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Late-life intermittent fasting decreases aging-related frailty
and increases renal hydrogen sulfide production
in a sexually dimorphic manner
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Abstract Global average life expectancy continues to

rise. As aging increases the likelihood of frailty, which

encompasses metabolic, musculoskeletal, and cognitive

deficits, there is a need for effective anti-aging treatments.

It is well established in model organisms that dietary

restriction (DR), such as caloric restriction or protein

restriction, enhances health and lifespan. However, DR

is not widely implemented in the clinic due to patient

compliance and its lack of mechanistic underpinnings.

Thus, the present study tested the effects of a somewhat

more clinically applicable and adoptable DR regimen,

every-other-day (EOD) intermittent fasting, on frailty in

20-month-old male and female C57BL/6 mice. Frailty

was determined by a series of metabolic, musculoskele-

tal, and cognitive tasks performed prior to and toward the

end of the 2.5-month dietary intervention. Late-life EOD

fasting attenuated overall energy intake, hypothalamic

inflammatory gene expression, and frailty inmales. How-

ever, it failed to reduce overall caloric intake and had a

little positive effect in females. Given that the selected

benefits of DR are dependent on augmented production

of the gasotransmitter hydrogen sulfide (H2S) and that

renal H2S production declines with age, we tested the

effects of EOD fasting on renal H2S production capacity

and its connection to frailty in males. EOD fasting

boosted renal H2S production, which positively correlat-

ed with improvements in multiple components of frailty

tasks. Therefore, late-life initiated EOD fasting is suffi-

cient to reduce aging-related frailty, at least in males, and

suggests that renal H2S production capacity may modu-

late the effects of late-life EOD fasting on frailty.
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Introduction

The global population over age 65 is expected to nearly

double from 8.5 to 16.7% by the year 2050 [1], largely
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due to advancements in medicine and paradigm shifts in

public health policies. While this scenario has obvious

personal and societal benefits, it does not come without

its disadvantages. Notably, the extension of the median

lifespan does not inherently confer the extension of

disease-free healthspan [2]. Aging is one of the strongest

risk factors for debilitating disorders, such as metabolic

syndrome, cardiovascular diseases [3] , and

neurocognitive deterioration [4]. Thus, preventing

aging-related declines in health and limiting the occur-

rence of these maladies in an ever-expanding aged pop-

ulation is of great importance.

Older adults over age 65 often suffer from not one,

but several of these aging-related deficits concurrently,

which have negative implications for their quality of life

and lifespan. Chronological age (i.e., actual age in years)

does not always predict survivorship/mortality; there-

fore, the concept of frailty was introduced to explain the

heterogeneity of health status in the aged (i.e., the bio-

logical age; [5, 6]). Frailty is characterized by sex-

dependent loss of physiological reserve [7–10], there-

fore increased susceptibility to various internal and or

external stressors leading to poor health outcomes or

death. Recently developed frailty indices for mice and

rats [11–15] are clinically relevant and predict rodent

mortality in a similar manner as clinical frailty indices

for humans [11, 14, 16]. However, while often including

general behavior tasks, they usually lack hippocampal-

dependent memory testing as one of the frailty criteria

[11, 17, 18]. For instance, the study that extensively

investigated the effects of life-long every-other-day

(EOD) intermittent fasting on over 200 different aging-

related phenotypes in mice did not include any

hippocampal-dependent measurements [19]. Inclusion

of the cognitive tests in assessing rodent frailty is criti-

cal, given that the aging brain often develops cognitive

degeneration which is typically manifested as

Alzheimer’s [4], Parkinson’s [20], and Huntington’s

diseases [21], as well as general non-specific memory

decline. Therefore, the present study utilized a variety of

behavioral assessments that are commonly included in

the previously developed rodent frailty indices, as well

as utilizing the cognitive tests, notably hippocampal-

dependent memory tests.

One possible intervention to conquer brain aging and

frailty in humans is the adaptation of dietary restriction

(DR). DR, such as caloric restriction (CR) and/or sulfur

amino acid restriction (e.g., methionine restriction;MetR)

without malnutrition is one of the well-established anti-

aging interventions that extends health and lifespan in

various model organisms, such as yeast, worms, fruit

flies, fish, and rodents [22–33]. Importantly, recent stud-

ies showed that DR is beneficial for lifespan extension

and/or averting frailty in non-human primates [34–42].

Studies in humans also showed that long-term CR is

beneficial for a multitude of frailty components. For

instance, long-term CR in humans decreased body mass

index [43, 44], memory impairments [45], oxidative

stress [46], and triiodothyronine [43, 47] and enhanced

cardiometabolic systems [44, 47].

However, studies examining the effects of long-term

CR on human lifespan, particularly in older adults, have

been difficult to execute due to patient adherence to

chronic CR [48, 49] and the need for constant medical

and scientific oversight to ensure the daily caloric intake

and guidelines are safely followed and adhered to [43,

50–53]. In addition, safely implementing CR in older

adults may be difficult, as they tend to exhibit anorexia

and/or malnutrition [54–56]; therefore, long-term CR

may not be a desirable anti-aging intervention in older

adults.

Given these limitations, the relatively implementable

yet effective DR regimen, intermittent fasting (IF), has

gained substantial attention as an alternative method to

continuous, chronic CR [57, 58]. Some find IF, or also

referred to as time-restricted feeding [59], easier to

follow, particularly in older adults. Specifically, partic-

ipants (≥ 67 years of age) in the study by Conley et al.

(2018) [60] were able to successfully implement this

dietary regimen for six months [60]. There are several

types of IF regimens, including the 5:2 diet [61], every-

other-day (EOD) fasting [62, 63], and variations in

timed feeding throughout a 24-hour (hr) period [64].

In EOD fasting, animals and/or participants are subject-

ed to no food intake for a day (i.e., 24 hr) followed by

food intake ad libitum (AL) for the next 24 hr, which

was reported to be safe, tolerable, and produce compa-

rable metabolic outcomes as a continuous CR protocol

in humans [65]. Thus, the major difference between IF

and continuous CR is that IF does not require daily

caloric restriction to drive DR effects.

The beneficial effects of IF on metabolism and dis-

eases and its cellular and molecular responses have been

reviewed extensively elsewhere [66]. Notably, EOD

fasting in rodents augments (1) lifespan [19, 67–70],

(2) neuronal protection against chemical insults [71],

(3) cardiovascular responses [19, 72], (4) hippocampal

morphology, (5) proteome profile, and function [73], (6)
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metabolic flexibility [19], and (7) motor coordination

[19, 74]. Likewise, EOD fasting decreases the number

and/or incidence of tumors [19] and the hippocampal

oxidative damage [73] in adult and aging rodents. Also,

studies that compared the effects of EOD fasting and

continuous CR in adult mice showed that both dietary

regimens are comparably effective to enhance glucose

metabolism/insulin sensitivity [75] and to protect

against aging-related neurobehavioral deficits (i.e., de-

creased locomotion and memory impairments; [76]).

Therefore, these findings suggest EOD fasting initiated

in late-life may enhance health and lifespan, at least in

rodents.

While many studies are examining the impact of

EOD fasting in rodents, few have specifically delved

into its late-life application (> 80 weeks of age for mice)

as a means to improve sex-specific multicomponent

frailty, including enhancements in hippocampal-

dependent memory, as well as simultaneously investi-

gating possible molecular mechanisms of action. Here,

we report for the first time that late-life initiated EOD

fasting for 2.5 months in ~80-week-old male and female

C57BL/6 mice (Fig. 1a) improved multiple components

of frailty (Fig. 1b), including hippocampal-dependent

memory in males, but only somewhat in females. Fur-

thermore, improved frailty was positively correlated in

multiple components with augmented renal hydrogen

sulfide (H2S) production capacity, which has been sug-

gested as an anti-aging biomarker [77–80]. Therefore,

late-life initiated EOD fasting is sufficient to reduce

aging-related frailty, at least in males, and suggests that

renal H2S production capacity may modulate the sys-

temic effects of late-life EOD fasting on frailty.

Materials and methods

Animal husbandry and diet intervention

All experiments adhered to the National Institutes of

Health Guide for the Care and Use of Laboratory Ani-

mals and were approved by the Cleveland Clinic Insti-

tutional Animal Care and Use Committee (IACUC),

protocol numbers 2016-1778 and 2019-2258. For aged

mice, male and female C57BL/6 mice were obtained

between 60 and 65 weeks of age (Stock No.: 000664,

Jackson Laboratories, Bar Harbor, ME) and group-

housed (3–5 same-sex mice per cage) in the Cleveland

Clinic Lerner Research Institute Biological Resource

Unit on a 14-hr light/10-hr dark cycle, temperature

between 20 and 23 °C, 30–70% relative humidity. The

mice had ad libitum (AL) access to standard rodent

chow (18.6% protein, 44.2% carbohydrate, and 6.2%

fat; Teklad Global Rodent Diet #2918, Envigo, Madi-

son, WI). At approximately 20 months of age, male and

female cages were randomly assigned to either EOD

fasting regimen (Chow EOD group: n = 6 males, n = 7

females to start) or AL access to the standard rodent

chow (Chow AL group: n = 7 males; n = 6 females to

start). The EOD fasting regimen consisted of repeated

cycles of 24-hr consecutive removal of food access with

water available AL (fast day) followed by 24-hr access

to food and water AL (fed day). To circumvent possible

disturbances in circadian rhythms and feeding patterns

in the ChowEOD group [81, 82], the food was provided

to or removed from the Chow EOD group 2–3 hrs

before the dark cycle onset (19:00 hr). The daily food

intake was periodically measured via manual weighing

on a per cage basis over the 78-day post-dietary inter-

vention (DI) from approximately 80 weeks of age (base-

line; day 0) (see Fig. 1a for diet logistics). Similarly, 6-

month-old male and female C57BL/6 mice born in the

Cleveland Clinic Lerner Research Institute Biological

Resource Unit were maintained on the standard rodent

chow until being randomly divided into ChowAL (n = 3

mice/sex) and Chow EOD (n = 3 mice/sex) diet groups

for 1 week to monitor weight and body composition

changes as the young adult group.

Frailty measures (see Fig. 1b for the list of tools)

Metabolic parameters

Body weight was monitored at baseline, days 7, 14, 21,

31, 45, 57, 66, and 76 post-DI for the aged group, and at

baseline, day 3, and day 7 post-DI in the young group

via manual weighing on a digital scale. Body composi-

tion (% fat mass and % lean mass) was assessed at

baseline and at the conclusion of the study (day 78

post-DI for the aged group and day 7 post-DI for the

young group) using EchoMRI body composition anal-

ysis (EchoMRI, Houston, TX). Glucose tolerance test

(GTT) was performed at 13:00 hr on day 70 after a 4-hr

morning fast. The mice were given an intraperitoneal

glucose injection (2 g of glucose/kg body weight)

followed by blood glucose measurements at time points

between 0 and 120 min post-injection with an Accu-

Chek glucose meter (Roche Diabetes Care, Inc.,
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Indianapolis, IN). This procedure was repeated on day

71 to account for the differences between the fast and

fed days to avoid making a type I error or have a single

overnight fast influencing the result. The presented data

reflect the average blood glucose levels across the two

days. Hemoglobin A1c (HbA1c) levels were tested

using an A1CNow blood monitor (PTS Diagnostics,

Indianapolis, IN) after a 4-hr morning fast on day 78

post-DI. Plasma insulin levels were measured via the

enzyme-linked immunosorbent assay (ELISA) kit (Cat.

# EZRMI-13K, EMD Millipore, Billerica, MA), and

plasma creatinine concentration level was measured

via a creatinine colorimetric assay kit (Cat. #

MAK080, Sigma-Aldrich, St. Louis, MO) per manufac-

tures’ instructions.

