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SUMMARY

The effects of fasting-mimicking diet (FMD) cycles in reducing many aging and disease risk 

factors indicate it could affect Alzheimer’s disease (AD). Here, we show that FMD cycles 

reduce cognitive decline and AD pathology in E4FAD and 3xTg AD mouse models, with effects 

superior to those caused by protein restriction cycles. In 3xTg mice, long-term FMD cycles reduce 

hippocampal Aβ load and hyperphosphorylated tau, enhance genesis of neural stem cells, decrease 

microglia number, and reduce expression of neuroinflammatory genes, including superoxide-

generating NADPH oxidase (Nox2). 3xTg mice lacking Nox2 or mice treated with the NADPH 

oxidase inhibitor apocynin also display improved cognition and reduced microglia activation 

compared with controls. Clinical data indicate that FMD cycles are feasible and generally safe in a 

small group of AD patients. These results indicate that FMD cycles delay cognitive decline in AD 

models in part by reducing neuroinflammation and/or superoxide production in the brain.

Graphical abstract
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In brief

Rangan et al. show that cycles of a fasting-mimicking diet (FMD) attenuate cognitive decline and 

reduce Alzheimer’s disease pathology, reduce neuroinflammation, and enhance neurogenesis in 

AD mouse models. They also show that a similar FMD is safe and feasible in a small group of AD 

patients.

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the accumulation 

of amyloid-beta (Aβ) via Aβ oligomers (oAβ) that can be toxic in their fibrillar form 

(Gong et al., 2003) or aggregate to form amyloid plaques and promote the generation of 

hyperphosphorylated tau protein (Bloom, 2014). This distinct neuropathology can lead to 

inflammation and oxidative damage, synaptic degeneration, and neuronal death, ultimately 

affecting the learning and memory functions of the cerebral cortex and hippocampus (Cline 

et al., 2018). The 3xTg-AD mouse model (3xTg) exhibits both Aβ and tau pathology, 

characteristic of the human disease (Oddo et al., 2003; Sterniczuk et al., 2010). In contrast, 

the EFAD-Tg mouse model (Youmans et al., 2012) can have different human APOE alleles 

(APOE2, APOE3, APOE4) knocked into the 5xFAD-Tg mice (Oakley et al., 2006), allowing 

investigation of the role of different APOEs on AD pathology (Lewandowski et al., 2020).

The efficacy of drugs thus far approved for AD treatment is limited (Connelly et al., 

2019; Schneider et al., 2011). The more recent effort to remove Aβ by an antibody-based 
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intervention appears to be promising and has led to cognitive improvements in AD patients, 

but the high incidence of amyloid-related imaging Abnormalities (ARIAa), particularly in 

APOE4 carriers treated with the higher and effective doses, may limit its efficacy and 

safety (Plotkin and Cashman, 2020). Thus, there is a need for broader-acting but also 

safer interventions, particularly considering the advanced ages of subjects diagnosed with 

dementias, possibly to be combined with more targeted therapies.

Increasing evidence suggests that different forms of dietary interventions may be effective 

in limiting AD progression in mouse models. Caloric restriction (CR) generally refers 

to a 20%–40% reduction in total calorie intake, without lowering micronutrient intake, 

whereas dietary restriction refers to the restriction of a particular macronutrient (proteins, 

carbohydrates, or fats) with or without a reduction in calorie intake (Mirzaei et al., 2016). 

CR studies previously conducted in PS1 mutant knockin mice concluded that an alternate-

day fasting (intermittent fasting [IF]) regimen of 3 months reduced excitotoxic damage to 

hippocampal CA1 and CA3 neurons compared with mice that were fed ad libitum (Zhu et 

al., 1999), while caloric restriction for 14 weeks in amyloid precursor protein (APP) and 

PS1 transgenic mice led to a reduction in the accumulation of Aβ plaques and decreased 

Aβ plaque-associated astrocyte activation (Patel et al., 2005). CR regimens in other AD 

mouse models slowed the progression of Aβ deposition in the hippocampus and in cerebral 

cortex (Mouton et al., 2009; Halagappa et al., 2007). A long-term study of 3xTg mice 

undergoing either CR or IF for either 7 or 14 months concluded that both CR and IF 

dietary regimens ameliorate age-related behavioral deficits by mechanisms that may or 

may not be related to Aβ and tau pathologies (Halagappa et al., 2007). However, chronic 

dietary restrictions are associated with both safety and compliance concerns, particularly 

in the elderly population, which represents the great majority of AD subjects. For that 

purpose, our group has investigated the role of alternative and less restrictive interventions 

in murine AD or cognitive decline models, which may be feasible for human testing 

including intermittent essential amino acid/protein restriction (Parrella et al., 2013) and 

periodic fasting and fasting-mimicking diets (Brandhorst et al., 2015). Notably, in human 

clinical trials, FMD cycles either caused no loss or an increase in lean body mass and 

function (Wei et al., 2017; Caffa et al., 2020). We previously showed that, after 4 months 

of protein restriction cycles, alternated with normal feeding, male 3xTg mice exhibited 

improved behavior performance and reduced phosphorylated tau compared with ad libitum-

fed animals, and these improvements were accompanied by reduced IGF-1 signaling during 

the restricted period (Parrella et al., 2013).

Inflammation and oxidative stress play a role in AD pathology, by damaging neurons and 

contributing to the accumulation of Aβ (Block, 2008). In turn, this leads to the activation of 

microglia cells, which respond by changing morphology, by upregulating or by synthetizing 

de novo surface receptors, and by secreting pro-inflammatory cytokines and reactive species 

of oxygen (ROS), such as nitric oxide (NO) and superoxide (Schlachetzki and Hull, 2009). 

The NADPH oxidase enzymatic complex (NOX2), the major producer of superoxide in 

microglia cells, was proposed as an attractive therapeutic target for the development of 

interventions against AD (Block, 2008). In fact, we have previously shown that Aβ can 

stimulate both an increase in superoxide production in neurons (Longo et al., 2000) and the 
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generation of highly neurotoxic microglial/NADPH oxidase-derived peroxynitrite (Xie et al., 

2002).

The fasting-mimicking diet (FMD) is a low-calorie/low-protein but high-unsaturated-fat diet 

that has an effect on stress resistance/longevity-related markers similar to those caused by 

water-only fasting, but that minimizes the burden of prolonged fasting as it provides both 

macro- and micronutrients. Here we investigated the effect of bi-monthly cycles of an FMD, 

administered at an early age in male and female 3xTg and in female E4FAD mice. We show 

that FMD cycles improve cognitive performance, reduce AD-associated neuropathology, 

increase markers of neural stem cell regeneration, and reduce microglial activation and 

neuroinflammation, including Nox2 (NADPH oxidase) expression levels. Nox2 deficiency 

or treatment with the NADPH oxidase inhibitor apocynin was sufficient to reduce microglia 

density/activation and delay cognitive decline, indicating that microglial-dependent toxicity 

is important for age-dependent cognitive impairment.

RESULTS

FMD cycles improve cognitive behavior in female E4FAD mice

We first evaluated the effects of FMD cycles specifically on female E4FAD mice expressing 

the human ApoE4 isoform, since, in these mice, pathology rapidly develops in the cortex 

and hippocampus, reaching significant levels by 6 months of age (Youmans et al., 2012; 

Cacciottolo et al., 2016). Using a variety of AD-relevant readouts (Maldonado Weng, 2019), 

the hierarchy of pathology in the EFAD mice is male E3FAD < female E3FAD ~ male 

E4FAD < female E4FAD.

Female E4FAD mice were enrolled in the study at approximately 2.5 months of age, during 

which baseline behavior tests (spontaneous alternation behavior [SAB] and elevated plus 

maze [EPM]) were conducted. Mice were then assigned to either a standard rodent chow 

diet group (control) or to a 5-day FMD twice a month starting at 3 months of age, with the 

standard chow diet fed to the mice between FMD cycles. The dietary regimens were halted 

at ~7–7.5 months of age once the end point behavioral tests were completed (Figure 1A).

At baseline, female E4FAD mice obtained an SAB score of 56.4% ± 10.5% (mean ± SD; 

Figure 1B). After ~3 months of FMD cycles (at 6 months of age), the FMD group displayed 

significantly higher SAB scores compared with mice fed a control diet (p < 0.05; Figure 

1B). We also analyzed changes in anxiety using the EPM, in which more time spent in the 

open arms of the maze reflects lower levels of anxiety and increased exploratory behavior 

(Young, 1996). E4FAD mice that underwent FMD treatment spent more time in the open 

arms compared with age-matched control (animals from both groups spent comparable times 

in the open arms at baseline; Figure S1A).

We also assessed spatial memory using the Barnes maze in 6.5- to 7-month-old E4FAD 

females. After the 7-day training period, during the retention test at day 14, FMD-treated 

mice performed better than those from the control group both in terms of latency (p < 

0.0001; Figure 1C) and success (p < 0.001; Figure 1D), with mice from the FMD group 

taking less time to find the escape box and achieving a higher success in finding the escape 
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box in the time allotted. There was no significant difference between control versus the 

FMD group in errors made or in deviation from the escape box (Data S1B and S1C). A 

larger percentage of mice from the FMD group also progressively increased utilization of 

a spatial strategy versus the random strategy taken by control diet mice (Figures 1E and 

1F). Altogether, the behavioral tests suggest that bi-monthly FMD cycles improve visual 

attention, working memory, and spatial memory; ameliorate anxiety-associated behaviors; 

and increase exploratory activity in E4FAD female mice.

FMD cycles reduce hippocampal and cortex Aβ load, Aβ peptides, and neuroinflammatory 
cytokines, while increasing hippocampal neurogenesis markers in E4FAD mice

In the E4FAD model, we assessed hippocampal and cortical Aβ immunoreactivity in 7- 

to 7.5-month-old female mice after ~4 months of bi-monthly FMD cycles (Figure 2A and 

S5A). Compared with E4FAD females that were fed an ad libitum diet, those receiving 

the FMD showed reduced Aβ load in the subiculum (p < 0.01; Figure 2B) and cortex (p 

< 0.001; Figure 2D), but not in the CA1 region of the hippocampus (Figure 2C). We also 

measured the levels of Aβ38, Aβ40, and of Aβ42 in Tris-buffered saline (TBS)-soluble cortex 

extracts, but did not detect changes between the E4FAD control and FMD groups (Figures 

S1B–S1D). In the triton-soluble (TBS-X) cortex extracts, which were examined to assess 

the amount of Aβ in a membrane-associated state (Kostylev et al., 2015), we observed a 

significant reduction in all three peptides in the E4FAD mice treated with periodic FMD 

(Aβ38, p < 0.05, Figure 2E; Aβ40, p < 0.01, Figure 2F; Aβ42, p < 0.05, Figure 2G). These 

results indicate that FMD cycles either reduce the generation or contribute to the clearance 

of different Aβ peptides.

Next, we measured neurogenesis markers in female E4FAD mice after 4 months of FMD 

cycles. Specifically, we measured cells that stained positive for Ki67+ (an endogenous 

marker of proliferation) in the dentate gyrus (DG) (Khuu et al., 2018; Ma et al., 2014; 

Kee et al., 2002), or that expressed both Ki67 and Sox2, a neuronal stem cell marker, in 

the hippocampus of control and of FMD-treated female E4FAD mice (Figure 2H). Sox2+ 

levels remained unchanged between the two groups (Figure 2I), while there was a significant 

increase in Ki67+Sox2+ cells in mice receiving the FMD compared with the control animals 

(p < 0.05; Figure 2J), consistent with adult neurogenesis in FMD-treated mice.

To exclude the possibility that the Sox2+ cells may be proliferating astrocytes, 

immunofluorescence staining was carried out on sections from E4FAD control and FMD 

mice using Sox2+ and GFAP+ antibodies. There was no significant difference in the number 

of Sox2+ cells, GFAP+ Sox2+ cells, and the percentage of GFAP+Sox2+ cells/total Sox2+ 

cells in the DG between the E4FAD control (n = 3) and FMD (n = 4) groups (Figures 

S1F, S1G, S1I, and S1J). However, there was a non-significant trend for an increase in the 

number of GFAP+ cells in the DG in the E4FAD FMD mice compared with the E4FAD 

control mice (p = 0.0715; Figures S1F and S1H).

To investigate neuroinflammation in the E4FAD model, we performed a multi-plex analysis 

on several cytokines in TBS-soluble and triton-soluble cortex extracts from female E4FAD 

mice treated or untreated for 4 months with FMD cycles (ending at ~7–7.5 months of 

age). E4FAD females that underwent four FMD cycles displayed a non-significant trend 
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toward an increase in interleukin (IL)-12p70 (a cytokine) (Méndez-Samperio, 2010), and 

an increase in IL-2 levels compared with age-matched controls (p = 0.0583, Figure 2K; p 

< 0.05, Figure 2L). IL-2 was previously shown to reduce the levels of AD pathology and 

to improve cognitive behavior in AD transgenic mouse models (Gao et al., 2017; Alves et 

al., 2017), while IL-2 knockout mice have an impairment in spatial learning and memory 

(Petitto et al., 1999). Tumor necrosis factor alpha (TNFα) levels in human AD brains are 

normally elevated (Dong et al., 2015). In our triton-soluble cortex extracts, we observed 

a non-significant trend toward TNFα reduction in E4FAD FMD females compared with 

control mice (p = 0.0737; Figure 2M). Because FMD cycles caused a significant reduction 

in Aβ peptides in E4FAD FMD females (Figures 2E–2G), we asked whether there could 

be an interaction between CD11b and Aβ, since CD11b was previously shown to form 

a complex with Aβ in AD subjects and to facilitate its clearance (Zabel et al., 2013). 

Our co-immunoprecipitation (coIP analysis) of CD11b and Aβ42 binding did not reveal a 

significant difference in Aβ42 fold change between the E4FAD control and FMD groups, 

at least in the triton-soluble cortex extracts, which harbor membrane-associated Aβ (Figure 

S1E).

Taken together, these data suggest that 4 months of bi-monthly FMD cycles in female 

E4FAD mice mitigate Aβ hippocampal and cortical load, reduce Aβ38/40/42 and increase 

IL-2 expression in cortex extracts. There is also evidence for a modest increase in 

neurogenesis after FMD treatment.

FMD cycles improve cognitive behavior in 3xTg mice

We also studied the effects of FMD cycles on 3xTg male and female mice starting at 3.5 

months of age. In addition to a group on a standard rodent chow diet (control) and a group 

receiving FMD treatment for 4–5 days, we studied a group that consumed a 7-day protein-

restricted diet (approximately 4% of calories obtained from proteins [4% PR]), based on 

our previous studies (Parrella et al., 2013; Levine et al., 2014) (Figure 3A). FMD males 

underwent a 4-day cycle versus a 5-day cycle, since 3xTg males were found to lose weight 

more rapidly and to a higher extent compared with female mice. 3xTg male and female 

control mice weighed an average of 40.3 g and 34.7 g respectively at 18.5 months. 3xTg 

male and female mice in the FMD and 4% PR groups regained most of their weight lost 

during the diet cycles upon refeeding (Figures S4A–S4F). Midpoint behavioral assays SAB 

in the Y-Maze and Novel Object Recognition [NOR]) were conducted when mice reached 

10.5 months of age (after 7 months of dietary treatment), and approximately half-way 

through the study, with a final behavioral assay (Barnes maze) conducted toward the end of 

the study, prior to sacrifice, when mice were approximately 18 months of age (Data S1, 2A 

to 7D). Survival was monitored until 18 months of age. No significant difference in percent 

survival was detected between control, FMD, and 4% PR groups at 18 months (Figures 3B 

and 3C).

