Ana, CA, USA) with bead-beating tubes
(16466–042) from (VWR, Radnor, PA, USA) and zirconium ceramic
oxide bulk beads (15340159) from (Thermo Fisher Scientific, Waltham,
MA, USA). Protein lysates were then centrifuged at 13,300 rpm for
10min and the supernatant was collected. Protein concentration was
determined by Bradford (Pierce Biotechnology, Waltham, MA, USA).
20μg protein was separated by SDS–PAGE (sodium dodecyl
sulfate–polyacrylamide gel electrophoresis) on 8%, 10%, or 16% resol-
ving gels (ThermoFisher Scientific,Waltham,MA,USA) and transferred
to PVDF membrane (EMD Millipore, Burlington, MA, USA). The

phosphorylation status ofmTORC1 substrates including S6 S240/S244
and 4E-BP1 T37/S46 were assessed in the brain along with autophagy
receptor p62 (sequestosome 1, SQSTM1) and the autophagosome
marker LC3A/B. Tau pathology was assessed by western blot with anti-
tau antibody. Antibody vendors, catalog numbers and the dilution
used are provided in Supplementary Data 13. Imaging was performed
using a Bio-Rad Chemidoc MP imaging station (Bio-Rad, Hercules, CA,
USA). Quantificationwasperformedby densitometry usingNIH ImageJ
software.

Histology for AD neuropathology markers
Following cervical dislocation, the brains were collected and divided
into two hemispheres. The right hemisphere was fixed in formalin for
histology while the left hemisphere was snap frozen for molecular
analysis. For amyloid plaque staining, briefly brain sections were
deparaffinized and rehydrated according to standard protocol. For
epitope retrieval,mounted slideswerepretreated in70% formic acid at
room temperature for 10min. Tissue sections were subsequently
blocked with normal goat serum (NGS) at room temperature for 1 hr,
then incubated with monoclonal antibodies 6E10 (1:100), at 4 °C
overnight. Aβ immunostained profiles were visualized using diamino-
benzidine chromagen. For p-Tau staining and glial activation, brains
were analyzed with anti-GFAP (astrocytic marker), and anti-Iba1
(microglial marker) antibodies, respectively. The following primary
antibodies were used: phospho-Tau (Thr231) monoclonal antibody
(AT180) (Thermo Fisher Scientific; # MN1040, 1:100) anti-GFAP
(Thermo Fisher; # PIMA512023; 1:1,000), anti-IBA1 (Abcam;
#ab178847; 1:1,000). Sections for plaque and glia stainingwere imaged
using an EVOS microscope (Thermo Fisher Scientific Inc., Waltham,
MA, USA) at a magnification of 4X, 10X and 40X magnification. Sec-
tions for tau staining were imaged using Leica DMI6000B Inverted
microscope at a magnification of 63x. Image-J was used for quantifi-
cation by converting images into binary images via an intensity
threshold and positive area was quantified94.

Quantitative real-time PCR. RNA was extracted from whole brain
using TRI Reagent and PureLink mini-RNA kit (Thermo Fisher Scien-
tific, Cat # 12183020) according to the manufacturer’s protocol
(Thermo Fisher Scientific). The concentration and purity of RNA were
determined by absorbance at 260/280nm using Nanodrop (Thermo
Fisher Scientific). 1μg of RNA was used to generate cDNA (Superscript
III; Invitrogen, Carlsbad, CA, USA). Oligo dT primers and primers for
real-time PCR were obtained from Integrated DNA Technologies (IDT,
Coralville, IA, USA); Primer sequences are in Supplementary Data 14.
Reactions were run on an StepOne Plus machine (Applied Biosystems,
Foster City, CA, USA) with Sybr Green PCR Master Mix (Invitrogen).
Actin was used to normalize the results from gene-specific reactions.