Indirect calorimetry

Circadian metabolic rhythms were measured by the

Oxymax-CLAMS indirect calorimetry (Columbus In-

struments, Columbus, OH) at baseline and ~day 38

post-DI. In this system, mice were individually housed
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Fig. 1 Late-life initiated EOD fasting decreases food consump-

tion and body weight and alters body composition in a sexually

dimorphic manner. a Graphical presentation of the experimental

timeline. Twenty-month-old male and female C57BL/6 mice were

placed on standard rodent chow ad libitum (Chow AL) or every-

other-day intermittent fasting (Chow EOD) for 2.5 months. Frailty

was determined using physiological and behavioral tests. b List of

frailty assessment tools grouped into metabolic fitness, musculo-

skeletal systems, and cognition. c Food intake (kcal/g of body

weight/day) during the fast days, fed days, and combined over the

12 time points in the male and female Chow AL and Chow EOD

groups (n = 5–7mice per sex per group). d–gBodymass and body

composition in male and female mice on Chow AL and Chow

EOD feeding. Absolute body weight (left) and % body weight

compared with baseline (right) in the male (d) and female (f)

Chow AL and Chow EOD groups from baseline to post-dietary

intervention (post-DI). e, g % fat mass adjusted to body weight

(left) and % lean mass adjusted to body weight (right) in the male

(e) and female (g) Chow AL and Chow EOD groups at baseline

and post-DI. The figures (c–g) depict the mean with error bars (±

SEM). The asterisks indicate the significant difference between the

same-sex Chow AL and Chow EOD groups. *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001. The pound signs indicate

the significant within group difference between the baseline and a

post-DI time point. #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p <

0.0001. See also Supplemental Figure 1
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for 4-consecutive 24-hr periods to measure food intake,

ambulatory activity levels, O2 consumption (vO2), CO2

production (vCO2), energy expenditure (heat; 3.815 +

1.232 × respiratory exchange ratio [RER]), and RER

(vCO2/vO2), which reflects the type of substrate that

is being utilized. Double-plotted actograms were

composed using the averaged data for each time point

separated by the fed and fast days with a time of the

day expressed in Zeitgeber time (ZT). Similar to as

when in the standard animal cages and vivarium

housing rooms, Chow EOD mice were fed or fasted

at approximately ZT9 daily. To observe changes in

the circadian rhythm, the amplitudes/fluctuations of

the rhythm were determined using the area under the

curve (AUC) method. In addition, to test whether

circadian pattern (i.e., timing of a reference point in

the cycle) was shifted, the average dark phase AUC

and light phase AUC were compared.

Behavioral tasks

To reduce the effects of experimenter-induced anxiety

and stress on behavior-related assays, mice were han-

dled three consecutive days (2-min per mouse on the 1st

day, 1-min each on the 2nd+ days) at least 48 hr before

the behavioral assays. All behavioral tasks were carried

out during the light cycle at the Rodent Behavior Core

testing suite in the Cleveland Clinic Lerner Research

Institute Biological Resource Unit. The battery of be-

havioral tasks was conducted in the order of Y maze

forced alternation task, forelimb grip strength, open

field, novel place recognition task, and rotarod, and the

order was kept constant for each animal. The mice were

habituated in the testing suite at least 30 min before and

after each behavioral testing day. They were given at

least 48 hr apart in-between each task to minimize any

carry-over effects. Males and females were tested sepa-

rately in a random order for each task. Behavioral appa-

ratuses were wiped with 70% ethanol in-between trials

and mice to eliminate olfactory cues. Behavioral ses-

sions were digitally recorded using a CCTV camera

mounted to the ceiling positioned directly above behav-

ioral apparatuses. All recorded behavioral sessions were

analyzed using the behavior analysis software

TopScanLite Version 2.0 (Clever Sys Inc., Reston,

VA) or EthoVision XT 13.0 (Noldus, Wageningen, the

Netherlands). Outliers from each task were excluded

from further analyses.

Y maze forced alternation task

Short-term memory was tested using the Y maze forced

alternation task at baseline and ~day 50 posy-DI. This

task requires the functional integrity of the hippocampus

[83, 84].Micewere trained in a Ymaze (each arm 12 cm

H, 38.5 cm D, 9 cm W) surrounded by intra and extra

maze visual cues. During the acquisition trial, mice were

released into a distal end of one of two randomly select-

ed starting arms facing away from the center of the Y

maze. The mice did not have access to the third arm,

also termed the target arm, during training. Mice were

allowed to freely investigate the two arms for 15 min.

Then they were placed back into their home cages in the

behavioral testing suite. After a 2-hr inter-trial interval

(ITI), a 4-min memory probe test was given. The mice

were released into the Y maze in an identical manner as

training, but the dividing wall to the target arm was

removed. They were allowed to freely investigate the

arms. The duration and number of entries to each arm

and velocity/speed during the retention trial were re-

corded for further analyses. Two-hour ITI was chosen

given that 2 hr after training, young healthy rats enter the

target arm and spend more time above chance (33%)

during the retention trial [85]; however, agedmice fail to

show a preference for the target arm with this ITI dura-

tion [86–88]. This task was repeated on ~day 50 with

different intra and extra maze cues.

Open field

During the habituation phase of the novel place recog-

nition test, the mice were given a 10-min open field trial

at baseline and ~day 59 post-DI. An open field (40.5 cm

H × 51.0 cm D × 61.0 cmW) was virtually divided into

3 arenas: outer, middle, and center. Behavior was digi-

tally recorded for further analysis. The number of en-

tries, duration, and latency to the center arena (anxiety-

like behavior), rearing (exploratory/anxiolytic behav-

ior), and distance traveled/path length and velocity

(locomotion) were measured.

Novel place recognition test

Twenty-four hours after the open field test, object loca-

tion memory was tested using the novel place recogni-

tion (NPR) test at baseline and ~day 60 post-DI. In this

task, two identical objects (random assignment to either

glass media bottles filled with corncob bedding or

1531GeroScience (2021) 43:1527–1554



plastic sippy cups filled with water) were placed at fixed

and equidistant locations in an open field. Mice were

released into the outer edge of the open field facing

away from the center of the arena and were allowed to

freely investigate the objects and the open field for 5

min. Then they were placed back into their home cage

and were remained in the behavioral testing suite for a

minimum of 30 min before transported back to the

vivarium. After a 24 hr ITI, a 2-min memory probe test

was given. Mice were reintroduced to the identical

environment and objects, but one of the objects was

moved to a new location, located at an opposite corner

relative to the original location. The other object

remained at the same location. Mice were allowed to

freely investigate in the open field. Object investigation

duration and proximity to the objects during the reten-

tion trial were recorded for further analyses. A discrim-

ination index was calculated as the duration of object

investigation at a new location minus the duration of

investigation of an object that has not moved, divided by

the total object investigation duration. Thus, a positive

score on the discrimination index means the mouse

investigated the object at a new location longer. Due to

the innate preference of rodents for novelty, rodents

with intact hippocampal function will investigate an

object moved to a new location more than an unmoved

object [89–93]. Also, proximity to the objects was cal-

culated as the ratio of the distances between the center of

the moved object and the tip of the mouse nose divided

by the distance between the center of the unmoved

object and the tip of the mouse nose. Thus, a greater

proximity ratio indicates that the mouse directed its face

closer to the unmoved object than to the moved object.

Twenty-four-hour ITI was chosen given that 24 hr after

training, young 2–4-month-old mice show a preference

for a moved object; however, 22–24-month-old mice do

not [94]. This task was repeated on ~day 60 post-DI

with different objects and placements.

Muscular strength and neuromuscular function

parameters

Forelimb grip strength was assessed at baseline and

~day 48 using a grip strength meter (Columbus Instru-

ments, Columbus, OH). Each mouse was given five

trials, and average grip strength (g) and average grip

strength adjusted to body weight (grip strength [g]/body

weight [g]) were recorded. The fold change in strength

was then calculated. Motor coordination was tested

using a rotarod (Columbus Instruments, Columbus,

OH). Briefly, following the acclimation trial (4 rpm for

30 sec), mice were given a total of four trials (max

duration: 300 sec, max speed: 50 rpm, acceleration:

1 rpm inclement per 11 sec per trial) with 5-min ITI.

Latency and speed at which the mouse fell from or

passively rotated on a revolving rod were recorded in

trial 2–4 as a measure of motor coordination.

Molecular and hormonal parameters

Filter paper-embedded lead acetate endpoint assay

The endogenous H2S production capacities of liver,

kidney, muscle (quadriceps), heart, and brain were mea-

sured by the lead sulfide method as previously described

[95, 96]. Briefly, tissues were immediately harvested

from euthanized animals and flash-frozen. Flash-

frozen tissues were then homogenized and lysed in

freshly prepared 1× passive lysis buffer (Cat. # E1941,

Promega, Madison, WI). One hundred micrograms of

normalized protein with the 150 μL of reaction mixture

containing 10 mM L-cysteine (Cat. #. 168149, Sigma-

Aldrich, St. Louis, MO) and 1 mM pyridoxal phosphate

(Cat. # 9255, Sigma-Aldrich, St. Louis, MO) in

phosphate-buffered saline was placed in 96-well plates.

A lead acetate-embedded H2S detection filter paper was

placed on top of the well plates and incubated at 37 °C

for 2–24 hr. H2S production capacity was quantified by

measuring the lead sulfide darkening/density of the

paper using the IntDen function in ImageJ (Rasband,

W.S., ImageJ, U. S. National Institutes of Health, Be-

thesda, MD, USA, https://imagej.nih.gov/ij/, 1997–

2018).

Real-time quantitative PCR analysis

Gene expression of (1) neuroinflammatory cytokine

nuclear factor kappa B (NF-κB) and its downstream

pro-inflammatory cytokines interleukin 1 beta (IL1β),

interleukin 6 (IL6), and tumor necrosis factor-alpha

(TNF-α), (2) a neuroprotective chaperone protein

PARK7/DJ-1, (3) anorexigenic and orexigenic genes

proopiomelanocortin (POMC), and agouti-related pro-

tein (AgRP), and (4) the brain-derived neurotrophic

factor (BDNF) gene in the hypothalamus was quantified

using a real-time quantitative PCR (qPCR) method as

previously described [97] with slight modifications per

manufactures’ instructions. Briefly, total RNA was
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isolated with TRIzol reagent (Cat. # 15596026,

Invitrogen, Waltham, MA), and single-stranded cDNA

was synthesized using Verso cDNA kit (Cat. #

AB1453A, Thermo Scientific, Waltham, MA). qPCR

was performed with Fast SYBRGreenMasterMix (Cat.

# 4385612, Applied Biosystems, Waltham, MA) with

the primer mix containing forward and reverse Ready-

Made Primers (Integrated DNA Technologies, Inc., Re-

search Triangle Park, NC) of a targeted gene. Plates

were run on Applied Biosystems StepOnePlus Real-

Time PCR System. Targeted gene expression was mea-

sured using a relative quantitation (ΔΔCT) method

comparing against the reference/housekeeping gene β-

actin. Fold changes were normalized to the Chow AL

group. Primers used were the following: NF-κB F:

GGAGACTCGTTCCTGCACTTGG, NF-κB R:

AACAAGAGCGAAACCAGGTCAGG, IL6 F:

TACCACTTCACAAGTCGGAGGC, IL6 R:

CTGCAAGTGCATCATCGTTGTTC, IL1β F:

TGGACCTTCCAGGATGAGGACA, IL1β R:

GTTCATCTCGGAGCCTGTAGTG, TNF-α F:

CATCTTCTCAAAATTCGAGTGACAA, TNF-α R:

TGGGAGTAGACAAGGTACAACCC, DJ-1 F:

GCAGGAAGGGCCTCATAGCT , D J - 1 R

TGTTGTGACCTTGCATCCAAA, POMC F:

AAGAGCAGTGACTAAGAGAGGCCA, POMC R:

ACATCTATGGAGGTCTGAAGCAGG, AgRP F:

AGGGCA TCAGAAGGCCTGACCA, AgRP R:

CTTGAAGAAGCGGCAGTAGCAC, BDNF F:

GGCTGACACTTTTGAGCACGT, BDNF R:

CTCCAAAGGCACTTGACTGCTG, β-actin F:

AGGCTGTGCTGTCCCTGTATG, and β-actin R:

ACCCAAGAAGGAAGGCTGGAAA.