3xTg mice receiving FMD or 4% PR diets had higher SAB scores compared with the 3xTg 

that received the control diet or wild-type (WT) mice on the control diet (3xTg FMD versus 

3xTg control, p < 0.01; 3xTg 4% PR versus 3xTg control, p < 0.05; Figure 3D). For the 

male mice, there was a significant increase in SAB in the 3xTg FMD group (p < 0.05; 
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Figure 3E), but not in the 4% PR group compared with the 3xTg control. No significant 

difference in the total number of arm entries (a measure of activity) was seen among the 

groups in both sexes, except when the 3xTg mice groups were compared with a sex-matched 

WT (**p < 0.01, ***p < 0.001; Figures S2A and S2B), indicating that all groups were 

similarly active.

In the NOR assay, there were no significant differences among the groups, male or female, 

in the first trial of the test, indicating no significant biases were present in mice activity 

among the groups (Figures S2C and S2D). In trial 2, during which one of the identical 

objects was replaced with a novel object, 3xTg mice displayed a major reduction in 

recognition index (RI), which did not occur in 3xTg mice treated with either FMD or 4% 

PR cycles, among the male 3xTg groups (3xTg FMD versus 3xTg control, p < 0.01; 3xTg 

4% PR versus 3xTg control, p < 0.05; Figure 3G). There were no differences in RI among 

the female 3xTg groups (Figure 3F). These results suggests that both FMD and protein 

restriction cycles can improve cognitive performance in 3xTg mice, although FMD cycles 

appear to have a more consistent effect, which is in most cases not dependent on sex.

We also assessed male and female 18-month-old 3xTg mice after ~14.5 months of FMD 

and 4% PR dietary regimens as well as age-matched controls (Data S1- 2A and 7D). Of the 

various combinations tested, a non-significant trend for a reduction in latency (time spent to 

locate escape box) was observed in female 3xTg FMD compared with female 3xTg controls 

(Data S1- 2D). The female 3xTg FMD group also displayed a non-significant trend for an 

increased success rate in finding the escape box compared with the 3xTg female controls 

(Data S1–2E).

Together, these behavioral tests suggest that FMD cycles improve visual attention and 

working and spatial memory in aged 3xTg mice. However, in old mice, the accumulation of 

pathology appears to minimize these effects of the FMD in 3xTg mice.

FMD cycles slow the progression of AD-associated pathology, increase levels of 
hippocampal neurogenesis markers, and regulate microglia levels and activation in aged 
3xTg mice

Since Aβ accumulation and hyperphosphorylated tau are well-established markers for AD 

(Lo et al., 2013), we assessed hippocampal Aβ load and the number of hippocampal neurons 

that are AT8+, a marker for abnormally phosphorylated tau (Parrella et al., 2013), in female 

and male 3xTg mice at the end of the study. We stained for Aβ in the subiculum and 

CA1 hippocampal regions of aged female 3xTg mice after ~15 months of dietary regimens 

in approximately 18.5-month-old mice (Figure 4A, top and middle; Figure S5B, top). We 

observed that female 3xTg mice treated with the periodic FMD had a reduced Aβ load in the 

subiculum (p < 0.01; Figure 4B) and in CA1 regions (p < 0.05; Figure 4C) compared with 

control 3xTg mice. A similar reduction in Aβ load was observed in the subiculum of 4% 

PR female 3xTg mice compared with the control 3xTg females (p < 0.01; Figure 4B). The 

number of AT8+ neurons in the combined subiculum and CA1 regions from female 3xTg 

groups (Figure 4A, bottom; Figure S5B, bottom) was reduced in FMD-treated 3xTg females 

compared with the control 3xTg mice (p < 0.01; Figure 4D), while there was no significant 

difference in AT8+ neuron number between the 4% PR 3xTg and the 3xTg control animals 
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(Figure 4D). In the subiculum and CA1 hippocampal regions of aged male 3xTg mice 

after ~15 months of dietary regimens (18.5 months of age) (Figure 4E, top and middle; 

Figure S5C, top), there were no significant reductions in subiculum (Figure 4F) or CA1 

(Figure 4G) Aβ load between the FMD and control 3xTg groups. A non-significant trend 

toward a reduction in Aβ load in the CA1 was observed in the 4% PR male 3xTg group 

with the control 3xTg males (p = 0.0525; Figure 4G). Concerning hyperphosphorylated tau 

counts, the number of AT8+ neurons in the combined subiculum and CA1 regions for the 

male 3xTg groups (Figure 4E, bottom; Figure S5C, bottom) was reduced in the FMD 3xTg 

mice compared with the 3xTg controls (p < 0.05; Figure 4H). A similar reduction in the 

number of AT8+ neurons was observed in the 4% PR animals and FMD group with the 

3xTg controls (Figure 4E, bottom) (p < 0.05; Figure 4H). These results indicate that FMD 

cycles reduce both Aβ load and/or hyperphosphorylated tau in female and male mice, in part 

through the temporary reduction of protein intake.

Previous work from our group indicates that FMD cycles in aged WT mice can promote 

neurogenesis (Brandhorst et al., 2015). A greater decline in neurogenesis was previously 

observed in aging 3xTg mice versus age-matched WT controls (Rodríguez et al., 2008). We 

measured bromodeoxyuridine (BrdU) incorporation within the subgranular zone (SGZ) and 

inner third of the granule cell layer of the DG (DG) in 18.5-month-old male and female 

3xTg mice to determine whether FMD cycles had any effect on neurogenesis (FMD and 4% 

PR; Figures 4I and 4J and 4L and 4M and S2E–S2J). Using DAB immunohistochemistry, 

we observed that, among the female 3xTg groups, the FMD group but not the 4% PR group 

displayed an increase in the number of BrdU+ cells in the DG compared with that in 3xTg 

female controls (p < 0.01; Figure 4I) (Figure S2F). Among the 3xTg males, both the FMD 

and 4% PR groups showed an increase in the number of BrdU+ cells in the DG as well, 

compared with the male controls (p < 0.01, Figure 4L; p < 0.05, Figure S2H).

Because FMD cycles increased BrdU+ DG cells, we evaluated whether BrdU+ cells in 

these groups were also Sox2+, as evidence for type I and type II neural stem cells (NSCs) 

(Ming and Song, 2005) (Figures 4J and 4M). In both the female and male 3xTg control 

and FMD groups, we did not observe changes in the number of Sox2+ cells in the DG 

(Figures S2I and S2J), although we did see a modest but significant increase in BrdU+Sox2+ 

levels in the FMD groups compared with the controls (p < 0.05; Figures 4J and 4M). These 

results indicate that FMD cycles can cause modest increases in the generation of NSCs in 

agreement with the results for the E4FAD mice.

To assess neuroinflammation, we stained for CD11b, a marker for activated microglia and 

macrophages in the hippocampi of 18.5-month-old WT male and female mice and compared 

them with the control and FMD 18.5-month-old 3xTg female and male groups (Figure 4K, 

top; Figure 4N, top). Among females, there was a major increase in CD11b+ cells in the 

combined subiculum and CA1 regions of the 3xTg mice on a standard diet compared with 

microglia density in WT controls (p < 0.01; Figure 4K, bottom left). FMD cycles reduced 

CD11b cells to a level that was no longer significantly higher than that of the WT mice 

(Figure 4K, bottom left). Female 3xTg mice that were subjected either to the control diet 

or to the periodic FMD showed a lower proportion of resting state microglia and a higher 

proportion of activated and amoeboid microglia compared with the age-matched WT mice 
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(stage 3: WT versus control, *p < 0.05; WT versus FMD, **p < 0.01; Figure 4K, bottom 

right). Similarly, among male mice, there was a major increase in microglia density in the 

combined subiculum and CA1 regions of the 3xTg mice on a standard diet compared with 

that in WT controls (p < 0.05; Figure 4N, bottom left). FMD cycles reversed this increase in 

microglia (Figure 4N, bottom left). The 3xTg mice on the control or FMD diets displayed 

either a lower or a trend toward a lower proportion of resting state microglia and a higher 

proportion of amoeboid microglia compared with the age-matched WT mice on the standard 

diet (stage 1, WT versus control,*p < 0.05; stage 3, WT versus control, ***p < 0.0001; 

WT versus FMD,*p < 0.05; stage 4, WT versus control and WT versus FMD, *p < 0.05; 

Figure 4N, bottom right). FMD cycles also reduced the average number of cells expressing 

CD68+, another microglia marker in the hippocampus of male 3xTg mice (p < 0.05; Figure 

4O, bottom).

Overall, these data indicate that a long-term regimen of FMD cycles can reduce AD-

associated pathology in aged male and female 3xTg mice, possibly by reducing microglia 

density and by modulating microglia activation state. Notably, others have shown that 

perivascular macrophages and not microglia may be responsible for oxidative damage and 

pathology in AD mouse models (Park et al., 2017), raising the possibility that macrophages 

in addition to or instead of microglia may be responsible for these effects. Stem cell-

dependent generation of neurons could also contribute to the positive effects of the FMD on 

cognition in 3xTg mice.

Short-term treatment with FMD cycles improves memory, mitigates pathology progression, 
reduces microglia activation, and reduces the expression of neuroinflammation genes, 
microglial activation, and tau phosphorylation in 3xTg mice

We also administered FMD cycles over a short-term period to mice ~6.5 months of age, 

when AD pathology is increasing rapidly and begins to influence cognitive behavior and 

neuroinflammation (Oddo et al., 2003). Male and female 3xTg mice from the FMD group 

were administered a 4-day FMD, for five cycles (4 days of diet, 10 days of refeeding), and 

were sacrificed after the fifth cycle, and before refeeding (Figure 5A).

Cognitive behavior was assessed after four cycles, when mice were approximately 8.5 

months old and before the fifth cycle. SAB results showed no significant differences among 

the male or female cohorts (Figures S3A and S3B). However, 3xTg mice did not display a 

reduction in SAB and NOR performance compared with WT controls, suggesting that the 

effect of the FMD may represent an improvement even compared with WT control mice, in 

agreement with our previous studies (Brandhorst et al., 2015). NOR results instead suggest 

the 3xTg FMD males had a significantly higher average RI score compared with that in 

3xTg control male mice (p < 0.05; Figure 5B). No significant differences were observed 

among the female groups (Figure S3C). There were no significant differences among the 

groups, female or male, in the total number of arm entries (a measure of activity) in the 

Y-maze (Figures S3D and S3E) as well as in the first trial of the NOR test, indicating no 

significant biases were present in mice activity among the groups (Figures S3F and S3G).

Among the female groups, no significant changes in Aβ load were observed in the 

subiculum (Figures 5D and S5D, top), but, in the CA1 region, there was a significant 
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reduction in Aβ in the 3xTg FMD females compared with controls (p < 0.05; Figure 5E). 

AT8+ hyperphosphorylated tau was significantly reduced in the hippocampus of 3xTg FMD 

females (p < 0.0001; Figure 5F and S5D, bottom). Aβ load was significantly reduced in the 

subiculum of 3xTg FMD males compared with that in 3xTg control diet males (p < 0.01; 

Figures 5H and S5E, top), whereas no significant changes were observed in CA1 Aβ load 

(Figure 5I). A significant reduction in hyperphosphorylated tau was observed in the 3xTg 

FMD males compared with that in controls (p < 0.01; Figure 5J and S5E, bottom).

We also stained hippocampal tissue for ionized calcium-binding adaptor protein-1 (Iba1), a 

17-kDa actin-binding protein that is specifically and constitutively expressed in all microglia 

(Hovens et al., 2014), counted Iba1 density, and categorized the stages of microglial 

activation based on criteria established in previous studies (Kreutzberg, 1996; Crews and 

Vetreno, 2016) (Figures 5K and 5L, top). 3xTg female mice displayed a major increase 

in microglial number compared with WT controls (p < 0.0001; Figure 5K, bottom left), 

which was reduced in 3xTg FMD females (p < 0.001; Figure 5K, bottom left). There was 

a significant reduction in microglia at stage 1 of activation in the 3xTg female controls 

compared with WT (p < 0.05; Figure 5K, bottom right). Microglia at stage 3 and 4 of 

activation were significantly increased in the 3xTg control group compared with WT (stage 

3, p < 0.01; stage 4, p < 0.05; Figure 5K, bottom right). 3xTg FMD females displayed a non-

significant trend for the reduction in microglia at stage 4 compared with the 3xTg control 

diet group (p = 0.0772; Figure 5K, bottom right). Among the groups in the male cohort, 

there was no significant increase in microglia number among any of the male groups (Figure 

5L; bottom left). Both 3xTg male groups having significantly fewer microglia at stage 1 

compared with WT males (p < 0.05; Figure 5L, bottom right). In summary, resting-state 

microglia were reduced and different forms of activated microglia were increased in 3xTg 

compared with WT mice. In this set of short-term treatment experiments, the FMD appears 

to allow a general state of microglial activation while reducing the highly active phagocytic 

microglia, possibly in part because of the reduction in Aβ and AT8+ hyperphosphorylated 

tau in the 3xTg FMD-treated mice.

In order to investigate the effect of FMD cycles on amyloid pathology, we isolated microglia 

from primary mixed glia cultures from the whole brains (except the cerebellum) of 8.5-

month-old male and female 3xTg mice five cycles of FMD or control diet, and added 

oligomeric Aβ42 to the microglia to assess whether FMD can enhance the uptake of 

oligomeric Aβ42 by IBA-1 positive microglia compared with the control diet. We found that 

the oligomeric Aβ42 localizes to the cytosol of the microglial cells (Figures S7A and S7C). 

IBA-1 positive microglia isolated from the brain of 8.5-month-old 3xTg male mice after 

FMD cycles starting at 6.5 months of age internalized significantly more Aβ42 compared 

with the IBA-1 positive microglia from the control group (p < 0.05; Figure S7B). A possible 

link between FMD and reduced Aβ accumulation could be via the increase in oligomeric 

Aβ42 internalization by IBA-1 positive microglia.

We next investigated the presence of any changes in the characteristics of microglia 

after short-term FMD cycles in male and female 3xTg mice. Using quantitative confocal 

microscopy methodology previously established (Stephen et al., 2015, 2019), representative 

images of confocal stack immune-reactive for Iba1 microglia in the prefrontal cortex (Figure 
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5M) and 3D skeletonized microglial projections (Figure 5N) were used to quantify the Iba1 

immuno-reactive soma area (Figure 5O) and circularity (Figure 5P). Resting microglia cells 

tend to be smaller, rounder cells with elaborate ramifications, whereas activated microglia 

tend to be bigger and more amoeboid-like in shape with retracted processes (Davis et al., 

2017). Iba1 soma area was significantly reduced in the 3xTg FMD females compared with 

3xTg control diet females (p < 0.01; Figure 5O), while soma circularity was significantly 

increased in the dietary intervention groups of both sexes compared with sex-matched 

controls (p < 0.01, 3xTg FMD males versus 3xTg control males; p < 0.001, 3xTg FMD 

females versus 3xTg control females; Figure 5P). These results are consistent with an effect 

of FMD cycles in modulating the microglial activation state observed in 3xTg mice.