Targeted Metabolomics on Plasma
Metabolite extraction. Plasma (20μL from 29 female and male sam-
ples) was transferred to an individual 1.5mLmicrocentrifuge tube and
incubated with 400μL −80 °C 80:20 Methanol (MeOH): H2O extrac-
tion solvent on dry ice for 5minutes post-vortexing. Serum homo-
genatewas centrifuged at 21,000× g for 5minutes at 4 °C. Supernatant

Fig. 8 | Differential effects of feeding regimens on brainmTORC1 signaling and
autophagy activation in 3xTg mice. A–L The phosphorylation of S6 and 4E-BP1,
and the expression of p62, LC3A/B and BDNF was assessed by western blotting of
whole brain lysates of 3xTg mice fed on ad libitum (AL), Diluted AL (DL) or Caloric
Restricted (CR with fasting between once-daily meals) diets from 6-15 months.
Quantification of the phosphorylation of p-S240/S244 S6 (B) and T37/S46 4E-BP1 (C),
relative to expression of S6 and 4E-BP1, respectively in females. Quantification of p62
expression (D) LC3A/B expression (E) and BDNF expression (F) relative to expression
of GAPDH in females. Quantification of the phosphorylation of p-S240/S244 S6 (H)
and T37/S46 4E-BP1 (I), relative to expression of S6 and 4E-BP1, respectively, in

males. Quantification of p62 expression (J), LC3A/B expression (K), and BDNF
expression (L) relative to expression of GAPDH inmales. (B–F) n = 4 AL, n = 5 DL and
n= 5 CR fed 3xTg biologically independent female mice. H n=4 AL, n = 4 DL and
n=4 CR (I) n = 4 AL, n = 5 DL and n= 4 CR (J, K) n = 4 AL, n = 5 DL and n= 5 CR (L)
n = 4 AL, n = 5 DL and n=4 CR fed 3xTg biologically independent male mice.
B–F, H–L Statistics for the overall effects of diet (D), sex (S) and their interaction
(DxS) represent the p values from a 2-way ANOVA; *p <0.05, from a two-tailed
Tukey’s test post ANOVA. Data represented as mean±SEM. BDNF; Brain derived
neurotrophic factor. Source data are provided as a Source Data file.
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was transferred to 1.5mL microcentrifuge tube after which the
remining pellet was resuspended in 400 µL −20 °C 40:40:20
Acetonitrile (ACN): MeOH: H2O extraction solvent and incubated on
ice for 5minutes. Serum homogenate was again centrifuged at
21,000 × g for 5minutes at 4 °C after which the supernatant
was pooled with the previously isolated metabolite fraction. The
40:20:20 ACN: MeOH:H2O extraction was then repeated. Next, the

pooled metabolite extract for each sample was transferred to a 1.5mL
microcentrifuge Eppendorf tube and completely dried using a Thermo
Fisher Savant ISS110 SpeedVac. Dried metabolite extracts were resus-
pended in 100 µL of LCMS-gradedwater followingmicrocentrifugation
for 5minutes at 21,000 xg at 4 C to pellet any remaining insoluble
debris. Supernatant was then transferred to a glass vial for LC-MS
analysis.
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Targeted metabolomics on brain
Metabolite Extraction. Following cervical dislocation, the brains were
collected anddivided into twohemispheres. The right hemispherewas
fixed in formalin for histology while the left hemisphere was immedi-
ately snap-frozen in liquid nitrogen before being evenly pulverized.
This procedure was performed consistently across all animals to
minimize variability. Approximately 10mg of tissue from 30 female
and male brains were homogenized on ice using a dounce homo-
genizer in 400 µL of 80:20 methanol. The homogenate was then
transferred to a 1.5mL microcentrifuge tube. An additional 100 µL of
the solvent was used to rinse the mortar and was subsequently added
to the same tube. The mixture was incubated on ice for 5minutes
before being centrifuged at 21,000 × g for 5minutes at 4 °C. After
centrifugation, 500 µL of the supernatant was transferred to a fresh
1.5mL microcentrifuge tube and dried completely using a Thermo
Fisher Savant ISS110 SpeedVac. The protein pellet was resuspended in
100 µLRIPAbuffer (10mMTris-HCl, pH8.0, 1mMEDTA, 0.5mMEGTA,
1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS, and 140mM
NaCl) to normalize the intensity values for each targeted metabolite.
The dried metabolite extracts were resuspended in 100 L of LC-MS-
gradewater and centrifuged again at 21,000× g for 5minutes at 4 °C to
pellet any remaining insoluble debris. The resulting supernatant was
then transferred to a glass vial for LCMS analysis.