Statistical analyses

Figures depict the means ± SEMwith n of 3–7 per group

as indicated in the figure legends. The behavior analysis

software TopScanLite Version 2.0 (Clever Sys Inc.,

Reston, VA) or EthoVision XT 13.0 (Noldus,

Wageningen, the Netherlands) was used for the appro-

priate behavioral tasks. All data were analyzed using

IBM SPSS Statistics for Windows, Version 25.0 (IBM

Corporation, Armonk, NY) or GraphPad Prism forWin-

dows, Version 8.0 (GraphPad Software, Inc., La Jolla,

CA). Results were considered statistically significant

when p values were less than 0.05.

For food intake analysis, a 2 × 2 × 3 analysis of

variance (ANOVA) was used to test the effects of sex

(male vs. female), DI (Chow AL vs. Chow EOD), and

day (fast days, fed days, and combined). Post hoc com-

parisons were performed using Tukey’s HSD or inde-

pendent samples t tests. Due to the sexually dimorphic

effect of EOD fasting on food intake, for other depen-

dent variables, independent samples t tests were carried

out to test the effects of DI, and dependent samples t

tests were conducted to test the effects of time (baseline

vs. the various post-DI time points and the light vs. the

dark cycle) separately for each sex. For the forced

alternation task, one-sample t tests were conducted to

see whether each of the DI group spent in the target arm

below chance (hypothetical value of 80 sec). The Pear-

son product-moment correlation matrices (one-tailed)

were computed to test the a priori-predicted relation-

ships (1) among the frailty measures in both males and

females, (2) between renal H2S production and frailty

measures in males, and (3) between renal H2S produc-

tion and hypothalamic gene expression in males.

Results

Late-life initiated EOD fasting decreases food

consumption and body weight and alters body

composition in a sexually dimorphic manner

To test the effects of EOD fasting on caloric intake in

aged mice, food consumption per BW was measured

periodically over the 78 days of DI to determine average

food intake during the fast days, the fed days, and

combined (Fig. 1c). There were significant main effects

of sex (p < 0.0001), DI (p < 0.0001), and food intake day

(p < 0.0001) and significant interaction effects of sex ×

food intake day (p < 0.05), DI × food intake day (p <

0.0001), and sex × DI × food intake day (p < 0.05) on

the kcal of food consumed. Specifically, females con-

sumed more food per BW relative to males. As expect-

ed, mice that remained on the AL feeding regimen

(Chow AL) consumed more food overall than the mice

placed on the EOD fasting regimen (Chow EOD). Spe-

cifically, the male Chow EOD group consumed more

food during the fed days (M = 0.37 kcal/g BW/day) by

124% relative to the male Chow AL group (M = 0.30

kcal/g BW/day). Therefore, the male Chow EOD group

consumed less food per BW on average (M = 0.18 kcal/

g BW/day), specifically by − 38%, relative to the male

Chow AL group (Fig. 1c). Similarly, the female Chow

EOD group consumedmore food per BWduring the fed
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days (M = 0.59 kcal/g BW/day) relative to the female

ChowAL group (M = 0.37 kcal/g BW/day), specifically

by 162%. As a result, overall food intake was not

significantly different between the female Chow AL

and the Chow EOD groups (M = 0.30 kcal/ g BW/day;

− 19% change; Fig. 1c). Thus, while EOD fasting was

an effective caloric restricting regimen in aged male

mice, it failed to decrease overall food intake in aged

female mice. Given that the DI-induced food/caloric

intake differed across the male and female aged mice,

subsequent behavioral and physiological measures were

analyzed separately for each sex.

Body weight and body composition in the form of

fat and lean masses were recorded periodically from

baseline to day 76 post-DI for aged mice (Fig. 1d–g)

and from baseline to day 7 post-DI for the young adult

mice cohort (Supplemental Figure 1A–D). EOD

fasting in males reduced their BW continuously dur-

ing the entire span of DI, as their BW was decreased

relative to baseline on each BW recording day (Fig. 1d

and Supplemental Figure 1A). Body composition

analysis by EchoMRI [98, 99] revealed the decrease

in BW was mainly due to a decrease in % fat mass

relative to baseline (Fig. 1e and Supplemental

Figure 1B). The aged male Chow AL group main-

tained their BW during the entire span of the experi-

ment, except for trend (p = 0.089) in decreased mass in

their final BW on day 76 relative to baseline (Fig. 1d).

This subtle decrease was most likely due to a decrease

in their % lean mass, with their % fat mass unaffected

(Fig. 1e). EOD fasting in females decreased their BW

soon after the initiation of the DI (Fig. 1f and

Supplemental Figure 1C). However, in contrast to

males, BW-reducing effects of EOD fasting dimin-

ished before the end of the experiment. Specifically,

BWs of the female Chow EOD group were continu-

ously decreased relative to the female ChowAL group

until day 47, but not beyond this time point (Fig. 1f).

Similarly, in the young adult female group, weight

loss was more dramatic at 3 days rather than 7 days

post-DI (Supplemental Figure 1C). Body composition

analysis revealed % fat mass and % lean masses were

not affected by DI or by time in aged females (Fig. 1g).

Likewise, young females had a less dramatic change

in body mass composition compared to young males

under EOD fasting (Supplemental Figure 1D). Thus,

EOD fasting decreased BW primarily by decreasing

fat mass in aged males, but not in aged females, with

analogous results observed in young adult mice.

Late-life EOD fasting attenuates metabolic inflexibility

As metabolic flexibility declines with age [100, 101], we

next tested resting whole body metabolic activity using

indirect calorimetry in a 12-chamber open-circuit Oxymax

Comprehensive Lab Animal Monitoring System

(CLAMS; Columbus Instruments, Columbus, OH). Indi-

vidual food intake patterns for both males and females as

determined by manual weighing daily (Fig. 2a, b) were

similar to the entire experimental span of experimenter

manually determined food intake (Fig. 1c), and the time

when the mice initiated major feeding was similar be-

tween Chow AL and Chow EOD groups (Supplemental

Figure 2A, B). Specifically, in males, there was a non-

significant decreasing trend (p = 0.13) in overall kcal

consumption of food in the Chow EOD group relative to

the Chow AL group (Fig. 2a). However, in females,

overall kcal consumption was not affected by the EOD

fasting due to an increase in food consumption during the

fed days relative to the female Chow AL group (Fig. 2b).

To determine the contributions of the whole body

(i.e., various organs with adipose and lean tissues) to

metabolism, we calculated vO2, vCO2, and heat by

adjusting to total BW. The significant circadian rhythms

were observed on metabolic processes in all of the

groups, as vO2, vCO2, and heat during the dark phases

were elevated relative to the light phases (all p < 0.05,

except for vCO2 in the male Chow AL group p = 0.054;

Table 1). In comparison with the male Chow AL group,

EOD fasting in males did not affect overall vO2, as well

as segmented vO2, which were separated by the light

and dark phases and by fast and fed days (Fig. 2c).

However, in females, EOD fasting increased the ampli-

tudes of vO2 during the dark and light phases of the fed

days relative to the Chow AL group, which became

apparent at the onset of feeding (≈ ZT9, indicated by

the arrow) while the food was present (Fig. 2d). Overall

vCO2was slightly, but non-significantly, decreased (p =

0.053) in the male Chow EOD group relative to the

Chow AL group, which was driven by the decrease in

vCO2 during the dark and light phases of the fast days

(Fig. 2e). In contrast, EOD fasting in females increased

the amplitude of vCO2 during the dark and light phases

of the fed days relative to the female Chow AL group,

which contributed to an increased overall vCO2 (Fig.

2f). Furthermore, EOD fasting in males did not affect

heat/energy expenditure (Fig. 2g). However, EOD

fasting in females tended to increase overall heat pro-

duction (p=0.056), whichwas due to an increase in the
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amplitudeofheat during thedarkand lightphasesof the

fed days (Fig. 2h). Importantly, circadian rhythms in

regard to feeding timing and movement activity pat-

ternswereminimally affectedby theEODfasting,most

likely due to strict adherence to re-feeding at the same

time the ChowAL groupmice naturally consume their

food, i.e., around the start of the dark phase (Table 1,

Supplemental Figure 2A–F). Taken together, these

findings indicate EOD fasting enhanced whole body-

generated metabolic flexibilities and capabilities in a

sex-dependent manner.

Given that (1) loss or gain of adipose and lean

masses are not in a reciprocal relationship (Fig. 1e, g

and 2) lean tissue is more metabolically active than

fat tissue [102–105], we next re-examined our indi-

rect calorimetry data by adjusting vO2, vCO2, and

heat to the individual lean mass of each mouse (Fig.

3). In both males and females, EOD fasting did not

affect the overall degree of circadian rhythmicity

(Table 1), vO2 (Fig. 3a, b), vCO2 (Fig. 3c, d), and

heat (Fig. 3e, f) across the dark and light phases or

the fast and fed days.
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Fig. 2 Late-life EOD fasting affects body weight-adjusted resting

metabolism. a, b Average food intake (kcal/g of body weight) per

mouse over the 4-day period in the metabolic chamber was deter-

mined by manual weighing daily in the male (a) and female (b)

Chow AL and Chow EOD groups (n = 3–6 mice per sex per

group). c–h The body weight-adjusted average vO2 (mL/kg/hr) (c,

d), vCO2 (mL/kg/hr) (e, f), and heat (kcal/kg/hr) (g, h) were

measured approximately every 20 min. The figures (c–h) depict

the mean with no error bars for a representation purpose, with

insets providing the area under the curve (AUC) of combined/

summation of area, fast day 12:12 light:dark cycle, and fed day

12:12 light:dark cycle for each measure. The inset figures depict

the mean with error bars (± SEM). The asterisks indicate the

significant difference between the same-sex Chow AL and Chow

EOD groups. *p < 0.05, **p < 0.01, and ****p < 0.0001. See also

Supplemental Figure 2
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Remarkably, the effects of EOD fasting became

prominent on the RER calculated by dividing the

vCO2 by the vO2 (Fig. 3g, h). Specifically, EOD

fasting produced a dynamic circadian rhythm of

RER by extending the period (i.e., the time interval

between peaks [106]) in males (Fig. 3g) and females

(Fig. 3h). In particular, this effect was more pro-

nounced in females, given that EOD fasting increased

the amplitudes of RER during the dark and light

phases of the fed days in females relative to the Chow

AL group, but not in males. These findings reflect that

EOD fasting resulted in a larger shift from fatty acid to

carbohydrate oxidation depending on food availabili-

ty, which was greater in females than males. In sum,

these findings indicate that EOD fasting initiated late

in life is effective at inducing differential macronutri-

ent oxidation, with the extent of net RER amplitude

changes being sexually dimorphic.

Late-life EOD fasting improves glucose handling

and clearance capacity

Given that EOD fasting enhanced RER amplitudes in-

dicative of differential energy source utilization, we next

tested glucose handling and clearance capacity using the

glucose tolerance test (GTT). Figure 4a depicts 4–6-h

fasting blood glucose levels at baseline prior to glucose

administration averaged from adjacent fed and fasted

days, while Fig. 4b shows each time point prior to and

post glucose administration compiled and averaged

from the GTT performed on adjacent fasted and fed

days. In males and females, the Chow EOD groups did

not have a marked difference in baseline blood glucose

levels compared to the Chow AL groups (Fig. 4a).

However, both male and female Chow EOD groups

showed lower blood glucose levels, enhanced glucose

tolerance, and handling capacity compared to the AL

control groups post glucose administration (Fig. 4b).