To further test the hypothesis that reduced or modified neuroinflammation and/or 

microgliosis mediate part of the protective effects of FMD cycles, we performed mRNA 

sequencing from homogenized cortex samples from hemi-brains of female 3xTg mice ~8.5 

months old after only one cycle of a 4-day FMD and before refeeding (Figure 5Q, top left) 

as well as in male 3xTg ~8.5-month-old mice after four cycles of a 4-day FMD and after 2 

days of refeeding (Figure 5R, top left). For 104 genes, expression was altered significantly 

by the FMD in the male cohort (Figure 5R, right). When the expression of these genes 

was assessed in the female cohort, a similar pattern emerged (Figure 5Q, right). Relative 

fold change indicated an effect of FMD in consistently reducing the expression of genes 

associated with neuroinflammation, microglial activation, tau phosphorylation, and AD 

pathogenesis, and increasing in the expression of genes associated with anti-inflammatory 

functions, based on characteristics from the Ensembl genome database (Figures 5Q and 5R, 

bottom left; Table S1). Of the genes that were downregulated in the FMD groups, Fosb, 
Gdi1, Hspa8, Smdt1, Nr4a1, Nr4a3, Fosl2, Trib1, Egr1/2/3/4, Tiparp, Fbxo33, Hspa1b, and 

Prmt1 were all previously found to be linked to increased oxidative stress, pro-inflammatory 

cytokine secretion, and/or upregulation of gene expression after ischemia (Nomaru et al., 

2015; Lopes et al., 2016; Wu et al. (2019b); Bonam et al., 2019; Azevedo et al., 2018; Lyons 

and West, 2011; Close et al., 2019; Vilkeviciute et al., 2019; Giri et al., 2005; Mengozzia 

et al., 2012; Marballi and Gallitano, 2018; Wu et al., 2019a; Flood et al., 2004; Clarimón 

et al., 2003; Liu et al., 2019) (Table S1; Data S1 pages 3–17). Of these genes, Egr1 was 

also suggested to have a role in stimulating microglial activation (Raj et al., 2015), along 

with Sertad1, Gadd45b, Ndel1, Hmgcr, Spry2, Arc, Prdx5, Siah2, and Hspa1a (Kuhn et al., 

2006; Tamboli et al., 2010; Abels et al., 2019; Rosi, 2011; Sun et al., 2010; Park et al., 

2016) (Table S1; Data S1, pages 20–28). On the other hand, the genes that were upregulated 

in the FMD group, including Cd33, Inpp5d, Stab1, Tia1, and Rsrp1, are associated with 

anti-inflammatory roles (Malik et al., 2015; Park et al., 2009; Chen and Liu, 2017; Stephens 

et al., 2019) (Table S1; Data S1, pages 33–37). Mertk, a gene associated with activated 

microglia that phagocytose dying, stressed, or excess neurons (Nomura et al., 2017), was 

also upregulated in the FMD groups (Table S1; Data S1, page 29). Thus, these results, taken 

together, are consistent with an effect of the FMD in decreasing the activation and oxidant 

production in microglia but possibly also macrophages or other brains cells, including 

smooth muscle cells and endothelial cells, which have been linked to inflammation and the 

expression of many genes identified here (Chow et al., 2007; Park et al., 2017).
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The diet groups also showed reductions in Nedd8, Cacybp, Fos, Phf13, and Junb, with the 

male cohort showing an additional reduction in Ppme1. (Table S1; Data S1, pages 39–44), 

which were all previously linked to the localization and/or increased phosphorylation of tau 

(Mori et al., 2004; Wasik et al., 2013; Anderson et al., 1994; Vázquez-Higuera et al., 2011; 

Park et al., 2018; Chu et al., 2013; Fang et al., 2016). The expression of Hook1, which 

encodes the protein that localizes to tau aggregates, was slightly increased in the dieting 

mice groups (Table S1; Data S1, page 45), although it has been previously demonstrated 

that the expression of Hook1 proteins is reduced in AD (Herrmann et al., 2015). Rheb, a 

direct activator of mammalian target of rapamycin (mTOR) (Lafourcade et al., 2013), was 

significantly downregulated in FMD-treated male 3xTg mice, with a similar trend seen with 

dieting 3xTg females (Table S1; Data S1, page 46) in agreement with the demonstrated 

effect of mTOR inhibition in neuroprotection in various in vivo models of neurodegenerative 

disease, and of the mTOR inhibitor rapamycin in ameliorating tau pathology (Caccamo 

et al., 2013). Yod1, which is specifically associated with macro-autophagy, and codes for 

the cofactor YOD1, which binds with p97 to promote lysosomal clearance (Papadopoulos 

et al., 2017), was significantly increased in the FMD 3xTg male cohort compared with 

male 3xTg controls, although this effect was not observed in female 3xTg mice (Table S1; 

Data S1, page 47). Notably, full-length tau is preferentially degraded via macro-autophagy, 

which involves the activation of AMP-activated protein kinase (AMPK), and in turn reduces 

mTOR signaling (Zare-shahabadi et al., 2015). Hspa8, Atpif1, and Fez1, genes associated 

with autophagy, had reduced expression in both males after four FMD cycles and 2 days 

of refeeding and in females after 4 days of FMD and no refeeding, indicating that chronic 

autophagy activation is unlikely to be responsible for the clearance of tau or Aβ.

Other genes generally associated with AD pathogenesis were also affected by diet. Plcg2 
was increased in FMD group males, with no effect in FMD group females (Table S1; Data 

S1, page 49). It has been suggested that the activation of Plcg2, rather than inhibition, 

could be therapeutically beneficial in treating AD (Magno et al., 2018). Otud1 encodes a 

deubiquitinase (DUB) enzyme, a class of enzymes that have been suggested as potential 

targets for treating AD (Baillie et al., 2017; Yuan et al., 2018). In FMD-treated mice, Otud1 
was significantly reduced in males, with a similar trend seen in females (Table S1; Data S1, 

page 50). Erf, which encodes a transcription factor related to the E26 transformation-specific 

(ETS) family of proteins, was found to be reduced in FMD-treated mice (Table S1, Data S1, 

page 51). ETS-domain proteins have been linked to regulating neuronal functions, especially 

by activating the transcription of early-onset AD genes such as PSEN1 (Pandey et al., 2019).

Taken together, these results suggest that short-term FMD cycles reduce inflammation, 

improve short-term memory, and ameliorate AD-associated pathology in 3xTg mice. These 

effects may be mediated by wide-acting effects involving the modulation of microglia and 

possibly other pro-inflammatory cell types, including perivascular macrophages (Park et al., 

2017), resulting in reduced inflammation, Aβ, and hyperphosphorylated tau, while allowing 

microglia to contribute to the scavenging of damaged cells, organelles, and macromolecules.
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Short-term cycles of FMD regulate Nox2 cortex levels in 3xTg and E4FAD mice, while Nox2 
deletion or inhibition improves cognitive behavior, mitigates pathology progression, and 
reduces microglia activation

We have previously shown that O2
− and iron contribute to neurotoxicity in Aβ-treated 

neuronal cell lines (Longo et al., 2000), and our studies in vitro demonstrated that 

peroxynitrite (ONOO−), formed by the reaction between NO and O2
−, is a major mediator 

of the neurotoxicity promoted by microglia activated by Aβ or lipopolysaccharide (LPS), 

suggesting that it can mediate the toxicity caused by chronically activated microglia in 

brains affected by AD (Xie et al., 2002). In fact, targeting Nox2 reduced neurovascular and 

cognitive dysfunctions in mice overexpressing the Swedish mutation of the APP (Park et 

al., 2008). Altogether, this suggests that, while microglia cells play a key role in neuronal 

protection and repair, at the same time, their production of O2
− leading to the subsequent 

production of ONOO− may play a central role in neurotoxicity (Figure 6A).

Thus, we assessed whether the expression of Nox2 was affected at different time points 

of FMD administration. After one cycle of a 4-day FMD to young female 3xTg mice, 

aged ~8.5 months (Figure 5Q, top left), we observed a significant reduction in Nox2 levels 

compared with an age- and sex-matched control (p < 0.05; Figure 6B). In female mice, 

Nox2 levels were significantly reduced in the 3xTg group that received five cycles of the 

FMD compared with both female WT mice and with the 3xTg control diet group (p < 0.01; 

Figure 6C). In the male cohort, there was a significant reduction in Nox2 levels in both 3xTg 

males on the control diet or that received five FMD cycles compared with WT male mice on 

a standard diet (p < 0.01, WT versus 3xTg FMD; p < 0.05, WT versus 3xTg control; Figure 

6D). We did not observe a significant difference in Nox2 between the FMD and control 

groups after four cycles of FMD and 2 days of refeeding in male 3xTg mice (p = 0.1497; 

Figure S3H), although we observed a non-significant trend toward a reduction of Nox2 

levels after refeeding in FMD-treated female E4FAD mice (p = 0.0549; Figures 6E and 6F). 

Based on the results of the effects of FMD in mediating Nox2 levels and the potential role of 

Nox2 as a mediator of AD pathology, we hypothesized that the knockout of NADPH oxidase 

could protect against cognitive decay and neuropathology in the 3xTg mouse model.

Thus, we generated 3xTg/Nox2-KO mice by crossing Nox2-KO (Cybb−/−) mice with 3xTg 

mice (Figure 6G). Similar to 18.5-month-old male 3xTg mice treated with FMD cycles 

(Figure 4N), 13.5- to 14-month-old 3xTg/Nox2-KO male mice displayed a partial reversal 

of the increase in microglia density in the combined subiculum and CA1 regions compared 

with 3xTg mice. Activated microglia cells as detected by CD11b (Lynch, 2009) were 

reduced in 3xTg/Nox2-KO mice, compared with 3xTg mice (#p < 0.05; Figure 6H, bottom 

left), while both groups had significantly elevated levels of microglia in the combined 

subiculum and CA1 regions compared with the WT controls (****p < 0.0001, 3xTg and 

***p < 0.001, 3xTg/Nox2-KO; Figure 6H, bottom left). When microglia activation stages 

were examined, based on a four-stage classification (Zhang et al., 2011; Parrella et al., 

2013), 3xTg mice showed a higher proportion of microglia in the highly activated stages (3 

and 4) compared with the WT group (stage 1, *p < 0.05; stage 2, **p < 0.01; stage 3, ****p 

< 0.0001; stage 4, ****p < 0.0001; Figure 6H, bottom right). In contrast, 3xTg/Nox2-KO 
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mice showed a similar resting and stage 2 activation state, but a lower high activation state 

compared with 3xTg (stage 3, ##p < 0.01; stage 4, ##p < 0.01; Figure 6H, bottom right).

With our progeny of male 3xTg/Nox2-KO mice (Figure 6G), we assessed short-term 

working memory as well as contextual and tone learning with the Y-maze apparatus and 

fear-conditioning (FC) behavioral assay, respectively. Mice of strains C57B/6/Nox2-KO, 

3xTg, 3xTg/Nox2-KO, and corresponding WT mice (C57B/6 and 129/B6) were assessed 

in these cognitive tasks. There was a significant reduction in SAB scores with 3xTg male 

mice compared with 12.5-month-old, age-matched WT mice and the 3xTg/Nox2-KO mice 

(p < 0.01; Figure 6I), and no significant changes in the number of arm entries were apparent 

among the groups (Figure S3J). FC tests revealed that memory in the 3xTg/Nox2-KO 

group improved compared with the 3xTg group (p < 0.05; Figure 6J, left) at both 24- and 

48-h post shock (p < 0.05; Figure 6J, right) with no changes in the 3xTg/Nox2-KO group 

compared with WT. Following Y-maze testing, the mice were tested with FC, based on 

previously established protocols (Liu et al., 2004). When tested with the FC test on day 

1 for baseline measurements, no significant differences in freezing time among the groups 

was apparent (Figure S3K). On day 2, 24 h post shock, memory in the 3xTg/Nox2-KO 

improved compared with the 3xTg group (p < 0.05; Figure 6J, left). On day 3, in the novel 

environment before re-exposure to the tone, no significant changes in freezing time were 

seen among the WT, 3xTg, and 3xTg/Nox2-KO mice (Figure S3I). Upon re-exposure to the 

tone, 3xTg mice displayed decreased freezing behavior compared with the WT group (p < 

0.05; Figure 6J, right). These results indicate that Nox2 inactivation was able to delay the 

decline in working memory and associative learning in 3xTg/Nox2-KO mice.

Although Aβ accumulation was not modified by the inactivation of NADPH oxidase (Figure 

S3I), we observed a significant reduction in AT8+ hyperphosphorylated tau in the 3xTg/

Nox2-KO mice compared with 3xTg male controls (p < 0.05; Figure 6K), indicating that 

reduced NADPH oxidase activity and O2
−/ONOO− generation represents only part of the 

effects of FMD/refeeding cycles.

Apocynin is extensively used as an inhibitor of NADPH oxidase activity and of the 

concomitant production of ROS, including peroxynitrite, both in vitro and in vivo. In vivo 
treatment for periods of 6 months were reported (Figure 6L; Stefanska and Pawliczak, 2008; 

Simonyi et al. 2012; ‘t Hart et al., 2014). The effect of apocynin treatment on 3xTg cognitive 

dysfunction was assessed using the Y-maze apparatus and the NOR assay. When we tested 

these mice at ~12 months of age on the Y maze, 3xTg mice exhibited a significant working 

memory deficit in comparison with WT mice, whereas SAB performance in 3xTg mice 

treated with apocynin was similar to that of control mice, in agreement with our results 

with 3xTg/Nox2-KO mice (p < 0.01, 3xTg vehicle versus WT vehicle; Figure 6M). We did 

not find significant differences in the number of arm entries among WT and 3xTg groups, 

suggesting that the drug treatment does not interfere with the activity levels of the rodents 

(Figure S3M). Similarly, for NOR, 3xTg mice had a significantly lower RI score compared 

with the WT group, whereas 3xTg apocynin-treated mice did not (p < 0.05, 3xTg vehicle 

versus WT vehicle; Figure 6N), which is also in agreement with the results obtained with 

3xTg/Nox2-KO mice. There were no significant differences among the groups in the first 

trial of the test, indicating no biases were present in mice activity among the groups (Figure 
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S3N). Although apocynin-treated WT mice were assessed in all of the above parameters, 

there were no significant differences between apocynin-treated WT and the WT vehicle 

groups (Figures S6A–S6D).

Notably, mouse treatment with apocynin did not modulate Aβ accumulation and did 

not affect tau hyperphosphorylation in the hippocampus of 3xTg mice (Figures S6E–

S6H). Apocynin treatment had minor effects in dampening the increase in amoeboid and 

phagocytic states observed in the hippocampus of 3xTg mice (stage 4, ***p < 0.001 3xTg 

vehicle versus WT vehicle, **p < 0.01 3xTg Apocynin versus WT vehicle; Figure 6O).

These results indicate that NADPH oxidase activity and probably O2
−/ONOO− generation 

contribute to cognitive decline, but not to Aβ accumulation in Alzheimer’s mouse models.

Safety and feasibility of FMD cycles in patients diagnosed with amnestic mild cognitive 
impairment or early-stage AD

To begin to assess the feasibility and safety of FMD cycles in patients diagnosed with 

amnestic mild cognitive impairment (aMCI) or mild AD, we started a phase I/II randomized 

and placebo-controlled (single-blind) clinical study to test the effects of monthly FMD 

cycles in 40 patients with aMCI or mild AD and adequate nutritional status (see STAR 

Methods for the inclusion criteria of this trial). Twenty-eight patients have been enrolled to 

date (13 males, 15 females; average age 71 years, range 55–80 years; Figure 7A). Patients 

were diagnosed with aMCI or with early-stage AD (Mini-Mental Status Examination 

[MMSE] score 18–23) according to the international diagnostic criteria and regularly 

followed up at the Geriatric Unit of the San Martino Hospital (Genoa, Italy) or of the Santa 

Maria della Misericordia Hospital (Perugia, Italy). After screening and a baseline assessment 

addressing cognitive performance, functional status and caregiver burden (same assessments 

are repeated at 6- and 12-month points of study), 12 patients were randomly included in 

the FMD (active) group, while the other 16 patients were assigned to the placebo group 

(Figure 7A). The placebo diet assigned to patients in the control arm consists of replacing 

lunch or dinner with a meal based on pasta or rice with vegetables for 5 days a month, 

without supplements, whereas patients in the FMD arm complete FMD cycles that last 

5 days, with supplements noted for fasting-mimicking, neuroprotective, anti-inflammatory, 

and antioxidant properties, including olive oil, coconut oil, algal oil, nuts, caffeine, and 

cocoa, given to patient in between FMD cycles for 25 days and while on a normal diet 

(Figure 7A).