LC-MS metabolite analysis. Each prepared metabolite sample was
injected onto a Thermo Fisher Scientific Vanquish UHPLC with a
Waters Acquity UPLC BEH C18 column (1.7μm, 2.1 × 100mm; Waters
Corp., Milford, MA, USA) and analyzed using a Thermo Fisher Q
Exactive orbitrap mass spectrometer in negative ionization mode. LC
separation was performed over a 25minutemethodwith a 14.5minute
linear gradient ofmobile phase (buffer A, 97%water with 3%methanol,
10mM tributylamine, and acetic acid-adjusted pH of 8.3) and organic
phase (buffer B, 100% methanol) (0minute, 5% B; 2.5minute, 5% B;
17minute, 95% B; 19.5minute, 5% B; 20minute, 5% B; 25minute, 5% B,
flow rate 0.2mL/min). A quantity of 10 µL of each sample was injected
into the system for analysis. The ESI settings were 30/10/1 for sheath/
aux/sweep gas flow rates, 2.50 kV for spray voltage, 50 for S-lens RF
level, 350C for capillary temperature, and 300C for auxiliary gas
heater temperature. MS1 scans were operated at resolution = 70,000,
scan range = 85–1250m/z, automatic gain control target = 1 × 106, and
100msmaximum IT. Metabolites were identified and quantified using
El-MAVEN (v0.12.1-beta) with metabolite retention times empirically
determined in-house. Peak Area top values were imported into Meta-
boAnalyst for statistical analysis (one factor) using default settings.

Metabolomics analysis. Metabolomics data was analyzed using
MetaboAnalyst 6.095 using Single Factor Analysis with recommended
settings. Data was filtered by interquartile range, median normalized
and auto scaled. Fold changes were calculated relative to the AL group
and log₂ transformed subsequently for visualization in the heatmap.
Log₂ fold-changes and associated uncorrected and corrected p-values

can be found in Supplementary Data 4, 9 and 12. For individual
metabolites, one-way ANOVA followed by Tukey’s multiple compar-
isons post hoc test was performed using GraphPad Prism 9.0. Meta-
bolites were considered significant at p < 0.05 (unadjusted) for
pathway enrichment analysis. PCA plots and pathway enrichment
analyses were performed using significantly altered metabolites in
MetaboAnalyst 6.0. Heatmaps and pathway dot plots were generated
using R (version 3.3.1).

Statistical analysis. All statistical analyses were conducted using
Prism, version 9 (GraphPad Software Inc., San Diego, CA, USA). Tests
involving multiple factors were analyzed using either a three-way
analysis of variance (ANOVA) with diet, time, and sex as variables, a
two-way ANOVA with diet and time as variables, followed by Sidak’s
post hoc test, a two-way repeated measures (RM) ANOVA for long-
itudinal data, followed by Dunnett’s post hoc test or by one-way
ANOVA followed by Tukey’s post hoc test as specified in the figure
legends. Metabolomics data were analyzed using metaboanalyst (ver-
sion 6.0). Kaplan–Meir survival analysis of 3xTg mice was performed
with log-rank comparisons. Data are presented as the mean± SEM
unless otherwise specified.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Targeted brain metabo-
lomics data has been deposited in MassIVE with accession code
MSV000095847 [https://doi.org/10.25345/C5N873B30]. Targeted
plasma metabolomics data has been deposited in MassIVE with
accession code MSV000095887 [https://doi.org/10.25345/
C5GF0N767]. Source data are provided with this paper.
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