Specifically, there were − 33% and − 20% changes in

the area under the curve (AUC) for the male and female

Chow EOD groups relative to controls, respectively

(Fig. 4b). Additionally, improved glucose handling in

both male and female EOD groups was most prominent

at the 20–30-min post glucose injection (Fig. 4b). How-

ever, only male Chow EOD mice, but not female Chow

EOD mice, maintained lower blood glucose levels at

later 90–120-min time points compared to Chow AL

mice. This can be attributed to female Chow AL mice

obtaining lower blood glucose levels similar to theirT
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EOD counterparts at these later time points in the GTT

(Fig. 4b), suggesting female mice may inherently have

better glucose tolerance than males at advanced ages.

Likewise, Hemoglobin A1C, a glycated form of hemo-

globin and a stable clinical blood marker of diabetes

[107, 108], was decreased in the male Chow EOD group

compared to the Chow AL group (Fig. 4c), but was not

detectable in female mice (Fig. 4c). These positive ef-

fects of EOD fasting on glucose tolerance and handling

were independent of any changes in circulating insulin

levels (Supplemental Figure 4).

Late-life EOD fasting enhances musculoskeletal

systems

Hallmarks of aging include the decline in lean mass

concurrent with muscle strength and coordination

[109–112]. As we showed declines in lean mass that

were somewhat prevented by EOD fasting primarily in

male mice (Fig. 1e, g), we next examined the impact of

late-life initiated EOD fasting on muscular strength and

coordination. Forelimb muscle strength was measured

using a grip strength meter at baseline and post-DI, and
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Fig. 3 Late-life EOD fasting affects lean mass-adjusted resting

metabolism. a–h The lean mass-adjusted average vO2 (mL/kg/hr),

vCO2 (mL/kg/hr), and heat (kcal/kg/hr), as well as RER, were

measured approximately every 20min over the 4-day period in the

metabolic chamber in the male (a, c, e, g) and in female (b, d, f, h)

Chow AL and Chow EOD groups (n = 3–6 mice per sex per

group). The figures (a–h) depict the mean with no error bars for a

representation purpose, while the insets show the AUC of

combined/summation of area, fast day 12:12 light:dark cycle,

and fed day 12:12 light:dark cycle for each measure. The inset

figures depict the mean with error bars (± SEM). The asterisks

indicate the significant difference between the same-sex ChowAL

and Chow EOD groups. *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001
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the aging- and diet-induced change in forelimb muscle

strength calculated (Fig. 5a). In males, there was no

significant difference in absolute forelimb strength be-

fore and after post-DI for either diet group. However,

the enhancing effect of EOD fasting was apparent when

grip strength was normalized to their body weight.

Specifically, EOD fasting in male mice increased fore-

limb grip strength 2-fold post-DI when compared with

the male Chow AL group (Fig. 5a). In contrast, there

was no effect of EOD fasting on forelimb grip strength

in female mice, as there was no change in their absolute

forelimb grip strength nor in the normalized grip

strength before and after the DI (Fig. 5a).

The rotarod test measures cerebellum-mediated [113,

114] motor coordination, motor learning, and balance in

rodents [115, 116]. The average latency to fall and the

speed at which mice lost their balance or passively

rotated were determined at baseline and post-DI, and

the fold changes were calculated. In male mice, EOD

fasting improved their duration on the rotarod (Fig. 5b)
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per day). b Average blood glucose levels (mg/dL) at time points

between 0 and 120 min following an intraperitoneal injection of
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female (right) ChowAL and Chow EODgroups (n = 5–6mice per

sex per group per day). The inset shows the AUC of 0–120 min

post-injection blood glucose levels in the male (left) and female
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male ChowAL (n = 6) and ChowEOD groups (n = 5). The figures
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Fig. 5 Late-life EOD fasting enhances musculoskeletal systems.

aBaseline to post-DI fold change of average forelimb grip strength

(abs. strength [g]) and body weight-adjust grip strength (abs.

strength [g]/body weight [g]) in the male (left) and female (right)

Chow AL and Chow EOD groups (n = 6–7 mice per sex per

group). b, c Baseline to post-DI fold change of rotarod duration/

latency to fall in the male (b left) and female (b right) Chow AL

and Chow EOD groups (n = 6–7 mice per sex per group). Baseline

to post-DI fold change of the averagemax speed in the male (c left)

and female (c right) Chow AL and Chow EOD groups. The

figures (a–c) depict the mean with error bars (± SEM). The

asterisks indicate the significant difference between the same-sex

Chow AL and Chow EOD groups. *p < 0.05 and ***p < 0.001
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and the fastest speed at which they could maintain their

balance (Fig. 5c) post-DI when compared with the

Chow AL group. However, these effects were not ob-

served in the female Chow EOD group (Fig. 5b, c).

Taken together, these findings suggest that EOD fasting

functionally improves motor coordination and balance

in males, but not in females, possibly by promoting

centrally regulated motor learning during aging.

Late-life EOD fasting enhances hippocampal-dependent

short-term memory

Spatial and episodic learning and memory decline with

age [112], primarily due to the disruption of normal

hippocampal activity [117]. Thus, we ran a battery of

tests to determine if late-life initiated EOD fasting pre-

serves and/or improves hippocampal function. First, male

and female mice were tested in the Y maze forced alter-

nation task at baseline and post-DI. They were given a

15-min training trial and a 4-min retention trial 2 hr later,

with a representative data output shown in Fig. 6a.

Young adult rodents have an innate curiosity toward

novelty, thus in this task, they show an increased prefer-

ence for the novel/target arm [85, 118]. However, as

animals age, it is not well understood how this preference

changes as a function of age and diet. At baseline prior to

DI, there was no significant difference between the male

Chow AL and the Chow EOD groups on the number of

entries to the target arm (Fig. 6b). In contrast, EOD

fasting in males increased the number of target arm

entries compared with the male Chow AL group post-

DI (Fig. 6b). This effect was not due to a difference in

their moving speed (Supplemental Figure 6A). Further-

more, there was a difference between the male Chow AL

and the Chow EOD groups on the duration in the target

arm at baseline and post-DI (Fig. 6c). This effect was due

to ChowAL group spending time in the target arm below

chance (80 sec) at both time points (M = 38.55 sec, SD =

18.11, one-sample t test p = 0.002 baseline; M = 34.54

sec, SD = 20.82, one-sample t test p = 0.003 post-DI),

while this was not observed in the male Chow EOD

group (one-sample t tests p > 0.05 baseline and post-

DI). The female Chow AL and the Chow EOD groups

were not significantly different on the number of target

arm entries (Fig. 6d) and the target arm duration (Fig. 6e)

at both baseline and post-DI. In sum, while late-life

initiated EOD fasting did not produce a robust Y maze

short-term memory improvement, it did provide benefits

to some extent in spatial memory for males.

Late-life EOD fasting attenuates aging-related

anxiety-like behavior and maintains motor activity

The prevalence of anxiety disorder is high in older

adults [119], which increases in an age-dependent man-

ner in mice [112]. The effects of EOD fasting on

anxiety-like behavior, locomotion, and rearing were

measured in an open field test for 10 min, with a repre-

sentative data output shown in Fig. 7a. The duration,

number of entries, and latency to the virtual center arena

were measured as anxiety levels. Animals with height-

ened anxiety levels exhibit increased thigmotactic re-

sponses. At baseline and post-DI, there were no signif-

icant differences between the male Chow AL and the

Chow EOD groups on the duration in the center arena

(Fig. 7b). However, the male Chow AL group spent less

time in the center arena post-DI when compared with

baseline. This aging-related decline was not observed in

the male Chow EOD group (Fig. 7b). Similar effects

were also observed in the number of center arena entries

(Fig. 7c). The latency to the center arena was unaffected

by both the DI status and time in male mice (Fig. 7d).

Furthermore, in female mice, there were no significant

effects of the DI status or the time on the duration (Fig.

7b), the number of entries (Fig. 7c), and latency to the

virtual center arena (Fig. 7d).

Rearing behavior, which is suggested to reflect re-

duced anxiety in mice [120], was maintained in the male

Chow EOD group, but not in the Chow AL group (Fig.

7e–g). Specifically, similar to the thigmotactic response,

there were no significant between-group differences on

the rearing duration, rearing counts, and latency to rear-

ing in males (Fig. 7e–g). However, there was an aging-

related reduction in the rearing duration (Fig. 7e) and the

rearing counts (Fig. 7f) in the male Chow AL group

from baseline to post-DI. In contrast, this decline was

not observed in the male Chow EOD group. In females,

there was no effect of DI status on the rearing duration,

rearing counts, and latency to rear at each time point

(Fig. 7e–g); however, both the Chow AL and Chow

EOD female had aging-related decreases in rearing du-

ration (Fig. 7e) and counts (Fig. 7f) post-DI when com-

pared with baseline.

The aging-related decline in ambulatory behavior

was prevented by EOD fasting in male mice. At baseline

and post-DI, the distance traveled/path length and the

average velocity between the male Chow AL and the

Chow EOD groups were not significantly different (Fig.

7h, i). However, there was a significant decrease in
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Fig. 6 Late-life EOD fasting enhances hippocampal-dependent

short-term memory. a Representative heatmap images of post-DI

Y maze forced alternation task performance in the male Chow AL

(left) and Chow EOD groups (right). b–eNumber of arm entries at

baseline in the male (b left) and female (d left) Chow AL and

Chow EOD groups and post-DI in males (b right) and females (d

right). Duration in each arm at baseline in the male (c left) and

female (e left) Chow AL and Chow EOD groups and post-DI in

males (c right) and females (e right). n = 5–7 mice per sex per

group. The figures (a–e) depict the mean with error bars (± SEM).

The asterisks indicate the significant difference between the same-

sex Chow AL and Chow EOD groups. *p < 0.05 and **p < 0.01.

The pound signs indicate the significant within group difference

between the baseline and a post-DI time point. #p < 0.05. See also

Supplemental Figure 6
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distance traveled and velocity from baseline to post-DI

in the male ChowAL group that was not observed in the

male EOD fasting group (Fig. 7h, i). Conversely, in

females, there was no effect of DI or time points on

ambulatory behavior (Supplemental Figure 7). Taken

together, these findings indicate that late-life initiated

EOD fasting prevents aging-induced anxiety-like be-

havior and declines in ambulatory activity in a sex-

specific manner.

Late-life EOD fasting enhances long-term object

location memory

To test whether the memory-enhancing effects of late-

life initiated EOD fasting on spatial memory are repro-

ducible in another hippocampal-dependent memory

task, we conducted the NPR test at baseline and post-

DI in male and female mice. They were given a 5-min

training trial on day 1 and a 2-min retention trial 24 hr

later, with representative data output shown in Fig. 8a.

Most mice, at least when young adults, prefer to inves-

tigate a novel location object [121]. In the baseline

retention trial, we detected no significant difference

between groups within sex (Fig. 8b). However, EOD

fasting in males increased their discrimination index

post-DI compared to the Chow AL group, reflecting

an increase in the investigation of the object at a new

location relative to the object that remained at the same

location (Fig. 8b). When compared with their baseline

discrimination index, the post-DI discrimination index

of the male EOD fasting group was increased, specifi-

cally above 0.5, indicating that their hippocampal-

dependent memory was enhanced following the DI

(Fig. 8b). The EOD fasting-induced enhancement was

similarly observed in the proximity to objects measure,

which is a ratio of the average distance from the nose of

the mouse to the moved and unmoved objects (Fig. 8c).

Specifically, the male EOD group directed their face

closer (i.e., investigation) to the novel location object

more than the Chow AL group post-DI. Furthermore,

although it was non-significant, a decreasing trend (p =

0.065) in the proximity to objects measure was observed

compared to itself baseline/pre-DI (Fig. 8c). In contrast,

in females, these memory-enhancing effects of EOD

fasting were not observed. Specifically, there were no

effects of DI or time points on the discrimination index

(Fig. 8b). However, there was a decreasing trend (p =

0.082) in the proximity to objects measure in the female

Chow EOD group post-DI when compared with

baseline (Fig. 8c). Thus, the findings that EOD fasting

increased the post-DI discrimination index and duration

of novel object location investigation relative to (1)

baseline and (2) ChowAL counterparts in males suggest

that late-life initiated EOD fasting enhances

hippocampal-dependent object placement memory in

aged male mice.