Patients from the FMD arm and from the placebo control arm have received an average of 

5.8 (range 1–12) and of 6 (range 1–12) diet cycles, respectively. Five cases of drop-out were 

recorded in the FMD arm (41.6%) after an average of four FMD cycles. These were due to 

poor acceptance of the FMD components (n = 2), worsening of the nutritional status (n = 

2), or to personal reasons (n = 1). On the other hand, in the placebo diet arm, five cases of 

drop-out (31.3%) were also recorded (also after an average of four placebo diet cycles), as 

a result of worsening of the nutritional status (n = 3), poor acceptance of the prescribed diet 

(n = 1), or personal reasons (n = 1). The FMD-emergent adverse events (graded according 

to Common Terminology Criteria for Adverse Events 5.0) that have been observed so far are 

all mild or moderate. They include fatigue (grade 1 [G1]; n = 5, 41.6%), headache (G1 or 
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G2; n = 4, 33.3%), hypotension (G2; n = 1), irritability (G2; n = 1), autoimmune reaction 

(G2; n = 1; transient worsening of a pre-existing pemphigus), abdominal pain (G1; n = 2), 

depression (G1; n = 1), and paresthesia (G1; n = 1). The number of patients enrolled in the 

clinical trial, the number of FMD cycles, and the adverse events for each patient have been 

included in Table S2.

Overall, diet compliance has also been satisfactory during the periods between FMD cycles, 

when patients take several supplements during the day. Thus, these initial data suggest that 

5-day FMD cycles administered once a month have been feasible and overall safe in a 

small group of patients with aMCI/early AD. However, further monitoring of the enrolled 

patients and completing the foreseen patient accrual for this clinical study are both necessary 

to confirm these conclusions. As more patients are enrolled, and cognitive assessments 

or secondary endpoints are assessed after multiple FMD cycles, more information will be 

available to determine whether FMD cycles can slow down cognitive decline, delay the 

conversion rate to AD (for patients with aMCI), and affect biomarkers of inflammation, 

oxidative stress, neuronal damage, circulating stem cells, and markers of cellular aging.

DISCUSSION

Results from two AD transgenic mouse models indicate that FMD cycles reduce the 

levels of key pathological markers, including Aβ and hyperphosphorylated tau, as well 

as microglia density and markers for neuroinflammation to improve cognition. The results 

obtained with the 3xTg/Nox2-KO mice and with apocynin treatment support our hypothesis 

that FMD cycles induce positive effects on the 3xTg and E4FAD models in part by 

modulating the activity of microglia and possibly brain macrophages allowing it to perform 

protective functions, including the scavenging of Aβ, while at the same time reducing 

production of toxic O2
−/ONOO−.

We show that, in males, there is a significant improvement in oligomeric Aβ42 uptake by 

microglia isolated from FMD-treated mice. In females, we instead only observed a trend for 

this effect (Figure S7A–S7D). A recent study showed that microglia activation is higher in 

AppNL –G-F female mice compared with male mice in response to amyloidosis (Biechele et 

al., 2020). There is also a higher proportion of activated response microglia (ARMs) cells 

in 6-month-old and older AppNL–G-F female mice compared with male mice, indicating 

that the female microglia in an amyloid model of AD are activated earlier than those 

in males (Sala Frigerio et al., 2019). This could explain the differences in the effects of 

FMD on the uptake of oligomeric Aβ42 in male versus female microglia. Based on current 

studies but also on our past studies with periodic essential amino acid restriction, we believe 

that FMD cycles can affect Aβ levels, but that they protect AD mice by altering both 

Aβ-dependent and Ab-independent effects, including those on hyperphosphorylated tau and 

neuroinflammation.

Increasing evidence suggests that the NADPH oxidase complex has a crucial and specific 

role in modulating microglia activation status, and that ROS production by NADPH oxidase 

and other sources is involved in neurotoxicity and Aβ-dependent microglia proliferation 

through the release of pro-inflammatory cytokines (Jekabsone et al., 2006). Together 
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with our previous results showing that both O2
− and ONOO− promote Aβ- and microglial-

dependent neurotoxicity (Longo et al., 2000; Xie et al., 2002), these results suggest that part 

of the protective effects of the FMD cycles are associated with reduced microglial and Nox2 

activation/levels and therefore reduced O2
− and ONOO− generation and toxicity, which 

may contribute to cognitive decline by damaging neurons, increasing tau phosphorylation 

but potentially also by interfering with synaptic plasticity (Figure 7B). In fact, O2
− and 

other ROS are known to promote synaptic plasticity raising the possibility that a high 

and continuous stimulation of long-term potentiation (LTP) could eventually interfere 

with learning and memory (Massaad and Klann, 2011). Notably, because microglia and 

perivascular macrophages share key markers, and considering that both can have central 

roles in superoxide production and neuroinflammation related to AD (Park et al., 2017), 

further studies are needed to determine the relative role of brain microglia and macrophages 

but also of endothelial cells, astrocytes, and neurons in the effects described here, and 

specifically in the contribution of NO and O2
−.

The fact that the great majority of significantly downregulated genes in the FMD 3xTg male 

and female groups compared with 3xTg on the standard diet were in the neuroinflammation, 

microglial activation, tau phosphorylation, and AD pathogenesis groups, and that the 

major set of upregulated genes was in the anti-inflammatory group, is consistent with our 

model (Figure 7B). One notable finding was that the family of Egr(1–4) genes were all 

downregulated in FMD-treated 3xTg mouse cortex compared with 3xTg controls (Table S1; 

Data S1, pages 11–13, 31).

In mammals, Egr1 expression is upregulated by the master energy sensor AMPK 

(Benboubker et al., 2014; Berasi et al., 2006; Andrade et al., 2013), which itself is 

activated in low-calorie conditions, as well as by drugs such as metformin (Hardie, 2011; 

Draznin et al., 2012; Blagosklonny, 2009). Interestingly, we previously investigated the 

role of mammalian EGR1 in cellular protection and its link to glucose and PKA/AMPK, 

finding that glucose restriction protects cardiomyocytes through AMPK/EGR1 activation 

(Di Biase et al., 2017). In the context of neurological disorders and injury, it has been 

suggested that Egr1 is expressed during microglial activation (Raj et al., 2015) and that 

its inhibition through either siRNA or pharmacological agents may reduce microglial 

activation and possibly ameliorate the neuroinflammation imposed by AD (Giri et al., 

2005). Thus, starvation conditions appear to modulate EGR1 expression differentially in 

different cell types and tissues, but, in the nervous system, its downregulation is associated 

with reduced inflammation and pathology. The downregulation of Egr genes that is related 

to neuroinflammation could also be affected by Egr expression changes in neurons not 

necessarily related to neuroinflammation. Notably, early growth response 1 (Egr1) gene 

expression was upregulated in the brain endothelial cells of aged mice (Zhao et al., 2020), 

and the brains of mice lacking the transcription factor Egr-1 had significantly lower levels of 

Aβ and β-secretase 1 (BACE-1) compared with WT mice. It was found that Egr-1 promotes 

Aβ synthesis via transcriptional activation of BACE-1 (Qin et al., 2016).

In previous studies, we showed that FMD cycles alternated with normal diet refeeding can 

promote stem cell-dependent regeneration in the nervous and other systems (Brandhorst et 

al., 2015; Choi et al., 2016; Rangan et al., 2019; Cheng et al., 2017). Here, we also show that 
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FMD cycles increase the expression and generation of NSCs (as indicated by BrdU+Sox2+ 

expression), but the contribution of NSCs to the cognitive improvements or connection with 

Nox2 remains to be investigated.

In summary, we propose a role for periodic FMD cycles in reducing the expression and 

activity of neuroinflammatory and toxic microglial/macrophage genes/proteins, including 

Nox2, and consequently in reducing O2
−/ONOO− while preserving the ability of microglia 

and possibly other cell types to remove Aβ and other accumulated or damaged proteins or 

cellular components, consistent with studies in a different AD mouse model (Bruce-Keller, 

et al., 2011). Our ongoing, placebo-controlled, randomized clinical trial in patients with 

MCI or early-stage AD provides initial evidence indicating that FMD cycles were feasible 

and safe overall in the 12 patients assigned to the FMD arm thus far. The enrollment of 

all patients in this trial will provide more conclusive data on the portion of the patient 

population for which FMD cycles are feasible and safe, but may also provide initial evidence 

of their effect against cognitive decline and AD progression.

Limitations of the study

It is important to note that a limitation of the RNA sequencing data (Table S1; RNA 

sequencing [RNA-seq] supplemental file) is that it was obtained from the analysis of RNA 

from hemi-cortex and not from specific cell types such as neurons or microglia. Thus, in 

future studies, it will be important to identify the source of high Egr gene(s) expression in 

AD to determine whether their expression is upstream or downstream of neuroinflammation, 

pathology, and/or cognitive impairment.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed to and will 

be fulfilled by the lead contact, Valter D. Longo (vlongo@usc.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request. RNA-seq data have been deposited at SRA and are publicly available 

as of the date of publication. Accession numbers are listed in the key resources table. Barnes 

maze data have been deposited at Mendeley data and are publicly available as of the date of 

publication. The DOI is listed in the key resources table. This paper does not report original 

code. Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request (vlongo@usc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Southern California. Animals were maintained in 

a pathogen-free environment, housed in clear shoebox cages in groups of up to five animals 

per cage with constant temperature, humidity and 12 h/12 h light/dark cycles, and unlimited 
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access to water. Body weight and food intake of individual animals was measured routinely: 

every day during diet weeks and at least once in the middle of a refeeding week. Mice that 

appeared weak and/or showed signs of illness were not included in any experiment.

3xTg mice (long-term study): 3xTg breeding pairs were obtained from Frank LaFerla, PhD 

(UC Irvine) under an MTA agreement. For the long-term study using 3xTg mice, male and 

female 3xTg mice were divided into the ad libitum-fed control (Control) group, the FMD 

group, and a 7-day protein-restricted diet (approximately 4% protein in composition relative 

to carbohydrates and fat) group (4% PR) starting at 3 months of age, until approximately 

18.5 months of age. Wildtype mice (C57BL/6) were purchased from Jackson Laboratory 

(Bar Harbor, ME) at 6 months of age and aged to 18 months at the University of Southern 

California.

3xTg mice (short-term study): For the short-term study using 3xTg mice, male 3xTg mice 

were divided into the ad libitum-fed control (Control) group and the FMD group starting at 

~6.5 months of age, until approximately ~8.5 months of age. FMD cycles were 4 days long 

followed by 10 days of refeeding. Male 3xTg mice were sacrificed 2 days after refeeding, 

after the 4th FMD cycle. Female 3xTg mice were divided into the ad libitum-fed control 

(Control) group and the FMD group starting at 8.5 months of age to assess 1 cycle of FMD 

and sacrificed after 4 days of FMD prior to refeeding. In another short-term study, male and 

female 3xTg mice were given FMD starting at 6.5 to ~8.5 months for a total of 5 cycles 

and the mice were euthanized after the 5th cycle before refeeding. Wildtype mice (C57BL/6) 

were purchased from Jackson Laboratory (Bar Harbor, ME) at 8.5 months of age.

E4FAD mice: E4FAD breeding trios were obtained from Mary Jo LaDu, PhD (University 

of Illinois) under an MTA agreement. Female E4FAD were divided into the ad libitum-fed 

control (Control) group or the FMD group starting at 3 months of age, until approximately 

7–7.5 months of age.

3xTg/Nox2-KO mice: The following male mice were used in this study: 3xTg, Nox2–KO, 

3xTg/Nox2-KO and corresponding wildtypes [WT: C57BL/6 (B6), C57BL/6/129S (129/B6) 

and C57BL/6/129S /C57BL/6 (129/B6/B6), respectively]. For simplicity, in reference to this 

study, only the following groups are represented in the data of this manuscript: 129/B6 

(referred to as Wildtype), 3xTg, and 3xTg/Nox2-KO.

Nox2-KO mice present a null allele of the X-linked Cybb gene which encodes the 

Nox2 subunit of the NADPH oxidase complex and lack phagocyte superoxide production 

(Pollock et al., 1995). Nox2-KO mice and corresponding WT (C57BL/6) were purchased 

from Jackson Laboratory (Bar Harbor, ME). Colonies of 3xTg mice and related WT 

(C57BL/6/129S) were established and bred at the University of Southern California. 3xTg/

Nox2-KO mice have been generated in our laboratory as described below:

3xTg males were crossed with females KO for Cybb, the gene coding for the Nox2 subunit 

of NADPH oxidase. Nox2-KO mice and corresponding wildtype (C57BL/6) were purchased 

from Jackson Laboratory. Since the Cybb gene is X-linked, all the male progenies were 

hemizygous for the genes related to AD and lacked Nox2. The F1 male offspring were 
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back-crossed to homozygosity for APP/Tau and PS-1 genes. The correct genotype was 

determined by PCR (Guoet al., 1999; Pollock et al., 1995) or qPCR by comparing ΔCt 

values of each unknown sample against known homozygous and hemizygous controls. 

Similarly, in order to obtain the correct 3xTg/Nox2-KO background, C57BL/6/129S males 

(129/B6, 3xTg background) were crossed with C57BL/6 (B6, Nox2-KO background). To 

equalize the genetic background the F1 offspring were backcrossed for four generations. To 

detect possible side effects caused by Nox2 deletion, 3xTg/Nox2-KO mice were constantly 

monitored for abnormal changes. Although we did not observe apparent signs of distress in 

3xTg/Nox2-KO mice, animals showing first signs of skin lesion were immediately excluded 

from the study.

FMD and aMCI or mild AD clinical trial—A phase I/II randomized and placebo 

controlled (single-blind) clinical study of a Fasting Mimicking Diet (FMD) in 40 patients 

diagnosed with amnestic Mild Cognitive Impairment (aMCI) or mild Alzheimer Disease 

(AD) was designed as follows:

The inclusion criteria are:

1) Written informed consent;

2) Age 55–80;

3) Diagnosis of aMCI or mild AD according to the international definition criteria 

(Petersen, 2004; McKhann et al., 2011);

4) Adequate nutritional status according to the Mini Nutritional Assessment - 

MNA® Elderly (12–14 points)

5) Body Mass Index (BMI) ≥ 20 kg/m2.

5) Phase Angle (PhA) > 4.7° at the bioimpedance analysis;

6) Normal organ function.

The exclusion criteria are:

1) Age >80.

2) Diabetes Mellitus.

3) Liver or renal failure.

4) Food allergies to the components of FMD;

5) Therapy with vitamin K antagonists;

6) Patients who live alone or are not adequately supported by the family context;

7) Other experimental therapies.

The primary endpoints of the study are the feasibility and safety of 12 monthly cycles of 

the FMD in patients with aMCI or mild AD. Feasibility is defined as the consumption of at 

least one FMD cycle every two months with the possibility of admitting the consumption of 

only 50% of the planned diet and/or a maximum consumption of 10 Kcal/kg body weight 
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of food not provided in only one of the 5 days of each cycle. FMD-emergent side effects 

are monitored regularly at each visit. Secondary endpoints are: 1) conversion rate to AD (for 

patients with aMCI); 2) effect on cognitive performance, functional and emotional status, 

quality of life (QoL), stress of the caregiver; 3) effect on circulating inflammatory and 

oxidative stress markers, neuronal damage markers (Neurofilament Light, NfL), circulating 

stem cells and markers of cellular aging (e.g. evaluation of the telomerase activity of 

lymphocytes).

The FMD tested in this study (ProlonAD TM) is a plant-based dietary regimen that 

has fasting-mimicking properties, while ensuring an adequate supply of macro- and 

micronutrients. Every FMD cycle lasts 5 days and is followed by 25 days of a normal 

diet. The composition of ProlonAD TM is equal to that of the ProlonTM diet (L-Nutra, 

Los Angeles, CA, https://www.prolon.it) and provides ~43–47% carbohydrates, ~ 44–46% 

fats and ~ 9–11% proteins per day in the form of vegetable soups, broths, bars, olives, 

crackers, herbal teas, with the addition of specific supplements (like olive oil, coconut oil, 

algal oil, nuts, caffeine and cocoa) that substantially increase the daily calories (300–500 

kcal) compared to ProlonTM and seem to have neuroprotective, anti-inflammatory and 

antioxidant properties. The placebo diet assigned to patients in the control arm will simply 

consist in taking a meal based on pasta or rice with vegetables to replace lunch or dinner for 

5 days a month, without supplements.

Patients, which are all at low nutritional risk, receive rigorous monitoring of their nutritional 

status every cycle (monthly) through the collection of anthropometric data, evaluation of 

body composition by bioimpedance analysis and assessment of muscle strength with the 

handgrip strength test; moreover, they are invited to perform a light/moderate daily physical 

exercise to promote protein anabolism and maintenance of muscle mass. In each visit 

FMD-related side effects are recorded, and a venous sampling is made for the evaluation of 

markers of inflammation, neuronal injury, cellular aging and oxidative stress.

The cognitive performance, functional status and caregiver burden is evaluated at the 

beginning of the study, at 6 months and at 12 months with a complete neuropsychological 

and geriatric assessment [Free and Cued Selective Reminding Test (FCRST), Addenbrook’s 

Cognitive Examination- Revised (ACE-R), Stroop Test, Babcock Test, Digit Span, Trail 

Making Test A and B, Raven Test, Token Test, Barthel Index, Rockwood’s Frailty Index, 

CDR-Sum of the boxes, Activities of Daily Living (ADL), Instrumental Activities of Daily 

Living (IADL), Center for Epidemiologic Studies Depression Scale (CESD-R), Caregiver 

Burden Inventory, Neuropsychiatric Inventory (NPI)].

METHOD DETAILS

Rodent Diets—Mice were fed ad libitum with PicoLab Rodent Diet 20 (LabDiet). The 

FMD is based on a nutritional screen that identified ingredients that allow nourishment 

during periods of low-calorie consumption (Brandhorst et al., 2015). The FMD formulation 

fed to the AD mouse models consists of two different components designated as day 1 diet 

and day 2–4/5 diet (in the long-term study, male 3xTg mice consumed 4 days of diet and 

female 3xTg mice consumed 5 days of diet): The day 1 diet consists of a mix of various 

low-calorie broth powders, a vegetable medley powder, extra virgin olive oil, and essential 
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fatty acids; day 2–4/5 diet consists of the same ingredients as in day 1, with the addition 

of glycerol. The diet formulations also contain hydrogel (ClearH2O) to achieve binding and 

to allow the supply of the food in the cage feeders. Day 1 is composed of approximately 

55% fat, 36% carbohydrate and 9% protein, with mice consuming anywhere between 12.36 

kJ-17.31 kJ. Day 2–4/5 is composed of approximately 43.3% fat, 47.4% carbohydrate, and 

9.3% protein, with mice consuming anywhere between 8.17kJ – 11.44 kJ a day.

The 4% protein-restricted diet is based on previous amino acid restriction studies with 3xTg 

mice (Parrella et al., 2013). A 7-day diet composed of approximately 75.67% carbohydrate, 

3.90% casein protein, and 20.43% fat was fed to 3xTg male and female mice in the 4% PR 

group, with mice consuming anywhere between 19.36 kJ – 27.10 kJ per day.

Mice consumed all the supplied food on each day of the FMD regimen and showed no signs 

of food aversion. At the end of either diet, we supplied PicoLab Rodent Diet 20 chow ad 

libitum for 10, 9, or 7 days before starting another FMD or 4% PR cycle. Prior to the FMD, 

animals were transferred into fresh cages to avoid feeding on residual chow and coprophagy.

BrdU injections—5′-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich) was administered to 

male and female 3xTg mice in the long-term study at a 50 mg/kg dose for 7 consecutive 

days before mice were sacrificed. BrdU powder was dissolved in boiling saline and prepared 

fresh each day of injection.

Apocynin treatment—Male 3xTg and corresponding wildtype (129/B6 background) 

mice were housed 3–5 per cage and, starting at 8 months of age, they were treated with 

1 mg/mL apocynin (Sigma-Aldrich) dissolved in drinking water or apocynin-free water for 

6 months. Dose and route of administration of the drug were chosen according to previous 

reports (Harraz et al., 2008). The mice were assigned to the experimental groups by simple 

randomization. The time point of drug treatment was chosen based on previous studies 

showing that at 8 months of age 3xTg rodents display detectable memory deficits and their 

brains show Aβ and tau neuropathology (Mastrangelo and Bowers 2008; Oddo et al., 2003). 

Apocynin powder was dissolved into hot (~60°C) sterile water and then allowed to cool to 

room temperature before being given to the mice. The drug was replaced every week since 

between 5-7 days any decay of apocynin is detectable (Harraz et al., 2008). Considering 

the average daily water intake of approximately 4 mL/mouse ((Bachmanov et al., 2002) and 

Figure S6I) the mg/kg dose was estimated approximately 150 mg/kg body weight/day.

In order to detect possible adverse effects related to the apocynin treatment, the animals 

were weighed weekly and monitored for abnormal changes during the treatment period. 

During the final three weeks of treatment, while they were still under treatment, the mice 

were tested with the indicated behavioral tests. At the end of the treatment the animals 

were euthanized as described previously. Since we did not find significant differences 

between wildtype mice treated with apocynin or vehicle (apocynin-free water) in any of 

the parameters analyzed, the results obtained with apocynin-treated wildtype mice are not 

shown.
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Behavior tests

SAB using the Y-maze: Short-term working memory was examined by a spatial novelty 

preference task in the Y-maze (Parrella et al., 2013). The Y-maze was made of black 

plexi-glass and was designed with three identical arms (50 × 9 × 10 cm), radiating from 

a central triangle (8 cm on each side) and spaced 120° apart from each other. Mice were 

placed at the bottom of one of the arms of the maze at the beginning of the test and allowed 

to freely explore the environment for 8 min. The total number of arm entries and arm 

choices were recorded. Arm choices are defined as forepaws fully entering the arm. SAB 

was calculated as the proportion of alternations, defined as an arm choice different from the 

previous two choices, to the total number of alternations.

Novel object recognition – 3xTg study: The novel object recognition task was used to 

assess the ability of rodents to recognize a novel object in a familiar environment (Parrella 

et al., 2013). The test includes a habituation phase (5 min on day one) and trial phases (5 

min each on the second day) for each mouse. Briefly, in the habituation phase, the mouse 

was placed into a rectangular cage (50 x 50 x 40 cm) made of black plexi-glass for 5 min on 

day one without any objects. The following day, mice underwent two test trials, the duration 

of each trial being 5 min. Mice were always placed in the apparatus facing the wall at the 

middle of the front segment. Exploration of the objects is defined as any physical contact 

with an object (whisking, sniffing, rearing on or touching the object) as well as positioning 

its nose toward the object at a distance of less than 2 cm. Sitting or standing on top of the 

object is not counted toward the exploration time. In trial 1, mice explored the arena with 

two identical objects in presence. After the first exploration period, mice were placed back 

in their home cage. To control for odor cues, the open field arena and the objects were 

thoroughly cleaned with 70% ethanol, dried, and ventilated for a few minutes between mice. 

After a 5-min* delay interval (related to Figure 5 et al., 2003), mice were placed back in 

the apparatus for the second trial, but with one of the objects from the first trial placed with 

a new one. Recognition index (RI) was calculated as time the animals spent exploring the 

novel object to the total time spent exploring both the objects (Parrella et al., 2013).

Novel object recognition – Apocynin study: The mice treated with apocynin or apocynin-

free water were tested for short-term spatial memory using a maze consisting of an opaque 

plastic box measuring 61 cm (length) x 36 cm (width) x 30 cm (height). Briefly, on the first 

day of test (habituation day) the mice were placed in the box and allowed to explore the 

field for 5 min. Twenty-four hours later (test day) habituated mice were placed again into the 

box in the presence of two identical, non-toxic objects and were allowed to freely explore 

them for 5 min (trial 1). The time spent exploring the objects was recorded considering 

exploration as any physical contact with an object and/or approach with obvious orientation 

to it within 5 cm. At the end of the trial 1 the animals were returned to their home cage. 

After 3 min the mice were returned to the testing field where one of the familiar objects 

was replaced by a novel object. The mice could explore the arena for 5 min and the time 

exploring the objects monitored again. Recognition index (RI) was calculated as time the 

animals spent exploring the novel object to the total time spent exploring both the objects 

(Parrella et al., 2013).
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Barnes Maze: The Barnes maze protocol used here was based on previous protocols 

(Barnes, 1988; Michán et al., 2010). The maze consists of a platform with 20 holes (San 

Diego Instruments) and 20 boxes underneath each hole. A nestlet was placed in one box 

(escape box, “EB”), which was big enough for the mouse to enter/hide. All three walls 

around Barnes maze have different reference cues to learn the position of the escape hole. 

A unique position for the EB based on the position of the reference cues was randomly 

assigned to each mouse and this position was always located underneath the same hole for 

a specific animal. All mice were trained once daily on days 0 to 7. During training sessions, 

mice could freely explore the maze until either entering the EB or after 2 min time elapsed. 

On Day 0, the mice were either identified as active or inactive based on whether the mice 

move around the center of the maze or explored the holes at the periphery of the maze. If 

the mouse did not enter the EB by itself, it was gently guided to and allowed to stay in the 

EB for 30 s. After the training session, mice were tested twice daily for 7 days. Testing was 

like training, but if after 2 min the mouse did not find the EB, it was directly returned to its 

cage. Mice were acclimated to the behavior room an hour before the test began each day. 

The buzzer with a noise level of 80 dB was always switched on when the mice are in the 

behavior room except when the mouse finds the escape box.

Success rate (100%, finding the escape box [EB] within 2 min; 0%, not finding the EB 

within 2 min), latency (time to enter the EB), number of errors (nose pokes and head 

deflections over false holes), deviation (how many holes away from the EB was the first 

error), and strategies used to locate the EB were recorded and averaged from two tests to 

obtain daily values. Search strategies were classified as random (crossings through the maze 

center), serial (searches in clockwise or counterclockwise direction), or spatial (navigating 

directly to the EB with both error and deviation scores of no more than 3). Retention was 

assessed by testing once on day 14. Mice that did not move in any of the trials on any day 

were excluded from the study.

Elevated Plus Maze: The Elevated Plus Maze is used to assess anxiety behaviors, being 

based on rodent exploratory behavior and by a rodent’s natural aversion against open space. 

The avoidance of elevated open arms is an indication of the intensity of anxiety (Carroll et 

al., 2010). The maze has the shape of a cross formed by two alternate open and two alternate 

closed arms extending from a central platform, each arm measuring 30 cm in length, 5 cm 

in width, and 15 cm in height. During the test the mouse was placed onto the center field 

and allowed to freely explore the maze for 5 min, and the time spent in the open arms, 

corresponding to lower anxiety levels, was measured (Parrella et al., 2013).

Fear conditioning (FC) test: The FC test was used to measure contextual and tone learning 

in the 3xTg/Nox2-KO mice. The apparatus and the protocol used for FC test have been 

described previously (Liu et al., 2004). Both the initial training and the contextual testing 

were conducted in the same conditioning chamber, while tone testing was performed in 

a novel chamber. The conditioning chamber (27 x 28 x 30.5 cm) was built of plexi-glass 

(front and back) and aluminum (top and sides), whereas the floor consisted of stainless-steel 

rods connected to a shock generator (Precision Controlled Animal Shocker; Coulbourn 

Instruments, Allentown, PA). The chamber was equipped with a speaker and a house light. 
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For tone testing in a novel environment, the new chamber consisted of an aluminum box (27 

x 21.5 x 17 cm). A house light and the speaker were placed on top of the box. Briefly, on 

day 1 of training (training day), the animals were placed in the conditioning chamber. After 

a 3 min baseline period, the mice were exposed to 3 mild tone-footshock pairings (tone, 20 

s, 80 dB, 2 kHz; footshock, 1 s, 0.5 Ma at the termination of the tone; intertrial interval, 1 

min). The delivery of the footshock was controlled by software (LabLinc Operant Control 

Software; Coulbourn Instruments). One minute after the third shock, mice were returned 

to their home cages. Twenty-four hours later (day 2), contextual learning of the mice was 

assessed by returning the mice to the conditioning chamber for 8 min (context test). 48 h 

later, mice were evaluated for cued fear conditioning to the tone in a novel context. Mice 

were placed in a new chamber and, following 3 min of exploration (day 3, first 3 min), 

the same tone delivered on day 1 was played for 8 min (day 3, final 8 min). The chamber 

was cleaned with 70% ethanol between individual sessions on day 1 and day 2 and with 

5% ammonium hydroxide on day 3. Mice behavior was monitored using a video camera 

mounted in front of the test chambers. Freezing behavior, defined as the lack of all body 

movement except for that associated with respiration, was scored during the three days of 

tests by two observers blind to mouse identity.

Immunohistochemistry—Adult mice were anesthetized with isoflurane, punctured in the 

heart for serum, followed by intracardial perfusion with 4% paraformaldehyde (PFA). The 

tissues were removed immediately and post-fixed in 4% PFA for 24 h (long-term 3xTg mice 

study) and stored in 0.05% sodium azide. For E4FAD and short-term 3xTg studies, mice 

were perfused with saline. Brains were removed immediately and cut in half. One half was 

post-fixed in 4% PFA for 48 h and stored in 0.05% sodium azide afterwards, while the other 

half was dissected for the cortex and hippocampus, both of which were flash-frozen at −80C 

until further processing. Brains from 3xTg/Nox2 mice were collected, immersion-fixed in 

fresh 4% paraformaldehyde/0.1 M PBS for 48 h and then stored at 4°C in 0.1 M PBS/0.2% 

sodium azide until further processing. Hemi-brains were cut in a sagittal direction (40 μm) 

using a vibratome VT1000S (Leica) and stored in 0.05% sodium azide solution until ready 

for immunohistochemistry (IHC). Every 6th section was immunostained in the subsequent 

protocols.

3,3′-diaminobenzidine (DAB) Staining.: For 3,3′-diaminobenzidine (DAB)-based 

protocols, sections were washed in TBS, pre-treated for antigen retrieval when necessary, 

incubated in methanol and H2O2 and blocked in 2% BSA for 1 h before incubating 

with primary antibodies overnight. The following day, sections would be washed in TBS, 

incubate with secondary antibodies, ABC Vector Elite (Vector Laboratories), and DAB 

kits (Vector Laboratories) before finally being mounted on slides and air-dried. Primary 

antibodies used for this protocol were beta amyloid (1:300; Thermo Fisher Scientific), 

Phospho-Tau (Ser202, Thr205) Antibody (AT8) (1:1000; Thermo Fisher Scientific), BrdU 

(1:500; Novus Biologicals), CD11b (1:500; Bio-Rad),Iba1 (1:500; Wako) and CD68 (1:500; 

Bio-Rad) . Secondary antibodies used for this protocol were biotinylated goat anti-rabbit 

IgG (for beta amyloid, 1:500; Vector Laboratories), biotinylated horse anti-mouse IgG 

Antibody, rat adsorbed (for AT8 and Iba1, 1:500; Vector Laboratories), biotin-SP-AffiniPure 

donkey anti-rat IgG (H + L) (for BrdU, 1:250; Jackson ImmunoResearch); donkey anti rat 
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IgG (H + L), biotin (for CD11b, 1:250; Thermo Fisher Scientific) and biotin-SP-AffiniPure 

donkey anti rat IgG (H + L) (for CD68, 1:500; Jackson ImmunoResearch).