Aging-related frailty variables are inter-correlated

in aged mice

Previously, Rockwood et al. (2017) [16] determined

frailty by counting the number of deficits accumulated

in aged, and with that, they found highly frail individ-

uals or mice would have a decrease in multiple health

and physiological conditions. Thus, we tested the a

priori-predicted relationships between each frailty mea-

sure with the other frailty measures utilized in our cur-

rent study on a per animal basis. Pearson’s correlation

coefficients were computed among the selected meta-

bolic, musculoskeletal, neurobehavioral, and cognitive

measures collected from all of the mice (males and

females combined) to produce a correlation matrix

(Fig. 8d). In general, individual frailty variables co-

present with other individual frailty variables, which is

in line with previous studies using the frailty indices for

mice [18]. Thus, our findings suggest that the aged mice

who exhibit a deficit in one of the frailty variables are

likely to perform poorly in other frailty measures, and

EOD fasting thus dampens the onset and/or severity of

multiple frailty endpoints.

Renal H2S production capacity is enhanced by late-life

EOD fasting and correlates with improved frailty

measures

Endogenous H2S production and its downstream signal-

ing have gained ground as a biomarker [78, 80] and

possible causal factor for increased healthspan and

lifespan [96, 122–124]. Meanwhile, aging decreases

H2S production in the liver and kidney [79, 125]. How-

ever, it is not clear whether late-life EOD fasting main-

tains and/or augments H2S production in a tissue-

specific manner and whether the beneficial effects of

late-life EOD fasting are associated with changes in H2S

production capacity. Thus, we next tested the possible

association of endogenous H2S production capacity on

the beneficial anti-frailty effects of late-life EOD fasting

that were demonstrated in the male mice. We first
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measured H2S production capacity in liver, kidney,

heart, muscle (quadriceps), and brain from the male

and female Chow AL and Chow EOD groups. Similar

to previous findings in our laboratory [126, 127], we

detected the highest endogenous H2S production capac-

ity in the liver and kidney (Fig. 9a, Supplemental

Figure 9A), while less H2S production was observed

in the brain, heart, and muscle (Fig. 9b). EOD fasting in

males increased H2S production capacity in the kidney

(Fig. 9a); however, EOD fasting had no impact on the

H2S production in the liver, brain, heart, and muscle

(Fig. 9a, b). In females, there were no significant diet-
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Fig. 7 Late-life EOD fasting attenuates aging-related anxiety-like

behavior and maintains motor activity in males. a Representative

tracing images (left) and heatmaps (right) of open field perfor-

mance in the male Chow AL (left) and Chow EOD groups (right).

b–gOpen field performance as a measure of anxiety-like behavior.

Duration (b), number of entries (c), and latency to the virtual

center arena (d) and duration (e), frequency (f), and log-

transformed latency to rearing (g) at baseline and post-DI in the

male (b–g left) and female (b–g right) Chow AL and Chow EOD

groups (n = 6 mice per sex per group). h, iOpen field performance

as a measure of locomotion. Distance traveled/path length in the

open field at baseline (h left) and post-DI (h right) in the male

Chow AL (n = 6) and Chow EOD groups (n = 6). The AUC for

distance traveled at baseline and post-DI in the male ChowAL and

Chow EOD groups are shown in the inset. Velocity/speed in the

open field at baseline and post-DI in the male ChowAL and Chow

EOD groups (i). The figures (b–i) depict the mean with error bars

(± SEM). The asterisks indicate the significant difference between

the same-sex Chow AL and Chow EOD groups. *p < 0.05. The

pound signs indicate the significant within group difference be-

tween the baseline and a post-DI time point. #p < 0.05, ##p < 0.01,

and ###p < 0.001.See also Supplemental Figure 7
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induced changes in H2S production for any of the organs

assayed (Supplemental Figure 9B, C). To rule out the

possibility that the renal H2S production capacity was

enhanced in the male Chow EOD group by reversing

aging-related renal injury, rather than by an augmenta-

tion of renal H2S production capacity per se, we mea-

sured plasma creatinine levels in male mice. EOD

fasting had no impact on circulating creatinine, as the

plasma creatinine levels were equivalent between the

Chow AL and the Chow EOD groups (Supplemental

Figure 9D). These findings suggest that the effects of

EOD fasting on H2S production capacity are tissue-

specific and enhance renal H2S production.

Although correlation does not imply causation, it is

necessary to conclude the dependency of an effect on a

specific mechanism. Thus, as a first step, we computed a

correlation matrix for renal H2S production capacity and

the various frailty measures obtained frommale mice only

to discover whether significant relationships (Fig. 9c).

There were significant correlations between renal H2S

production capacity and improvements in metabolic and

cognitive endpoints, but not with muscular function.
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Fig. 8 Late-life EOD fasting enhances long-term object location

memory. aRepresentative heatmaps of post-DI performance in the

novel pace recognition (NPR) task in the male ChowAL (left) and

ChowEODgroups (right). b, cLong-term object locationmemory

was tested at baseline and post-DI. Discrimination index at base-

line and post-DI in the male (b left) and female (b right) ChowAL

and Chow EOD groups (n = 6–7 mice per sex per group). Prox-

imity to object, a ratio of the average distance from the nose of the

mouse to the moved and unmoved objects measured at baseline

and post-DI in the male (c left) and female (c right) Chow AL and

Chow EOD groups. The figures depict mean with error bars (±

SEM). The asterisks indicate the significant difference between the

same-sex Chow AL and Chow EOD groups. **p < 0.01. The

pound signs indicate the significant within group difference be-

tween the baseline and a post-DI time point. #p < 0.05. d Corre-

lation matrix showing the interrelationship among the selected

metabolic, musculoskeletal, neurobehavioral, and cognitive mea-

sures from all of the mice in Pearson’s r. The bold r values indicate

a significant correlation coefficient, p < 0.05. The underlined r

values indicate a correlation coefficient, p < 0.09 but greater than

0.05
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However, the causal role of enhanced renal H2S produc-

tion capacity in many of the anti-frailty benefits derived

from the EOD fasting intervention is yet to be determined.

Taken together, our finding shows that renal H2S may

modulate the positive effects of EOD fasting on frailty, at

least it correlates with the frailty improvements in males.

Late-life EOD fasting affects neuroinflammatory

cytokines and a neuronal antioxidant defense gene,

but not the anorexigenic, orexigenic, and synaptic

plasticity-related genes in the hypothalamus

The brain is a master regulator of energy intake and

expenditure, muscular function, and cognition. Espe-

cially, the hypothalamus is a critical brain area for

energy regulation and metabolism [128–130], and in-

flammatory responses in the hypothalamus contribute to

obesity, glucose homeostasis dysregulation, and overall

health maintenance [131]. Therefore, we examined hy-

pothalamic gene expression profiles related to energy

balance, inflammation, oxidative stress, and the synaptic

plasticity of the male mice in our study. We found that

expression of NF-κB, a master regulator of pro-

inflammatory cytokine and survival gene expression

[132], was increased by 1.82-fold in the EOD fasting

group compared to the Chow AL group (Fig. 10a).

However, downstream pro-inflammatory cytokines

IL6 and TNF-α were unaffected by the EOD fasting.

Interestingly, EOD fasting downregulated another

downstream pro-inflammatory cytokine IL1β by 0.49-
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Fig. 9 H2S production capacity is enhanced by late-life EOD

fasting in a tissue-specific manner and correlates with improved

frailty measures. a, b H2S production capacity in liver and kidney

(a) and in brain, heart, andmuscle (b) in themale ChowAL (n = 5)

and Chow EOD groups (n = 5) measured by the filter paper-

embedded lead acetate endpoint assay. Images with quantitated

lead sulfide spots on the filter paper following a 4.5-hr incubation

(a) and a 24-hr incubation (b). The figures depict the mean with

error bars (± SEM). The asterisks indicate the significant differ-

ence between the male Chow AL and Chow EOD groups. *p <

0.05. cCorrelation matrix showing the interrelationship among the

renal H2S production capacity and the various frailty measures

obtained frommale mice in Pearson’s r. The bold r values indicate

a significant correlation coefficient, p < 0.05. The underlined r

values indicate a correlation coefficient, p < 0.09 but greater than

0.05. See also Supplemental Figure 9
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fold, indicating that the EOD fasting selectively affects

NF-κB-associated downstream activity (Fig. 10a). Ad-

ditionally, EOD fasting upregulated hypothalamic gene

expression of DJ-1, a neuroprotective chaperone protein

involved in inhibiting unwanted protein aggregation and

sensing for oxidative stress [133], by 2.28-fold relative

to the Chow AL group (Fig. 10a). In contrast, hypotha-

lamic BDNF, POMC, and AgRP gene expressions were

unaffected by the EOD fasting (Fig. 10a).

To further elucidate the relationship between renal

H2S production capacity and the hypothalamic pro-

inflammatory cytokine and antioxidant defense genes,

we computed a correlation matrix (Fig. 10b). We found

that renal H2S production was not associated with the

hypothalamic NF-κB gene expression; however, the

renal H2S production capacity was associated with a

reduction in the IL1β gene expression and with in-

creased expression of the DJ-1 gene (Fig. 10b). In

sum, EOD fasting reduces hypothalamic inflammatory

cytokine and increases neuroprotective gene expression,

which are associated with renal H2S production capac-

ity. Therefore, it raises the possibility that late-life EOD

fasting slows neuroinflammation via boosting renal H2S

production capacity.

Discussion

The present study is the first to show that late-life

initiated EOD intermittent fasting decreases aging-
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Fig. 10 Late-life EOD fasting affects neuroinflammatory cyto-

kines and a neuronal antioxidant defense gene, but not the anorex-

igenic, orexigenic, and synaptic plasticity-related genes in the

hypothalamus. a The selected hypothalamic gene expression in

the male Chow AL (n = 6) and Chow EOD groups (n = 5)

measured by the real-time quantitative PCR (qPCR) analysis.

The values are expressed as fold change relative to the male Chow

AL group gene expression levels after normalizing each sample to

β-actin using theΔΔCT method. The figure (a) depicts the mean

with error bars (± SEM). The asterisks indicate the significant

difference between the male Chow AL and Chow EOD groups.

*p < 0.05. b Correlation matrix showing the interrelationship

among the renal H2S production capacity and the selected hypo-

thalamic gene expression in Pearson’s r. The bold r values indicate

a significant correlation coefficient, p < 0.05. The underlined r

values indicate a correlation coefficient, p < 0.09 but greater than

0.05. c Schematic diagram depicting the hypothesized relationship

between intermittent fasting, aging-related frailty, and renal H2S

production
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related frailty in a sexually dimorphic manner, and the

improvements in frailty correlate with renal H2S pro-

duction. Specifically, the present study showed that late-

life initiated EOD fasting in 20-month-old mice de-

creased overall energy intake in males, but not in fe-

males. Also, EOD fasting reduced body weight and fat

mass and enhanced metabolic fitness, muscular func-

tions, and hippocampal-dependent memory in males,

but few positive effects of EOD fasting on these mea-

sures were observed in females. Furthermore, we dem-

onstrated that EOD fasting affected hypothalamic in-

flammatory responses and increased renal H2S produc-

tion in males. Interestingly, the renal H2S production

capacity was positively correlated with improvements in

aging-related frailty. Collectively, these results suggest

that late-life initiated EOD fasting attenuates multiple

components of aging-related frailty in a sex-dependent

manner and that these frailty improvements may be due

to increased production of renal H2S production, as

summarized in Fig. 10c.