Immunofluorescent staining: For fluorescent IHC, sections were rinsed 3 times in 

phosphate buffered saline (PBS) for 5 min and denatured in 2N HCl at 37°C for 20 min. 

Sections were neutralized with 0.1 M boric acid for 10 min and blocked with 2% Normal 

Donkey Serum (NDS; Jackson ImmunoResearch) for 1 h at room temperature. Sections 

were incubated with primary antibodies overnight in a solution containing 2% NDS and 

0.3% triton at 4°C. The following day, sections were rinsed 3 times in PBS for 10 min, 

followed by incubation with secondary antibodies. After subsequent washes in PBS, nuclei 

were stained with Hoechst 33342 (Thermo Fisher), washed in PBS, and mounted on slides 

(except for GFAP + Sox2+ staining as the mounting medium contained DAPI). Slides 

were cover-slipped with antifading polyvinyl alcohol mounting medium with DABCO 

(Sigma-Aldrich) or VECTASHIELD® HardSet™ Antifade Mounting Medium with DAPI 

(Vector Laboratories) immediately after. Primary antibodies used for this protocol were 

BrdU (1:200; Novus Biologicals), Ki67 (1:200; Thermo Fisher Scientific), Sox2 (1:200; 

Abcam) and GFAP (1:200; Cell Signaling). Secondary antibodies used for this protocol 

were donkey anti-rat-488 (for BrdU, Ki67 and GFAP, 1:400; Thermo Fisher Scientific) 

and donkey anti-rabbit-594 (for Sox2, 1:400; Thermo Fisher Scientific). Co-expression was 

confirmed by fluorescent microscopy. For quantification, stereological counting methods 

were used.

Aβ: To enhance Aβ immunoreactivity (IR), sections were rinsed for 5 min in 99% formic 

acid. Aβ IR was calculated as load values. Briefly, selected fields of nonoverlapping 

immunolabeled sections of hippocampus (one-two fields for subiculum and two-three for 

CA1–Cornu Ammonis area 1) were captured at 20× and digitized using a video capture 

system coupled to a microscope (Olympus BX50 microscope and Olympus DP73 camera). 

Using ImageJ software (NIH), software, images were converted into binary/negative data 

and the positive pixels (equivalent to IR area) were quantified (Carroll et al., 2010).

Tau: AT8-immunoreactive neurons were defined as cells showing strong AT8 

immunolabeling over most of the cell surface. The positive cells were counted within 

the hippocampal CA1 and subiculum regions. Images were captured with a video capture 

system coupled to a microscope (Olympus BX50 microscope and Olympus DP73 camera) at 

20×.

CD11b, Iba1 and CD68 (microglia staining): CD11b-immunoreactive (ir), Iba1 positive 

and CD68 positive microglia cells were defined as cells covered by CD11b, Iba1 or CD68 

immunostaining over the cell body and processes. Sections were either treated with 10 

mM EDTA (pH 6) or Citric Acid Buffer (pH 6) at 95°C for 10 min before proceeding 

with staining. CD11b-ir or Iba1 cells were counted in the subiculum and CA1 hippocampal 

regions. There was no pre-treatment with 10 mM EDTA (pH 6) or Citric Acid Buffer (pH 

6) for required the CD68 Antibody.CD68+ cells were counted in the subiculum and CA1 

hippocampal regions.
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The stage of cells activation was identified by their morphology. Briefly, we defined four 

stages of microglia activation based on criteria established in previous studies (Zhang et al., 

2011; Kreutzberg, 1996; Crews and Vetreno, 2016):

• Stage 1: Resting microglia. Rod-shaped soma with many long thin ramified 

processes.

• Stage 2: Activated ramified microglia. Elongated cell body, the processes are 

thicker.

• Stage 3: Amoeboid microglia showing a marked cellular hypertrophy and short 

and thick processes.

• Stage 4: Phagocytic cells. Round cells, processes are not detectable.

Cells in the different activation stages were counted and plotted as percentage of the total 

CD11b-ir or Iba1 cell number.

Images were captured with a video capture system coupled to a microscope (Olympus BX50 

microscope and Olympus DP73 camera) at 20×.

Neurogenesis markers—The levels of BrdU (DAB and fluorescent), Sox2, and Ki67 

were quantified in the dentate gyrus. Images were captured at 20× and captured with a 

video capture system coupled to a microscope (Olympus BX50 microscope and Olympus 

DP73 camera) or with the BZ-X710 All-in-One Fluorescence Microscope (Keyence) and 

analyzed with ImageJ (NIH). Individual BrdU+, Sox2+, Ki67+ and GFAP+ cells, as well 

as BrdU+Sox2+, Ki67+Sox2+ and GFAP+Sox2+ co-stained cells, were counted if they were 

located within the subgranular zone (SGZ) and up to the inner third of the granule cell layer. 

Every sixth section of the mouse hemi-brain containing the hippocampus was stained. The 

numbers quantified are the averages taken from the total number of sections stained for each 

hemi-brain.

Aβ protein extraction—Soluble Aβ peptides (Aβ38/40/42) were extracted from the cortex 

of hemi-brains of female E4FAD 7–7.5 months old, after undergoing 4 months of FMD 

treatment. A serial extraction process previously described was used to produce TBS-soluble 

and TBS plus triton-soluble fractions (Youmans et al., 2011). The amount of soluble Aβ 
per isoform per sample in the resulting extracts were evaluated using the V-PLEX Plus Aβ 
Peptide Panel 1 (4G8) (Meso Scale Diagnostics). Plate results were read using the MSD 

Technology Platform and associated software.

Immunoprecipitation—Magnetic Dynabeads (Invitrogen) were re-suspended and 50 

μL was transferred to 8 tubes. Beads were separated from supernatant on a magnet 

and the supernatant was removed. 2.5 μL of rat anti-mouse CD11b antibody (1 μg/μL, 

Bio-Rad, MCA711GT) was diluted in 200 μL of Ab Binding and Washing Buffer and 

the immunoprecipitation procedure was carried out using the Dynabeads™ Protein G 

Immunoprecipitation Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to 

manufacturer’s instructions. 500 ug of target antigen (Aβ42) was added to the magnetic 

bead antibody complex. After elution with elution buffer, samples were mixed with 10 
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μL of pre-mixed NuPAGE™ LDS Sample Buffer and NuPAGE Sample Reducing Agent 

(Invitrogen) to ensure the resuspension of the magnetic bead-Ab-Ag complex. Samples 

were heated for 10 min at 70°C. The tubes were placed on a magnet, the supernatant was 

transferred to a clean tube and prepared for western blot as described in the Western Blot 

section.

Western Blot—The cortex from E4FAD mouse brains was homogenized in Eppendorf 

tubes (kept on ice), using 300 ul of RIPA buffer (Thermo Fischer Scientific) with freshly 

added protease and phosphatase inhibitor cocktails. The samples were placed on an orbital 

shaker at 4°C overnight and spun the next day at 12000 rpm for 20 min at 4°C. The 

supernatant from each sample was collected and the protein concentration was assayed 

using BSA as working standard. Equal amounts of protein (40 μg) were heat-denaturized 

in NuPAGE LDS sample- loading buffer (Invitrogen) for 5 min at 95°C, resolved by SDS-

PAGE and transferred to PVDF membranes (Sigma-Aldrich, MO, USA). The membranes 

were blocked with Tris-buffered saline (TBS) containing 0.05% Tween and 5% non-fat 

dry milk (NOX2, Aβ42) and Tris-buffered saline (TBS) containing 0.05% Tween and 

2% BSA (Vinculin) and then incubated overnight with antibodies directed against NOX2 

(Rabbit monoclonal, 1:5000, Abcam, ab129068), Aβ42 (Rabbit monoclonal, 1:500, Abcam, 

ab201060) or Vinculin (Mouse monoclonal, 1:1000, Millipore, MAB3574). Peroxidase 

conjugated IgG was used as secondary antibody. Membrane-bound immune complexes were 

detected by HyGLO™ Chemiluminescent HRP Detection Reagent (Denville Scientific). 

Protein loading was normalized according to Vinculin expression. Quantification was 

performed by densitometric analysis using Imagelab 6.0 software (Bio-Rad).

Nox2 ELISA—Nox2 activity in cortex lysates was measured using a Rat CYBB / NOX2 / 

gp91phox ELISA Kit (LSBio, Seattle, WA, USA, LS-F39030) and performed according to 

manufacturer’s instructions.

Brain cytokine analysis—Inflammatory cytokines in the brain were evaluated using 

aliquots of the female E4FAD hemi-brain TBS-soluble and TBS plus triton-soluble extracts 

used in the Aβ protein extraction experiment. The amount of IL-10, IL-12p70, IL-1β, IL-6, 

TNFα, IL-2, KC/GRO, IL-4, and IL-5 cytokines per sample in the resulting extracts were 

evaluated using V-PLEX Proinflammatory Panel 1 (mouse) Kit (Meso Scale Diagnostics). 

Plate results were read using the MSD Technology Platform and associated software.

Microglia confocal microscopy—Images were captured using a confocal microscope 

(Zeiss Laser Scanning Microscope-780 upright microscope) with Zeiss ZEN imaging 

software. Laser and detector settings were unchanged across acquisition sessions. 3D 

images of sections labeled with anti-Iba1 were collected with optimal resolution z-stack 

depths. Stack section depth for low magnification images was 2.2 μm and 0.4 μm for high 

magnification images. A 63x oil immersion objective (1.4 NA) was used to acquire region 

of interest (ROI) stacks (192.8 μm x 192.8 μm, 512 x 512 pixels, 16 bit). Analysis was 

conducted in a researcher-blinded manner with a custom ImageJ plugin (Stephen et al., 

2015) and de-noised using background subtraction rolling ball radius of 50 pixels. Average 

intensity stack projections were used for analysis (unless otherwise stated). Microglial 
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circularity, a measure of roundness/activation, was calculated using the formula 4π x area / 

(perimeter)2. Data represents average of all cells per group. Microglial soma size was 

measured by manually identifying, thresholding, outlining, and measuring Iba1-immuno-

reactive cell bodies (~ 30 cells/group) using ImageJ.

RNAseq library preparation and analyses—Murine-derived hemi-cortex samples 

were prepared as lysates using the RNeasy Lipid Tissue Mini Kit (Qiagen) and RNase-

Free DNase Set (Qiagen), according to manufacturer’s protocols. RNAseq libraries were 

prepared using KAPA mRNA HyperPrep kit (Roche-Sequencing) on a custom-built Janus 

G3 liquid handler (Perkin-Elmer). The quality of the final libraries was assessed with the 

D1000 assay on a 2200 TapeStation (Agilent Technologies) and the pooled samples were 

sequenced 1 × 50 bp on an Illumina HiSeq3000 system, yielding 24–52 M reads per 

sample for 31 samples. Reads were quality checked with FastQC v0.11.8 (Andrews, 2010), 

filtered with Trimmomatic v0.38 (Bolger et al., 2014), and aligned to the Mus musculus 
GRCm38 reference genome with GENCODE M22 annotations using STAR v2.6.1d (Dobin 

et al., 2013) with a single-pass approach, retaining uniquely mapped reads with less than 5 

mismatches. Gene expression was quantified using HTSeq (Anders et al., 2015) over exons 

in union mode, and analyzed using the R package EdgeR (McCarthy et al., 2012; Robinson 

et al., 2010). Four samples that appeared to be technical outliers in the FastQC and gene 

expression analyses were discarded. Gene expressions for the remaining 18 male and 9 

female samples were separately TMM-normalized and between-diet group differences were 

assessed using EdgeR’s GLM approach. Gene ontology analyses were performed using the 

R packages gProfileR v0.6.8 (Reimand et al., 2007) and GO.db (Carlson, 2019). GO terms 

for the significantly expressed genes are listed in Table S1.

In vitro microglia-Aβ42 assay—Mixed glia were cultured from the brains of 8.5 month 

old 3xTg male and female mice administered either a control diet or 5 cycles of FMD 

with 4 days of refeeding (n = 1–2 mice/group). The mice started the diet at 6.5 months 

till 8.5 months of age. The brains were perfused using DPBS and the whole brain (except 

the cerebellum) from each of the 5 mice (3 female mice-2 FMD and 1 Control and 2 male 

mice- 1 FMD and 1 Control) were placed in 5 mL of DMEM/F12 (Gibco) and stored 

on ice. Whole brains were mechanically and enzymatically dissociated by first mincing 

with a sterile razor blade and then incubated with 2 mL of serum free DMEM/12 media 

containing 10 units/mL papain for 25 min followed by the addition of 40 ul of Dnase (10 

mg/mL stock, final 0.2 ug/mL) for 5 min at 37°C. Enzymatic activity was quenched by 

addition of 500 μL of fetal bovine serum followed by addition of 2 mL of serum free media 

at room temperature. Once the serum free media was added, large clumps of tissue were 

broken up by pipetting using a 1 mL pipette. After the cell pellets settle for two minutes, 

the supernatant was transferred to a fresh falcon tube. This step was repeated twice more. 

Isotonic Percoll was added to the cell suspension (final concentration: 20%). Isotonic Percoll 

(ISP) was prepared by mixing nine parts of Percoll (Percoll PLUS, Cytiva) with one-part 

10× HBSS.

To collect the glial-enriched fraction, the cell suspension was centrifuged for 20 min 

at 700×g in a 20% ISP/cell suspension. The supernatant was aspirated using a 5 mL 
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stereological pipette, and the cell pellets were re suspended in 8 mL of DMEM/F12 

supplemented with 10% FBS and a penicillin G and streptomycin cocktail. The resultant 

suspension was transferred through a 100 μm cell strainer using a 5 mL stereological pipette 

on petri plates coated with 10 μg/mL of Poly-D Lysine. Cultures were maintained at 37°C 

in a humidified incubator for 10 days with room air supplemented with 5% CO2. The media 

was replaced 3 times per week.

After the primary mixed glial cultures were incubated for 10 days, 2500 microglial cells per 

well were seeded on 96 well plates coated with 10 ug/mL of Poly-D Lysine and incubated 

for two days at 37°C in a humidified incubator with room air supplemented with 5% CO2.

HiLyte™ Fluor 555-labeled Amyloidβ 42 (Aβ42) (AnaSpec, Liège, Belgium) was dissolved 

in 100% 1,1,1,3,3,3-Hexafluoro-2-propanol and subsequently dried followed by evaporation. 

The peptide film was dissolved in 10 mM NaOH and neutralized by adding pH 7.4 PBS 

(final concentration of Aβ42: 20 μM). After the sample was vortexed for 30s, Aβ42 was 

incubated at 4°C for 24 h for oligomerization and was used for assay immediately where it 

was added to the seeded cells for an hour to quantify the levels of Amyloid beta uptake in 

FMD compared to the control group. The microglia were fixed with 4% PFA and stained 

with IBA-1 (1:200; Wako) to confirm the cell type. The Secondary antibody used for this 

protocol was donkey anti-mouse-488 (for IBA-1, 1:500; Thermo Fisher Scientific). Images 

are taken with the BZ-X710 All-in-One Fluorescence Microscope (Keyence) and analyzed 

with ImageJ (NIH). The area of Amyloid beta 42 to IBA-1 area was quantified to identify 

the percentage of Aβ 42 uptake in each group.

QUANTIFICATION AND STATISTICAL ANALYSIS

The software used for statistical analysis was GraphPad Prism v.8. The figure legends 

describe the statistical tests used, value of n for each experimental group, and what n 

represents for each experiment. All statistical analyses were two-sided and p values <0.05 

were considered significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Differences between the means of two groups were tested with unpaired 2-tailed student’s 

t-test comparison, and one-way or two-way ANOVA followed by Bonferroni, Tukey’s, or 

Fisher’s post-test among multiple groups. Unless otherwise specified in figure legends, all 

data are expressed as the mean ± SEM. All samples represent biological replicates. No 

samples were excluded from analysis, and animals were only excluded if they fell ill based 

on protocol. Sample size estimates were not used. Animals were randomly assigned to 

experimental groups.

ADDITIONAL RESOURCES

Clinical trial registry (NCT05480358) for the human FMD trial data described 

in the manuscript can be found here. (description:https://clinicaltrials.gov/ct2/show/

NCT05480358?term=NCT05480358&cntry=IT&draw=2&rank=1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FMD cycles reduce cognitive decline and AD pathology in preclinical mouse 

models

• FMD cycles decrease hippocampal microglia number and neuroinflammation

• 3xTg mice lacking Nox2 show improved cognition and microglia activation

• Clinical data suggest FMD cycles are safe and feasible in a small group of 

AD patients
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Figure 1. FMD cycles improve cognitive behavior in female E4FAD mice
(A) Experimental diet and behavior schedule for female E4FAD mice starting at 2.5 months 

of age through 7–7.5 months of age.

(B) SAB percentage for E4FAD females at baseline (2.5 months) and at 6 or 6.5 months 

after ~3 months of diet (baseline, n = 19; control, 6 months, n = 9; FMD, 6 months, n = 11).

(C) Latency (seconds lapsed before finding escape box) between E4FAD FMD females (n = 

20) and E4FAD females on control diet (n = 19) in the Barnes maze at approximately 6.5–7 

months.

(D) Success rate in finding the escape box between E4FAD FMD females (n = 20) and 

E4FAD females on control diet (n = 19) in the Barnes maze at approximately 6.5–7 months.

(E) Strategies (random, serial, and spatial) used by female E4FAD control group (n = 19) to 

locate escape box.

(F) Strategies (random, serial, and spatial) used by female E4FAD FMD group (n = 20) to 

locate escape box. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 

0.0001, unpaired two-tailed student’s t test (SAB). Two-way ANOVA (Barnes maze).
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Figure 2. FMD cycles reduce hippocampal and cortex Aβ load, Aβ peptides, and 
neuroinflammatory cytokines, while increasing hippocampal neurogenesis markers in E4FAD 
mice
(A) Representative images showing Aβ immunoreactivity in subiculum and cortical regions 

of female E4FAD control and FMD groups.

(B) Quantification of subiculum Aβ load (%) for female E4FAD control (n = 18) and FMD 

(n = 18) groups.

(C) Quantification of CA1 Aβ load (%) for female E4FAD control (n = 18) and FMD (n = 

18) groups.
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(D) Quantification of cortex Aβ load (%) for female E4FAD control (n = 17) and FMD (n = 

17) groups.

(E) Quantification of triton-soluble Aβ38 for female E4FAD control (n = 7) and FMD (n = 7) 

groups.

(F) Quantification of triton-soluble Aβ40 for female E4FAD control (n = 7) and FMD (n = 7) 

groups.

(G) Quantification of triton-soluble Aβ42 for female E4FAD control (n = 7) and FMD (n = 

7) groups.

(H) Representative images showing Sox2+, Ki67+, and co-stain hippocampal 

immunohistochemistry for ~7–7.5-month-old female E4FAD control and FMD groups. 

White arrows indicate the Ki67+/Sox2+ foci.

(I) Quantification of ~7–7.5-month-old E4FAD female Sox2+ (control [n = 13] and FMD [n 

= 11]) cells in the dentate gyrus (DG) after ~4 months of FMD cycles.

(J) Quantification of ~7–7.5-month-old E4FAD female Ki67+Sox2+ (control [n = 13] and 

FMD [n = 11]) cells in the DG after ~4 months of FMD cycles.

(K) Quantification of IL-2p70 in TBS-soluble cortex extract in control (n = 7) and FMD (n = 

7) ~7–7.5-month-old female E4FAD mice.

(L) Quantification of IL-2 in TBS-soluble cortex extract in control (n = 6) and FMD (n = 7) 

~7–7.5-month-old female E4FAD mice.

(M) Quantification of TNFα in detergent-soluble/triton-soluble cortex extract in control (n = 

7) and FMD (n = 7) ~7–7.5-month-old female E4FAD mice. Data are presented as mean ± 

SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, unpaired two-tailed Student’s t test. Images 

were taken at 20× magnification. Scale bar, 100 μm.
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Figure 3. FMD cycles improve cognitive behavior in 3xTg mice
(A) Experimental diet and behavior schedule for 3xTg males and females starting at 3.5 

months of age through 18.5 months of age.

(B) Kaplan-Meier survival curves for 3xTg females in control (n = 25/28), FMD (n = 16/17), 

and 4% PR (n = 14/16).

(C) Kaplan-Meier survival curves for 3xTg males in control (n = 17/18), FMD (n = 16/17), 

and 4% PR (n = 14/16) groups.

(D) SAB score (%) for 8.5-month-old C57B/6 WT females (n = 8), 10.5-month-old 3xTg 

female control (n = 14), FMD (n = 14), and 4% PR (n = 16) groups.

(E) SAB score (%) for 8.5-month-old C57B/6 WT males (n = 8), 10.5-month-old 3xTg male 

control (n = 13), FMD (n = 16), and 4% PR (n = 15) groups.

(F) Recognition index (RI) scored as a percentage for trial 2 (time in seconds spent 

exploring novel object versus old object) of NOR task for 8.5-month-old C57B/6 WT 

females (n = 7), and 10.5-month-old 3xTg female control (n = 14), FMD (n = 13), and 4% 

PR (n = 13) groups.

(G) RI for trial 2 of NOR task for 8.5-month-old C57B/6 WT males (n = 8), and 10.5-

month-old 3xTg male control (n = 14), FMD (n = 14), and 4% PR (n = 16) groups.

Figures 1B and 1C: n = mice that survived to 18 months of age/total mice enrolled in study 

for group.

Figures 1D–1G: 8.5-month-old C57B/6 WT male and female data shown here are the same 

data as from Figure 5 and S3 and are shown as a comparison with aging 3xTg mice with or 

without previous treatment cycles. Data are presented as mean ± SEM. *p < 0.05 and **p < 

0.01, one-way ANOVA and Bonferroni post test.
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Figure 4. FMD cycles slow the progression of AD-associated pathology, increase levels of 
hippocampal neurogenesis markers, and regulate microglia levels and activation in aged 3xTg 
mice
(A) Representative images showing Aβ immunoreactivity and AT8-positive neurons 

(recognizes abnormally phosphorylated tau) in subiculum or CA1 hippocampus regions of 

female control, FMD, and 4% PR 3xTg mice.

(B) Quantification of subiculum Aβ load (%) for female 3xTg control (n = 21), FMD (n = 

16), and 4% PR (n = 14) mice.

(C) Quantification of CA1 Aβ load (%) for female 3xTg control (n = 20), FMD (n = 16), 

and 4% PR (n = 14) mice.

(D) Quantification of AT8+ neurons in the subiculum and CA1 for female 3xTg control (n = 

20), FMD (n = 14), and PR (n = 12) mice.

(E) Representative images showing Aβ immunoreactivity and AT8+ neurons in subiculum or 

CA1 hippocampus regions of male 3xTg control, FMD, and 4% PR mice.

(F) Quantification of subiculum Aβ load (%) for male 3xTg control (n = 15), FMD (n = 14), 

and 4%PR (n = 12) mice.
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(G) Quantification of CA1 Aβ load (%) for male 3xTg control (n = 15), FMD (n = 14), and 

4%PR (n = 12) mice.

(H) Quantification of AT8+ neurons in the subiculum and CA1 for male 3xTg control (n = 

12), FMD (n = 13), and 4%PR (n = 11) mice.

(I) Representative images showing BrdU+ DAB-immunohistochemistry in DG of 

hippocampus for 18.5-month-old female 3xTg control and FMD groups (left). 

Quantification of BrdU+ cells within the SGZ and inner third of the granule cell layer of the 

DG for 18.5-month-old female 3xTg control (n = 15) and FMD (n = 15) groups (right).

(J) Representative images showing Sox2+, BrdU+, and co-stain hippocampal 

immunohistochemistry for 18.5-month-old female 3xTg control and FMD groups (left). 

Quantification of 18.5-month-old 3xTg female BrdU+Sox2+ (control [n = 9] and FMD [n = 

8]) cells within the SGZ and inner third of the granule cell layer of the DG after ~15 months 

of FMD cycles (right).

(K) Representative images showing CD11b-ir microglia in hippocampus sections of 18.5-

month-old female C57B/6 WT, 3xTg control, and 3xTg FMD mice (top). Quantification 

of density of CD11b-ir cells in hippocampus CA1 and subiculum combined brain regions 

of C57B/6 WT, 3xTg control, and 3xTg FMD groups (bottom left; n = 5–7 animals per 

group). Percentage of different microglia activation stages (from 1 to 4) of C57B/6 WT, 

3xTg control, and 3xTg FMD mice (bottom right; n = 5–7 animals per group).

(L) Representative images showing BrdU+ DAB-immunohistochemistry in DG of 

hippocampus for 18.5-month-old male 3xTg control and FMD groups (left). Quantification 

of BrdU+ cells within the SGZ and inner third of the granule cell layer of the DG for 

18.5-month-old male 3xTg control (n = 10) and FMD (n = 10) groups (right).

(M) Representative images showing Sox2+, BrdU+, and co-stain hippocampal 

immunohistochemistry for 18.5-month-old male 3xTg control and FMD groups (left). 

Quantification of 18.5-month-old 3xTg male BrdU+Sox2+ (control [n = 11] and FMD [n 

= 9]) cells within the SGZ and inner third of the granule cell layer of the DG after ~15 

months of FMD cycles (right).

(N) Representative images showing CD11b-ir microglia in hippocampus sections of 18.5-

month-old male C57B/6 WT, 3xTg control, and 3xTg FMD mice (top). Quantification of 

density of CD11b-ir cells in hippocampus CA1 and subiculum combined brain regions 

of C57B/6 WT, 3xTg control, and 3xTg FMD (bottom left; n = 5–8 animals per group). 

Percentage of different microglia activation stages (from 1 to 4) of C57B/6 WT, 3xTg 

control, and 3xTg FMD mice (bottom right; n = 5–8 animals per group).

(O) Representative images showing CD68+ microglia in hippocampus sections of 18.5-

month-old male 3xTg control and 3xTg FMD mice (top; n = 2–3 animals per group). 

Quantification of density of CD68+ cells in hippocampus CA1 and subiculum combined 

brain regions of 3xTg control and 3xTg FMD (bottom; n = 2–3 animals per group. Data are 

presented as mean ± SEM. (B–D and F–H) *p < 0.05 and **p < 0.01, one-way ANOVA. 

(I–O) *p < 0.05 and **p < 0.01, unpaired two-tailed Student’s t test. Images were taken at 

20× magnification. Scale bar, 100 μm.
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Figure 5. Short-term treatment with FMD cycles improves memory, mitigates pathology 
progression, reduces microglia activation, and reduces the expression of neuroinflammation 
genes, microglial activation, and reduced tau phosphorylation in 3xTg mice
(A) Experimental diet and behavior schedule for 3xTg males and females starting at 6.5 

months of age through approximately 8.5 months of age for five FMD cycles.

(B) RI for trial 2 of NOR task for 8.5-month-old C57B/6 WT males (n = 8) and 8.5-month-

old 3xTg male control (n = 10) and FMD after four cycles of FMD and 7 days of refeeding 

(n = 5).

(C) Representative images showing subiculum and CA1 Aβ immunoreactivity and AT8+ 

neurons in hippocampus for 8.5-month-old 3xTg female control and FMD groups.

(D) Quantification of subiculum Aβ load (%) for 3xTg female control (n = 7) and FMD (n = 

7) groups.

(E) Quantification of CA1 Aβ load (%) for 3xTg female control (n = 7) and FMD (n = 7) 

groups.

(F) Quantification of AT8+ neurons in the subiculum and CA1 for 3xTg female control (n = 

8) and FMD (n = 8) groups.
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(G) Representative images showing subiculum and CA1 Aβ immunoreactivity and AT8+ 

neurons in hippocampus for 8.5-month-old 3xTg male control and FMD groups.

(H) Quantification of subiculum Aβ load (%) for 3xTg male control (n = 20) and FMD (n = 

6) groups.

(I) Quantification of CA1 Aβ load (%) for 3xTg male control (n = 20) and FMD (n = 6) 

groups.

(J) Quantification of AT8+ neurons in the subiculum and CA1 for 3xTg male control (n = 

21) and FMD (n = 7) groups.

(K) Representative images showing Iba1-stained microglia in hippocampus sections of 8.5-

month-old female C57B/6 WT and 3xTg control and FMD groups (top). Quantification of 

density of Iba1+ microglia in the CA1 and subiculum hippocampus regions of C57B/6 WT 

females (n = 8) and 3xTg female control (n = 7) and FMD (n = 7) groups (bottom left). 

Percentage of different microglia activation stages (from 1, resting, to 4, most activated) of 

C57B/6 WT females (n = 8) and 3xTg female control (n = 7) and FMD (n = 7) groups 

(bottom right).

(L) Representative images showing Iba1-stained microglia in hippocampus sections of 8.5-

month-old male C57B/6 WT and 3xTg control and FMD groups (top). Quantification of 

density of Iba1+ microglia in the CA1 and subiculum hippocampus regions of C57B/6 WT 

males (n = 8) and 3xTg male control (n = 16) and FMD (n = 5) groups (bottom left). 

Percentage of different microglia activation stages (from 1, resting, to 4, most activated) of 

C57B/6 WT males (n = 8) and 3xTg male control (n = 16) and FMD (n = 5) groups (bottom 

right).

(M) Representative images of confocal stack immune reactive for Iba1 microglia (red) in the 

prefrontal cortex for male and female 3xTg control diet and FMD cohorts. Scale bars, 100 

μm.

(N) Example 3D skeletonized microglial projections for 3xTg control diet and 3xTg FMD 

cohorts.

(O and P) Quantification of Iba1 immuno-reactive soma area (O) and circularity (P) in male 

(M) and female (F) 3×Tg mice with control diet (open bars) and FMD (filled bars) from 

high-magnification images (n = 2/group).

(Q) Experimental timeline and gene expression (top left and right) in cortex samples 

of 8.5-month-old female 3xTg controls (n = 3) and 3xTg females after one 4-day 

cycle of FMD, with no refeeding (n = 6). Yellow-, green-, blue-, rose-, gray-, and 

lavender-highlighted gene names in heatmap correspond with genes associated with 

neuroinflammation, microglial activation, neuroinflammation and microglial activation, anti-

neuroinflammation, tau phosphorylation, and general association with AD pathogenesis, 

respectively. Relative fold change (Log2-transformed fold-change values, centered at 0) of 

gene expression in FMD group versus control diet group (bottom left) for genes associated 

with neuroinflammation, microglial activation, anti-neuroinflammation, tau phosphorylation, 

and general association with AD pathogenesis. Values in histogram were calculated from 

fold change in Table S1. “0” value is equivalent to no change between FMD group and 

control diet group.