Several lines of evidence suggest that the present

finding of the sexually dimorphic effects of EOD fasting

may be due to the difference in the overall caloric intake

between males and females. Specifically, we showed that

late-life EOD fasting increased caloric intake during the

fed days in both male and female mice. However, female

mice consumed almost twice as much food during the fed

periods compared to the controls, resulting in comparable

food intake overall to that of the control/AL group. In

contrast, there was an overall reduction of caloric intake,

specifically by 30–40%, in the male EOD fasting group

compared to the controls, which may have been a driving

force for the beneficial outcomes, as CR of this amount

has previously shown to improve multiple aging-related

outcomes. For example, 10–40% CR lowered circulating

pro-inflammatory cytokines [134] and enhanced glucose

homeostasis in the same strain of mice as the present

study [134, 135]. Conversely, it is also possible that the

outcomes of EOD fasting in females, which was equiv-

alent to the time-restricted feeding without decreasing

overall kcal intake, produced a somewhat lesser degree

of improvement. In support of this prediction, a similar

effect was observed in the study by Anson et al. [75].

Specifically, the EOD fasting regimen in the same strain

of male mice did not affect the overall food intake due to

consuming twice as much of food as the controls follow-

ing the 24-hr fasting period. As a result, they also showed

that the effect of EOD fasting was somewhat dampened

compared with the continuous CR group. Both the EOD

fasting and the continuous CR enhanced glucose

metabolism/insulin sensitivity; however, the levels of

circulating insulin-like growth factor-1 (IGF-1) were op-

positely affected by these dietary regimens [75]. Similar-

ly, the same research group showed that the effects of

EOD fasting on behavior and its associated molecular

change were slightly attenuated when compared with the

continuous CR group. Specifically, both the EOD fasting

and the CR decreased aging-related neurobehavioral def-

icits (i.e., decreased locomotion and memory impair-

ments); however, EOD fasting did not decrease hippo-

campal amyloidβ-peptide, while CR did [76]. Therefore,

the relatively isocaloric EOD fasting compared with the

AL feeding observed in the female mice in our current

study may have lessened the beneficial effects of EOD

fasting. This prediction is likely given that the compara-

tive mice study by Mitchell et al (2019) [64] showed that

the 30 %CR group experienced the most prominent anti-

aging effect on metabolic flexibility, insulin sensitivity,

lifespan, and pathological changes compared with the

time-restricted feeding group, which was isocalorically

fed to that of the control/AL feeding group (similar to our

EOD fasting in females). On the other hand, the time-

restricted feeding group gained some benefits similar to

that of the 30% CR group, but to a lesser degree [64].

It is also possible that the sexually dimorphic effect of

EOD fasting was due to the sex-dependent frailty re-

sponses to aging. In general, there is a higher prevalence

of aging-related frailty in female humans [136–140] and

other mammals ([18]; e.g., mice [10, 14, 141, 142] and

dogs [143]). The present finding did not make a direct

comparison between male and female mice on the frailty

levels due to the different food intake patterns during the

DI period. However, it is possible that the beneficial

effects of EOD fasting were not observed in females

because the “dose” of the treatment (i.e., the stringency

and/or duration of the caloric intake in EOD fasting) was

not as effective in females as it was in males to reverse or

rejuvenate aging-related frailty. Similar sex- and CR dose-

dependent phenomena have been reported previously in

mice undergoing CR and other dietary restrictions, such as

protein restriction [144, 145]. For instance, Mitchell et al.

(2016) [144] showed that 20–40% CR affected lifespan,

glucose homeostasis, lifespan, body core temperature,

aging-related pathological changes, hepatic gene expres-

sion, and hepatic H2S production capacity to a different

degree for each sex [144]. Specifically, 20–40% CR pro-

duced overall improvements in both male and female

mice; however, for example, 40% CR induced greater
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hepatic H2S production than the 20% CR in females, but

20 and 40% CR produced comparable hepatic H2S in

males [144]. Similarly, in another study [146], female

mice responded to both high and low doses of rapamycin,

a longevity-associated drug/pharmacological diet restric-

tion mimetic, while male mice did not positively respond

to the low dose in regard to survival. Furthermore,

acarbose, 17-α-estradiol, nordihydroguaiaretic acid, and

methylene blue, all of which are implicated as anti-aging

agents, produced sex-dependent responses in survivor-

ship, glucose metabolism, and activity levels [147]. Alter-

natively, our sex-dependent EOD fasting outcomes could

be attributed to differential maintenance of reproductive

versus survival programs in males and females while

under dietary stress [145].

In a more simplistic explanation for the differences in

male and female responses to EOD fasting, it may be

possible females at 20 months of this age in our study

are not yet having severe aging phenotypes like males,

and that could explain why differences in AL vs. EOD is

smaller in females compared to those males at this age.

Perhaps a longer duration of EOD fasting may lead to a

greater differential in the parameters measured. Howev-

er, the caveat of waiting too long is the potential for

survival bias at very old ages in mice beyond 3 years, in

the sense that mice will either be very sick or selected for

resiliency. This is one main reason for the choice of

aging time point we utilized to perform the dietary

intervention and frailty tests (20 months of age), as it

is relatively safe and prevents survival bias. So while it

is not apparent the mice were showing hallmarks of

aging at the start of the study, at the very least the AL

fed male mice showed the signs of aging during the

study that were somewhat dampened in females.

Previously established and validated frailty indices

for rodents (i.e., deficit accumulation model [148]) esti-

mate frailty using various behavioral and physiological

assessment tools [11–15]. However, others [18] empha-

size that one of the limitations of these studies is the lack

of cognitive tasks. To circumvent this disadvantage, and

given that the prevalence of memory deficits and asso-

ciated Alzheimer’s disease remain high in older adults

(70+ years; [149]), we assessed the impact of aging and

EOD fasting on hippocampal-dependent spatial memo-

ry, using the Y maze forced alternation task and the

NPR task. Specifically, we found that in the forced

alternation task, there was a significant, but minimal,

spatial memory improvement in males induced by EOD

fasting, but not in females (Fig. 9). Furthermore, we also

found that EOD fasting enhanced object location mem-

ory in males, but only the tendency was observed in

females (Fig. 8). These memory improvements were in

line with previous DR studies in which DR (1) improves

memory in adults [150] and older adults [45], (2) pro-

tects against hippocampal-dependent memory deficits

and accumulations of hippocampal amyloid β-peptide

plaques and neurofibrillary tangles in Alzheimer’s dis-

ease model of mice [76], and (3) rejuvenates hippocam-

pal transcriptome profiles in middle-aged mice [151].

Additionally, similar to our present findings, Li et al.

(2013) [73] showed that 11-month long EOD fasting in

CD-1 wild-type male mice produced time-dependent

memory enhancements. Specifically, EOD fasting en-

hanced memory that was tested 1 week after the last

training trial (1-week inter-trial interval [ITI]) but did

not enhance memory when tested 24 hr after the last

training trial (24 hr ITI). In other words, the retention

trial occurred 24 hr after was not long enough to detect

the memory retrieval deficits in their study [73]. In our

study, a probe trial for the Y maze forced alternation

task was given 2 hr after the acquisition trial, and the

retention trial for the NPR task occurred 24 hr later.

Therefore, it is possible that similar to the findings by

Li et al. (2013) [73], the beneficial effects of EOD

fasting on spatial memory improvement may have be-

comemore apparent if we utilized a longer retention ITI,

especially for females.

We hypothesize that the beneficial effects of late-life

initiated EOD fasting depend on the ability of the kidney

to produce H2S. The kidney is one of the organs that

produces high levels of H2S [127, 152, 153], which is

extremely susceptible to the effects of aging. Specifical-

ly, aging decreases expression and/or activity of cysta-

thionine γ-lyase (CGL) and cystathionine β-synthase

(CBS), the H2S-generating enzymes [125, 154], which

are rescuable by the exogenous H2S treatment [125,

154] or long-term CR [79]. A rat model of chronic

kidney disease (CKD) downregulates CGL, CBS, and

the subsequent H2S production in liver and kidney

[155]. One of the associated symptoms observed in the

older patients with CKD is memory deficits [156, 157],

along with structural changes in brain morphology, such

as the decreased size of the hippocampus [157]. Inter-

estingly, in a rat model of CKD, a H2S donor, sodium

hydrosulfide (NaHS) treatment decreased CKD-

associated memory deficits [158]. These findings sug-

gest that there is a kidney-brain (i.e., cognition) connec-

tion via H2S signaling. Furthermore, DR in young mice
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and aged rats [96, 159] increase H2S production in

major metabolic organs, including the kidney. In the

present study, we showed that EOD fasting in males

improved frailty, which correlated positively with H2S

production capacity in the kidney. The present findings

did not reveal causation; however, it certainly showed

the relationship between these two factors. Interestingly,

we also observed that there was no enhanced renal H2S

production capacity in females (Supplemental

Figure 9B). This suggests that limited beneficial effects

of EOD fasting in females may be due to the lack of

EOD fasting-induced renal H2S production. Future mo-

lecular and genetic studies related to EOD fasting-

induced alterations in tissue-specific protein

sulfhydromes and the dependence of H2S generating

enzymes for the late-life benefits of dietary interventions

are still needed to test these theories.

In summary, our studies demonstrate for the first

time that late-life initiated EOD fasting reduces frail-

ty in aged mice, an effect that was somewhat damp-

ened in the female mice. Importantly, our findings

show that late-life EOD fasting attenuates aging-

related cognitive decline, which is not typically in-

cluded in the frailty assessment for rodents. The

finding that frailty measures that were utilized in

the present study were inter-correlated suggests the

validity of these tools as aging-related frailty mea-

sures in mice. We also made the novel discovery that

late-life EOD fasting of short duration near the end of

a mouse’s life is sufficient to increase longevity-

associate gasotransmitter H2S production in the kid-

ney. Importantly, this increased renal H2S production

was positively correlated with multiple improve-

ments in frailty, as well as a reduction in the inflam-

matory response in the hypothalamus. Our current

work, combined with a growing field of study for

mid-life to late-life dietary interventions such as IF

and time-restricted feeding [59, 160], offer potential

therapeutic avenues and approaches to improve

healthspan and prevent cognitive impairment. This

emphasizes that it may never be too late to slow or

reverse the ravages of aging with lifestyle interven-

tions. Given the relative feasibility of integrating an

EOD fasting regimen into the human lifestyle, par-

ticularly in older adults, and the beneficial effects of

H2S at the appropriate concentration as an anti-aging

agent, our findings suggest that this dietary regimen

may be particularly useful for the older adult popu-

lation to promote a healthy lifespan.

Supplementary Information The online version contains sup-

plementary material available at https://doi.org/10.1007/s11357-

021-00330-4.

Acknowledgements We thank the Cleveland Clinic Biological

Resources Unit and Veterinary Services for their excellent animal

husbandry and care.

Author contribution Conceptual design of project and experi-

ments: YOH, CH; performed experiments: YOH, NB, CL, JY,

NL, CH; provided critical technical and experimental resources

and training for metabolic cages: RS, JMB; wrote the manuscript:

YOH, CH; read, edited, and approved of the manuscript: YOH,

NB, CL, JY, RS, NL, JMB, and CH.

Funding This work was funded by grants from the National

Institutes of Health (R00 AG050777 and R01 HL148352 to CH),

and an AFAR/Glenn Foundation Fellowship (to Y.O.H).

Declarations

Conflict of interest The authors declare no competing interests.

References

1. He W, Goodkind D, Kowal P. An aging world: 2015. US

Census Burearu Int Popul Rep. 2016;P95/16-1:1–165.

2. Seals DR, Justice JN, LaRocca TJ. Physiological

geroscience: targeting function to increase healthspan and

achieve optimal longevity. J Physiol. 2016;594(8):2001–

24.

3. Niccoli T, Partridge L. Ageing as a risk factor for disease.

Curr Biol. 2012;22(17):R741–52.

4. Bishop NA, Lu T, Yankner BA. Neural mechanisms of

ageing and cognitive decline. Nature. 2010;464(7288):

529–35.