(R) Experimental timeline and gene expression (top left and right) in cortex samples 

of 8.5-month-old male 3xTg controls (n = 9) and 3xTg males after four cycles of 

FMD and 2 days of refeeding (n = 9). Yellow-, green-, blue-, rose-, gray-, and 
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lavender-highlighted gene names in heatmap correspond with genes associated with 

neuroinflammation, microglial activation, neuroinflammation and microglial activation, anti-

neuroinflammation, tau phosphorylation, and general association with AD pathogenesis, 

respectively. Relative fold change (Log2-transformed fold-change values, centered at 0) of 

gene expression in FMD group versus control diet group (bottom left) for genes associated 

with neuroinflammation, microglial activation, anti-neuroinflammation, tau phosphorylation, 

and general association with AD pathogenesis. Values in histogram were calculated from 

fold change in Table S1. “0” value is equivalent to no change between FMD group and 

control diet group. Data are presented as mean ± SEM. (B) *p < 0.05, compared with WT; 

one-way ANOVA followed by Tukey’s multiple comparisons test. (D-F and H-J) *p < 0.05, 

**p < 0.01, ****p < 0.0001; unpaired two-tailed student’sttest. (K and L) *p < 0.05, **p < 

0.01, ***p < 0.001, and ****p < 0.0001; one-way ANOVA followed by Tukey’s multiple 

comparisons test. (M-P) Two mice were analyzed per group, n = 20–35 cells per group. **p 

< 0.01, ***p < 0.001; two-way ANOVA followed by Tukey’s multiple comparisons test. 

Images were taken at 20× magnification unless otherwise noted. Scale bar, (C, G, K, L) 100 

μm and (G) 30 μm. RNA-seq libraries were sequenced 1 × 50 bp on an Illumina HiSeq3000 

system
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Figure 6. Short-term cycles of FMD regulate Nox2 cortex levels in 3xTg and E4FAD mice, while 
NOX2 deletion or inhibition improves cognitive behavior, mitigates pathology progression, and 
reduces microglia activation
(A) Diagram describing the dual positive and negative function of microglia. Microglia are 

involved in neuronal development and repair, but their production of O2
− into ONOO− can 

promote toxicity and lead to neurodegeneration.

(B) Quantification of Nox2 (ng/mL) in cortex extract of 8.5-month-old female 3xTg controls 

(n = 4) and 3xTg females after one 4-day cycle of FMD with no refeeding (n = 10).
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(C) Quantification of Nox2 (ng/mL) in cortex extract of 8.5-month-old female C57B/6 WT 

(n = 5) and 8.5-month-old 3xTg female control (n = 6) and FMD after five cycles of FMD 

and no refeeding after last cycle (n = 4) groups.

(D) Quantification of Nox2 (ng/mL) in cortex extract of 8.5-month-old male C57B/6 WT (n 

= 8) and 8.5-month-old 3xTg male control (n = 10) and FMD after five cycles of FMD and 

no refeeding after last cycle (n = 4) groups.

(E) Quantification of Nox2 levels in cortex extract of control (n = 5) and FMD (n = 4) 

~7-7.5-month-old female E4FAD mice after 4 months of biweekly FMD cycles (measured 

as Nox2/Vinculin protein expression levels).

(F) Western blot image used for quantifying Nox2 levels in whole-cortex extract of control 

(n = 5) and FMD (n = 4) ~7- to 7.5-month-old female E4FAD mice. Vinculin was loading 

control (bottom).

(G) 3xTg/Nox2-KO mice generation and experimental design. The experimental design 

of the tests conducted on 3xTg/Nox2-KO and control mice is depicted, as well as a 

schematic representation of the breeding strategy used to develop 3xTg/Nox2-KO mice 

and corresponding WT (mixed background 129/B6/B6). Some mice were euthanized for 

pathology at 13–14 months, while those used for fear-conditioning (FC) tests were aged 

until 15–18 months.

(H) Representative images showing CD11b-ir microglia in hippocampus sections of 13- 

to 14-month-old male WT (129/B6 background), 3xTg, and 3xTg/Nox2-KO mice (top). 

Quantification of density of CD11b-ir cells in hippocampus CA1 and subiculum combined 

brain regions of WT (129/B6 background), 3xTg, and 3xTg/Nox2-KO (bottom left; n = 4–8 

animals per group). Percentage of different microglia activation stages (from 1 to 4) of WT 

(129/B6 background), 3xTg, and 3xTg/Nox2-KO mice (bottom right; n = 4–8 animals per 

group).

(I) WT (129/B6 background), 3xTg, and 3xTg/Nox2-KO male mice were tested with the 

Y-maze apparatus (12.5 months of age). SAB scores obtained through Y-maze task are 

shown (n = 7–23 per group).

(J) WT (129/B6 background), 3xTg, and 3xTg/Nox2-KO male mice (15–18 months of age) 

FC tests. Freezing times (%) 24-h post shock for FC are shown (n = 6–22 per group) (left). 

WT (129/B6 background), 3xTg, and 3xTg/Nox2-KO male mice (15–18 months of age) 

underwent FC tests. Freezing times (%) 48-h post shock for FC are shown (n = 6–22 per 

group) (right).

(K) Representative images showing AT8 antibody (recognizes abnormally phosphorylated 

tau) immunoreactivity in hippocampus of 13- to 14-month-old male 3xTg and 3xTg/Nox2-

KO mice (left). Quantification of total AT8-immuno-reactive cells in hippocampus of 13- to 

14-month-old male 3xTg and 3xTg/Nox2-KO mice (n = 10–13/group) (right).

(L) Experimental design of apocynin treatment. Eight-month-old WT (129/B6 background) 

and 3xTg mice were treated with apocynin-dissolved drinkable water or apocynin-free water 

for 6 months. During the final 4 weeks of treatment, the animals were tested using the 

Y-maze apparatus, and NOR and Rotarod assays. After completion of the behavioral tasks, 

the mice were euthanized and their brains analyzed.

(M) Comparison of SAB scores between WT (129/B6 background) vehicle, 3xTg vehicle, 

and 3xTg apocynin-treated mice using the Y-maze apparatus (n = 10–13 animals per group).
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(N) Comparison of RI values between WT (129/B6 background) vehicle, 3xTg vehicle, and 

3xTg apocynin- treated mice during NOR test (n = 10–13 animals per group).

(O) Percentage of different microglia activation stages (from 1 to 4) of WT (129/B6 

background) vehicle, 3xTg vehicle, and 3xTg apocynin-treated mice (n = 5–10 animals/

group). Data are presented as mean ± SEM. (H and O) *p < 0.05, **p < 0.01, ***p < 

0.001 compared with WT; #p < 0.05, ##p < 0.01 for 3xTg/Nox2-KO versus 3xTg, one-way 

ANOVA followed by Tukey’s multiple comparisons test (H, bottom left) and Fisher’s least 

significant difference test (H, bottom right, and O). (B, E, and K) *p < 0.05, unpaired 

two-tailed student’s t test. (C and D) *p < 0.05, **p < 0.01, ***p < 0.001 compared with 

WT; one-way ANOVA followed by Tukey’s multiple comparisons test. (I, J, M, and N) *p 

< 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA followed by Fisher’s least significant 

difference test. Images were taken at 20× magnification. Scale bar, 100 μm.
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Figure 7. Safety and feasibility of FMD cycles as a treatment for patients with aMCI or mild AD
(A) A phase I/II randomized and placebo-controlled (single-blind) clinical study for 40 

patients with aMCI or mild AD was designed for 12 monthly FMD cycles; 28/40 enrolled 

patients were randomly assigned to a placebo (control) diet arm (n = 16) or an FMD 

(ProLonAD) arm (n = 12). In the placebo arm, a gray square indicates that, for 5 days a 

month, patients are assigned a diet in which lunch or dinner is replaced with a meal based 

on pasta or rice with vegetables, without added supplements. In the FMD arm, a black 

square indicates a 5-day FMD cycle, followed by a striped box that indicates 25 days of a 
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normal diet. White box indicates an in-between period between FMD cycles. Primary and 

secondary endpoints collected at each visit (per FMD cycles completed) is described in 

lower right-hand corner.

(B) Graphical representation of the effects of FMD on the E4FAD and the 3xTg mouse 

models of AD, through which it mediates AD-associated pathology, neuroinflammation, 

NSCs, and Nox2 levels.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-beta amyloid (1:300; IHC) Thermo Fisher Scientific Cat#71-5800; RRID: AB_2533989

Mouse anti-Phospho-Tau (Ser202, Thr205) (AT8) 
(1:1000; IHC)

Thermo Fisher Scientific Cat#MN1020; RRID: AB_223647

Rat anti-Bromodeoxyuridine/BrdU (BU1/75 
(ICR1)) (1:500; IHC)

Novus Biologicals Cat#NB500-169; RRID: AB_10002608

Rat anti-mouse CD11b (1:500; IHC) Bio-Rad Cat#MCA711GT; RRID: AB_1100616

Mouse anti-Iba1 (1:500; IHC) Wako Cat#016-26721; RRID: AB_2811160

Rat anti-Mouse CD68 (1:500; IHC) Bio-Rad Cat#MCA1957GA; RRID: AB_324217

Biotinylated goat anti-rabbit IgG (for beta amyloid, 
1:500; IHC)

Vector Laboratories Cat#BA-1000; RRID: AB_2313606

Biotinylated horse anti-mouse IgG, rat adsorbed 
(for AT8 and Iba1, 1:500; IHC)

Vector Laboratories Cat#BA-2001; RRID: AB_2336180

Biotin-SP-AffiniPure donkey anti-rat IgG (H+L) 
(for BrdU, 1:250; IHC)

Jackson ImmunoResearch Cat#712-065-150; RRID: AB_2340646

Donkey anti rat IgG (H+L), biotin (for CD11b, 
1:250; IHC)

Thermo Fisher Scientific Cat#A18743; RRID: AB_2535520

Rat anti-Ki-67 Monoclonal Antibody (SolA15) 
(1:200; IHC)

Thermo Fisher Scientific Cat#14-5698-82; RRID: AB_10854564

Rabbit anti-SOX2 (1:200; IHC) Abcam Cat#ab97959; RRID: AB_2341193

Mouse anti-GFAP (1:200; IHC) Cell Signaling Cat#3670; RRID: AB_561049

Donkey anti-rat-488 (for BrdU, Ki67 and GFAP, 
1:400; IHC)

Thermo Fisher Scientific Cat#A-21208; RRID: AB_2535794

Donkey anti-rabbit-594 (for Sox2, 1:400; IHC) Thermo Fisher Scientific Cat#A-21207; RRID: AB_141637

Rat anti-mouse CD11b antibody (1 μg/μL; IP) Bio-Rad Cat#MCA711GT; RRID:AB_321292

Rabbit anti-NOX2 (1:5000; WB) Abcam Cat#ab129068; RRID: AB_11144496

Rabbit anti-Aβ42 (1:500; WB) Abcam Cat#ab201060; RRID: AB_2818982

Mouse anti-Vinculin (1:1000; WB) Millipore Cat#MAB3574; RRID: AB_2304338

Chemicals, peptides, and recombinant proteins

Paraformaldehyde Sigma-Aldrich Cat#158127; CAS:30525-89-4

5’-Bromo-2’-deoxyuridine (BrdU) Sigma-Aldrich Cat#B5002; CAS:59-14-3

Normal Donkey Serum Jackson ImmunoResearch Cat#017-000-121

Polyvinyl alcohol mounting medium with DABCO, 
antifading

Sigma-Aldrich Cat#10981

Hoechst 33342 Solution Thermo Fisher Scientific Cat#62249

VECTASHIELD® HardSet™ Antifade Mounting 
Medium with DAPI

Vector Laboratories Cat#H-1500

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific Cat#89900

DAB (3,3’-diaminobenzidine) Peroxidase (HRP) 
Substrate Kit, With Nickel

Vector Laboratories Cat#SK-4100

Apocynin Sigma-Aldrich Cat#178385; CAS:498-02-2

VECTASTAIN® Elite Avidin-Biotin Complex 
(ABC)-HRP Detection Kit, Peroxidase (Standard)

Vector Laboratories Cat#PK-6100
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REAGENT or RESOURCE SOURCE IDENTIFIER

NuPAGE™ LDS Sample Buffer (4X) Invitrogen Cat#NP0007

HyGLO™ Chemiluminescent HRP Detection 
Reagent

Denville Scientific Cat#E2500

RNase-Free DNase Set Qiagen Cat#79254

Papain, Lyophilized Worthington Biochemical Cat#LS003118; CAS: 9001-73-4

HiLyte™ Fluor 555-labeled Amyloidβ 42 (Aβ42) AnaSpec Cat#AS-60480-01

Poly-D Lysine Sigma-Aldrich Cat#P7280

Percoll PLUS Cytiva Cat#17-5445-02

Critical commercial assays

Dynabeads™ Protein G Immunoprecipitation Kit Thermo Fisher Scientific Cat#10007D

Rat CYBB / NOX2 / gp91phox ELISA Kit LSBio Cat#LS-F39030

V-PLEX Proinflammatory Panel 1 (mouse) Kit Meso Scale Diagnostics Cat#K15048D-1

RNeasy Lipid Tissue Mini Kit Qiagen Cat#74804

V-PLEX Plus Aβ Peptide Panel 1 (4G8) Meso Scale Diagnostics Cat#K15199G-1

D1000 ScreenTape Assay Agilent Technologies N/A

KAPA mRNA HyperPrep kit Roche-Sequencing N/A

Deposited data

RNA-Seq of hemi-cortex of the 8.5 month old 
3xTg young mice study

This paper SRA: PRJNA864838

Barnes Maze data of E4FAD mice This paper Mendeley Data: https://doi.org/10.17632/
p2c5z4vjsw.1

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Mouse: 3xTg Frank LaFerla, University of 
California, Irvine

N/A

Mouse: E4FAD Mary Jo LaDu, University of 
Illinois

N/A

Mouse: Nox2-KO The Jackson Laboratory JAX: 002365

Mouse: 3xTg/Nox2-KO Generated from 3xTg and 
Nox2KO

N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism v.8 Graphpad https://www.graphpad.com/

HTSeq Anders et al., 2015 https://htseq.readthedocs.io/en/master/

EdgeR McCarthy et al., 2012; Robinson 
et al., 2010

https://bioconductor.org/packages/release/bioc/html/
edgeR.html

FastQC v0.11.8 Andrews, 2010 http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

Trimmomatic v0.38 Bolger et al., 2014 http://www.usadellab.org/cms/index.php?
page=trimmomatic

STAR v2.6.1d Dobin et al., 2013 http://code.google.com/p/rna-star/

gProfileR v0.6.8 Reimand et al., 2007 http://biit.cs.ut.ee/gprofiler/

Imagelab 6.0 software Bio-Rad https://www.bio-rad.com/en-us/product/image-lab-
software?ID=KRE6P5E8Z
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Mouse diet: Fasting mimicking diet (FMD) Cheng et al., 2017 N/A

Mouse diet: 4% protein-restricted diet (4% PR) Parrella et al., 2013 N/A

Human diet: ProlonAD TM Propriety formulation belonging 
to L-Nutra

https://www.prolon.it

Control Diet: PicoLab Rodent Diet 20 LabDiet Cat#5053

HydroGel ClearH2O N/A

Barnes Maze San Diego Instruments N/A

All-in-One Fluorescence Microscope Keyence BZ-X710

Olympus BX50 Microscope Olympus N/A

Olympus DP73 Camera Olympus N/A

Zeiss Laser Scanning Microscope-780 upright 
microscope

Zeiss N/A

2200 TapeStation Agilent Technologies N/A

HiSeq3000 Illumina N/A

Vibratome Leica VT1000S

Janus G3 liquid handler Perkin-Elmer N/A
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