5. Rockwood K, Mitnitski A. Frailty in relation to the accu-

mulation of deficits. J Gerontol A Biol Sci Med Sci.

2007;62(7):722–7.

6. Rockwood K, Mitnitski A. Frailty defined by deficit accu-

mulation and geriatric medicine defined by frailty. Clin

Geriatr Med. 2011;27(1):17–26.

7. Hubbard RE, Rockwood K. Frailty in older women.

Maturitas. 2011;69(3):203–7.

8. Gordon EH, Hubbard RE. Differences in frailty in older

men and women. Med J Aust. 2020;212(4):183–8.

9. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K.

Frailty in elderly people. Lancet. 2013;381(9868):752–62.

10. Baumann CW, Kwak D, Thompson LV. Sex-specific com-

ponents of frailty in C57BL/6 mice. Aging (Albany NY).

2019;11(14):5206–14.

11. Kane AE, Shin S, Wong AA, Fertan E, Faustova NS,

Howlett SE, et al. Sex differences in healthspan predict

1549GeroScience (2021) 43:1527–1554

https://doi.org/10.1007/s11357-021-00330-4
https://doi.org/10.1007/s11357-021-00330-4


lifespan in the 3xTg-AD mouse model of Alzheimer’s

disease. Front Aging Neurosci. 2018;10:172.

12. Yorke A, Kane AE, Hancock Friesen CL, Howlett SE,

O’Blenes S. Development of a rat clinical frailty index. J

Gerontol A Biol Sci Med Sci. 2017;72(7):897–903.

13. Parks RJ, Fares E, Macdonald JK, Ernst MC, Sinal CJ,

Rockwood K, et al. A procedure for creating a frailty index

based on deficit accumulation in aging mice. J Gerontol A

Biol Sci Med Sci. 2012;67(3):217–27.

14. Whitehead JC, Hildebrand BA, Sun M, Rockwood MR,

Rose RA, Rockwood K, et al. A clinical frailty index in

aging mice: comparisons with frailty index data in humans.

J Gerontol A Biol Sci Med Sci. 2014;69(6):621–32.

15. Banga S, Heinze-Milne SD, Howlett SE. Rodent models of

frailty and their application in preclinical research. Mech

Ageing Dev. 2019;179:1–10.

16. Rockwood K, Blodgett JM, Theou O, Sun MH, Feridooni

HA, Mitnitski A, et al. A frailty index based on deficit

accumulation quantifies mortality risk in humans and in

mice. Sci Rep. 2017;7:43068.

17. Fontana L, Kennedy BK, Longo VD, Seals D, Melov S.

Med i ca l r e sea r ch : Trea t age ing . Na t News .

2014;511(7510):405–7.

18. Heinze-Milne SD, Banga S, Howlett SE. Frailty assess-

ment in animal models. Gerontology. 2019;65(6):610–9.

19. Xie K, Neff F, Markert A, Rozman J, Aguilar-Pimentel JA,

Amarie OV, et al. Every-other-day feeding extends lifespan

but fails to delay many symptoms of aging in mice. Nat

Commun. 2017;8(1):155.

20. Aarsland D, Creese B, Politis M, Chaudhuri KR, Ffytche

DH, Weintraub D, et al. Cognitive decline in Parkinson

disease. Nat Rev Neurol. 2017;13(4):217–31.

21. Backman L, Farde L. Dopamine and cognitive functioning:

brain imaging findings in Huntington’s disease and normal

aging. Scand J Psychol. 2001;42(3):287–96.

22. Fontana L, Partridge L. Promoting health and longevity

through diet: from model organisms to humans. Cell.

2015;161(1):106–18.

23. McCay CM, Crowell MF, Maynard LA. The effect of

retarded growth upon the length of life span and upon the

ultimate body size. 1935. Nutrition. 1989;5(3):155–71 dis-

cussion 72.

24. Partridge L, Green A, Fowler K. Effects of egg-production

and of exposure to males on female survival in Drosophila

melanogaster. J Insect Physiol. 1987;33(10):745–9.

25. Lin SJ, Defossez PA, Guarente L. Requirement of NAD

and SIR2 for life-span extension by calorie restriction in

Saccharomyces cerevisiae. Science. 2000;289(5487):

2126–8.

26. Klass MR. Aging in the nematode Caenorhabditis elegans:

major biological and environmental factors influencing life

span. Mech Ageing Dev. 1977;6(6):413–29.

27. Comfort A. Effect of delayed and resumed growth on the

longevity of a fish (Lebistes Reticulatus, Peters) in captiv-

ity. Gerontologia. 1963;49:150–5.

28. Jiang JC, Jaruga E, Repnevskaya MV, Jazwinski SM. An

intervention resembling caloric restriction prolongs life

span and retards aging in yeast. FASEB J. 2000;14(14):

2135–7.

29. Chippindale AK, Leroi AM, Kim SB, Rose MR.

Phenotypic plasticity and selection in Drosophila life-

history evolution. I. Nutrition and the cost of reproduction.

J Evol Biol. 1993;6(2):171–93.

30. Weindruch R, Walford RL, Fligiel S, Guthrie D. The

retardation of aging in mice by dietary restriction: longev-

ity, cancer, immunity and lifetime energy intake. J Nutr.

1986;116(4):641–54.

31. Weindruch R, Walford RL. Dietary restriction in mice

beginning at 1 year of age: effect on life-span and sponta-

neous cancer incidence. Science. 1982;215(4538):1415–8.

32. Mattison JA, Colman RJ, Beasley TM, Allison DB,

Kemnitz JW, Roth GS, et al. Caloric restriction improves

health and survival of rhesus monkeys. Nat Commun.

2017;8:14063.

33. Sinclair DA. Toward a unified theory of caloric restriction

and longevity regulation. Mech Ageing Dev. 2005;126(9):

987–1002.

34. Pifferi F, Terrien J,Marchal J, Dal-Pan A, Djelti F, Hardy I,

et al. Caloric restriction increases lifespan but affects brain

integrity in grey mouse lemur primates. Commun Biol.

2018;1:30.

35. Pifferi F, Terrien J, PerretM, Epelbaum J, Blanc S, Picq JL,

et al. Promoting healthspan and lifespan with caloric re-

striction in primates. Commun Biol. 2019;2:107.

36. Colman RJ, Anderson RM, Johnson SC, Kastman EK,

Kosmatka KJ, Beasley TM, et al. Caloric restriction delays

disease onset and mortality in rhesus monkeys. Science.

2009;325(5937):201–4.

37. Colman RJ, Beasley TM, Kemnitz JW, Johnson SC,

Weindruch R, Anderson RM. Caloric restriction reduces

age-related and all-cause mortality in rhesus monkeys. Nat

Commun. 2014;5:3557.

38. Bodkin NL, Alexander TM, Ortmeyer HK, Johnson E,

Hansen BC. Mortality and morbidity in laboratory-

maintained Rhesus monkeys and effects of long-term die-

tary restriction. J Gerontol A Biol Sci Med Sci. 2003;58(3):

212–9.

39. Mattison JA, Roth GS, Beasley TM, Tilmont EM, Handy

AM, Herbert RL, et al. Impact of caloric restriction on

health and survival in rhesus monkeys from the NIA study.

Nature. 2012;489(7415):318–21.

40. Lane MA, Ingram DK, Roth GS. Calorie restriction in

nonhuman primates: effects on diabetes and cardiovascular

disease risk. Toxicol Sci. 1999;52(2 Suppl):41–8.

41. Zainal TA, Oberley TD, Allison DB, Szweda LI,

Weindruch R. Caloric restriction of rhesus monkeys

lowers oxidative damage in skeletal muscle. FASEB J.

2000;14(12):1825–36.

42. Kemnitz JW, Roecker EB, Weindruch R, Elson DF, Baum

ST, Bergman RN. Dietary restriction increases insulin sen-

sitivity and lowers blood glucose in rhesus monkeys. Am J

Phys. 1994;266(4 Pt 1):E540–7.

43. Walford RL, Mock D, Verdery R, MacCallum T. Calorie

restriction in biosphere 2: alterations in physiologic, hema-

tologic, hormonal, and biochemical parameters in humans

restricted for a 2-year period. J Gerontol A Biol Sci Med

Sci. 2002;57(6):B211–24.

44. Fontana L, Meyer TE, Klein S, Holloszy JO. Long-term

calorie restriction is highly effective in reducing the risk for

atherosclerosis in humans. Proc Natl Acad Sci U S A.

2004;101(17):6659–63.

1550 GeroScience (2021) 43:1527–1554



45. Witte AV, FobkerM, Gellner R, Knecht S, Floel A. Caloric

restriction improves memory in elderly humans. Proc Natl

Acad Sci U S A. 2009;106(4):1255–60.

46. Redman LM, Smith SR, Burton JH, Martin CK, Il’yasova

D, Ravussin E. Metabolic slowing and reduced oxidative

damage with sustained caloric restriction support the rate of

living and oxidative damage theories of aging. Cell Metab.

2018;27(4):805–15 e4.

47. Ravussin E, Redman LM, Rochon J, Das SK, Fontana L,

Kraus WE, et al. A 2-year randomized controlled trial of

human caloric restriction: feasibility and effects on predic-

tors of health span and longevity. J Gerontol A Biol Sci

Med Sci. 2015;70(9):1097–104.

48. Lemstra M, Bird Y, Nwankwo C, Rogers M, Moraros J.

Weight loss intervention adherence and factors promoting

adherence: a meta-analysis. Patient Prefer Adherence.

2016;10:1547–59.

49. Stewart TM, Bhapkar M, Das S, Galan K, Martin CK,

McAdams L, et al. Comprehensive Assessment of Long-

term Effects of Reducing Intake of Energy Phase 2

(CALERIE Phase 2) screening and recruitment: methods

and results. Contemp Clin Trials. 2013;34(1):10–20.

50. Racette SB,Weiss EP, Villareal DT, Arif H, Steger-MayK,

Schechtman KB, et al. One year of caloric restriction in

humans: feasibility and effects on body composition and

abdominal adipose tissue. J Gerontol A Biol Sci Med Sci.

2006;61(9):943–50.

51. Heilbronn LK, de Jonge L, FrisardMI, DeLany JP, Larson-

Meyer DE, Rood J, et al. Effect of 6-month calorie restric-

tion on biomarkers of longevity, metabolic adaptation, and

oxidative stress in overweight individuals: a randomized

controlled trial. JAMA. 2006;295(13):1539–48.

52. Das SK, Roberts SB, Bhapkar MV, Villareal DT, Fontana

L, Martin CK, et al. Body-composition changes in the

Comprehensive Assessment of Long-term Effects of

Reducing Intake of Energy (CALERIE)-2 study: a 2-y

randomized controlled trial of calorie restriction in

nonobese humans. Am J Clin Nutr. 2017;105(4):913–27.

53. Das SK, Gilhooly CH, Golden JK, Pittas AG, Fuss PJ,

Cheatham RA, et al. Long-term effects of 2 energy-

restricted diets differing in glycemic load on dietary adher-

ence, body composition, and metabolism in CALERIE: a

1-y randomized controlled trial. Am J Clin Nutr.

2007;85(4):1023–30.

54. Morley JE, Silver AJ. Anorexia in the elderly. Neurobiol

Aging. 1988;9(1):9–16.

55. Clarkston WK, Pantano MM, Morley JE, Horowitz M,

Littlefield JM, Burton FR. Evidence for the anorexia of

aging: gastrointestinal transit and hunger in healthy elderly

vs. young adults. Am J Phys. 1997;272(1 Pt 2):R243–8.

56. Wysokinski A, Sobow T, Kloszewska I, Kostka T.

Mechanisms of the anorexia of aging-a review. Age

(Dordr). 2015;37(4):9821.

57. HeadlandM, Clifton PM, Carter S, Keogh JB. Weight-loss

outcomes: a systematic review and meta-analysis of inter-

mittent energy restriction trials lasting a minimum of 6

months. Nutrients. 2016;8(6):354.

58. Cioffi I, Evangelista A, Ponzo V, Ciccone G, Soldati L,

Santarpia L, et al. Intermittent versus continuous energy

restriction on weight loss and cardiometabolic outcomes: a

systematic review and meta-analysis of randomized con-

trolled trials. J Transl Med. 2018;16(1):371.

59. Balasubramanian P, DelFavero J, Ungvari A, Papp M,

Tarantini A, Price N, et al. Time-restricted feeding (TRF)

for prevention of age-related vascular cognitive impairment

and dementia. Ageing Res Rev. 2020;64:101189.

60. ConleyM, Le Fevre L, Haywood C, Proietto J. Is two days

of intermittent energy restriction per week a feasible weight

loss approach in obese males? A randomised pilot study.

Nutr Diet. 2018;75(1):65–72.

61. Mosley M, Spencer M. The FastDiet-revised & updated:

lose weight, stay healthy, and live longer with the simple

secret of intermittent fasting: Simon and Schuster; 2015.

62. Rynders CA, Thomas EA, ZamanA, Pan Z, Catenacci VA,

Melanson EL. Effectiveness of intermittent fasting and

time-restricted feeding compared to continuous energy re-

striction for weight loss. Nutrients. 2019;11(10):2442.

63. Varady KA, Hellerstein MK. Alternate-day fasting and

chronic disease prevention: a review of human and animal

trials. Am J Clin Nutr. 2007;86(1):7–13.

64. Mitchell SJ, Bernier M,Mattison JA, AonMA, Kaiser TA,

Anson RM, et al. Daily fasting improves health and sur-

vival in male mice independent of diet composition and

calories. Cell Metab. 2019;29(1):221–8 e3.

65. Catenacci VA, Pan Z, Ostendorf D, Brannon S, Gozansky

WS, Mattson MP, et al. A randomized pilot study compar-

ing zero-calorie alternate-day fasting to daily caloric restric-

tion in adults with obesity. Obesity (Silver Spring).

2016;24(9):1874–83.

66. de Cabo R, Mattson MP. Effects of intermittent fasting on

health, aging, and disease. N Engl J Med. 2019;381(26):

2541–51.

67. Talan MI, Ingram DK. Effect of intermittent feeding on

thermoregulatory abilities of young and aged C57BL/6J

mice. Arch Gerontol Geriatr. 1985;4(3):251–9.

68. Goodrick CL, Ingram DK, Reynolds MA, Freeman JR,

Cider N. Effects of intermittent feeding upon body weight

and lifespan in inbred mice: interaction of genotype and

age. Mech Ageing Dev. 1990;55(1):69–87.

69. Goodrick CL, Ingram DK, Reynolds MA, Freeman JR,

Cider NL. Differential effects of intermittent feeding and

voluntary exercise on body weight and lifespan in adult

rats. J Gerontol. 1983;38(1):36–45.

70. Goodrick CL, Ingram DK, Reynolds MA, Freeman JR,

Cider NL. Effects of intermittent feeding upon growth

and life span in rats. Gerontology. 1982;28(4):233–41.

71. Bruce-Keller AJ, Umberger G, McFall R, Mattson MP.

Food restriction reduces brain damage and improves be-

havioral outcome following excitotoxic and metabolic in-

sults. Ann Neurol. 1999;45(1):8–15.

72. Wan R, Camandola S, Mattson MP. Intermittent food

deprivation improves cardiovascular and neuroendocrine

responses to stress in rats. J Nutr. 2003;133(6):1921–9.

73. Li L, Wang Z, Zuo Z. Chronic intermittent fasting im-

proves cognitive functions and brain structures in mice.

PLoS One. 2013;8(6):e66069.

74. Singh R, Manchanda S, Kaur T, Kumar S, Lakhanpal D,

Lakhman SS, et al. Middle age onset short-term intermit-

tent fasting dietary restriction prevents brain function im-

pairments in maleWistar rats. Biogerontology. 2015;16(6):

775–88.

1551GeroScience (2021) 43:1527–1554



75. AnsonRM, Guo Z, de Cabo R, Iyun T, RiosM, Hagepanos

A, et al. Intermittent fasting dissociates beneficial effects of

dietary restriction on glucose metabolism and neuronal

resistance to injury from calorie intake. Proc Natl Acad

Sci U S A. 2003;100(10):6216–20.

76. Halagappa VK, Guo Z, Pearson M, Matsuoka Y, Cutler

RG, Laferla FM, et al. Intermittent fasting and caloric

restriction ameliorate age-related behavioral deficits in the

triple-transgenic mouse model of Alzheimer’s disease.

Neurobiol Dis. 2007;26(1):212–20.

77. Hine C, Zhu Y, Hollenberg AN, Mitchell JR. Dietary and

endocrine regulation of endogenous hydrogen sulfide pro-

duction: implications for longevity. Antioxid Redox

Signal. 2018;28(16):1483–502.

78. Tyshkovskiy A, Bozaykut P, Borodinova AA,

Gerashchenko MV, Ables GP, Garratt M, et al.

Identification and application of gene expression signa-

tures associated with lifespan extension. Cell Metab.

2019;30(3):573–93 e8.

79. Yoshida S, Yamahara K, Kume S, Koya D, Yasuda-

Yamahara M, Takeda N, et al. Role of dietary amino acid

balance in diet restriction-mediated lifespan extension,

renoprotection, and muscle weakness in aged mice.

Aging Cell. 2018;17(4):e12796.

80. Zivanovic J, Kouroussis E, Kohl JB, Adhikari B, Bursac B,

Schott-Roux S, et al. Selective persulfide detection reveals

evolutionarily conserved antiaging effects of S-

sulfhydration. Cell Metab. 2019;30(6):1152–70 e13.

81. Froy O, Chapnik N,Miskin R. Effect of intermittent fasting

on circadian rhythms in mice depends on feeding time.

Mech Ageing Dev. 2009;130(3):154–60.

82. Acosta-Rodriguez VA, de Groot MHM, Rijo-Ferreira F,

Green CB, Takahashi JS. Mice under caloric restriction

self-impose a temporal restriction of food intake as revealed

by an automated feeder system. Cell Metab. 2017;26(1):

267–77 e2.

83. Wolf A, Bauer B, Abner EL, Ashkenazy-Frolinger T, Hartz

AM. A comprehensive behavioral test battery to assess

learning and memory in 129S6/Tg2576 mice. PLoS One.

2016;11(1):e0147733.

84. Conrad CD, Galea LA, Kuroda Y, McEwen BS. Chronic

stress impairs rat spatial memory on the Y maze, and this

effect is blocked by tianeptine pretreatment. Behav

Neurosci. 1996;110(6):1321–34.

85. Dellu F, Fauchey V, Le Moal M, Simon H. Extension of a

new two-trial memory task in the rat: influence of environ-

mental context on recognition processes. Neurobiol Learn

Mem. 1997;67(2):112–20.

86. Yau JL, Noble J, Seckl JR. 11beta-hydroxysteroid dehy-

drogenase type 1 deficiency prevents memory deficits with

aging by switching from glucocorticoid receptor to miner-

alocorticoid receptor-mediated cognitive control. J

Neurosci. 2011;31(11):4188–93.

87. Yau JL, McNair KM, Noble J, Brownstein D, Hibberd C,

Morton N, et al. Enhanced hippocampal long-term poten-

tiation and spatial learning in aged 11beta-hydroxysteroid

dehydrogenase type 1 knock-out mice. J Neurosci.

2007;27(39):10487–96.

88. Qiu J, Dunbar DR, Noble J, Cairns C, Carter R, Kelly V,

et al. Decreased Npas4 and Arc mRNA levels in the hip-

pocampus of aged memory-impaired wild-type but not

memory preserved 11beta-HSD1 deficient mice. J

Neuroendocrinol. 2016;28(1).

89. Barrett RM, Malvaez M, Kramar E, Matheos DP, Arrizon

A, Cabrera SM, et al. Hippocampal focal knockout of CBP

affects specific histone modifications, long-term potentia-

tion, and long-term memory. Neuropsychopharmacology.

2011;36(8):1545–56.

90. Assini FL, Duzzioni M, Takahashi RN. Object location

memory in mice: pharmacological validation and further

evidence of hippocampal CA1 participation. Behav Brain

Res. 2009;204(1):206–11.

91. Oliveira AM, Hawk JD, Abel T, Havekes R. Post-training

reversible inactivation of the hippocampus enhances novel

object recognition memory. Learn Mem. 2010;17(3):155–

60.

92. MumbyDG, Gaskin S, GlennMJ, Schramek TE, Lehmann

H. Hippocampal damage and exploratory preferences in

rats: memory for objects, places, and contexts. Learn Mem.

2002;9(2):49–57.

93. Vogel-Ciernia A, Matheos DP, Barrett RM, Kramar EA,

Azzawi S, Chen Y, et al. The neuron-specific chromatin

regulatory subunit BAF53b is necessary for synaptic plas-

ticity and memory. Nat Neurosci. 2013;16(5):552–61.

94. Wimmer ME, Hernandez PJ, Blackwell J, Abel T. Aging

impairs hippocampus-dependent long-term memory for

object location in mice. Neurobiol Aging. 2012;33(9):

2220–4.

95. Hine C, Mitchell JR. Endpoint or kinetic measurement of

hydrogen sulfide production capacity in tissue extracts. Bio

Protoc. 2017;7(13):e2382.

96. Hine C, Harputlugil E, Zhang Y, Ruckenstuhl C, Lee BC,

Brace L, et al. Endogenous hydrogen sulfide production is

essential for dietary restriction benefits. Cell. 2015;160(1-

2):132–44.

97. Hine C, Kim HJ, Zhu Y, Harputlugil E, Longchamp A,

Matos MS, et al. Hypothalamic-pituitary axis regulates

hydrogen sulfide production. Cell Metab. 2017;25(6):

1320–33 e5.

98. Tinsley FC, Taicher GZ, Heiman ML. Evaluation of a

quantitative magnetic resonance method for mouse whole

body composition analysis. Obes Res. 2004;12(1):150–60.

99. Taicher GZ, Tinsley FC, Reiderman A, Heiman ML.

Quantitative magnetic resonance (QMR) method for bone

and whole-body-composition analysis. Anal Bioanal

Chem. 2003;377(6):990–1002.

100. Houtkooper RH, Argmann C, Houten SM, Canto C,

Jeninga EH, Andreux PA, et al. The metabolic footprint

of aging in mice. Sci Rep. 2011;1:134.

101. Duivenvoorde LP, van Schothorst EM, Swarts HJ, Keijer J.

Assessment of metabolic flexibility of old and adult mice

using three noninvasive, indirect calorimetry-based treat-

ments. J Gerontol A Biol Sci Med Sci. 2015;70(3):282–93.

102. Selman C, Lumsden S, Bunger L, Hill WG, Speakman JR.

Resting metabolic rate and morphology in mice (Mus

musculus) selected for high and low food intake. J Exp

Biol. 2001;204(Pt 4):777–84.

103. Arch JR, Hislop D, Wang SJ, Speakman JR. Some math-

ematical and technical issues in the measurement and in-

terpretation of open-circuit indirect calorimetry in small

animals. Int J Obes. 2006;30(9):1322–31.

1552 GeroScience (2021) 43:1527–1554



104. Elia M. Organ and tissue contribution to metabolic rate. In:

Kinney JM, Tucker HN, editors. Energymetabolism: tissue

determinants and cellular corollaries. New York: Raven

Press; 1992.

105. Speakman JR, Johnson MS. Relationships between resting

metabolic rate and morphology in lactating mice: what

tissues are the major contributors to resting metabolism?

Life in the Cold: Springer; 2000. p. 479-86.

106. Vitaterna MH, Takahashi JS, Turek FW. Overview of

circadian rhythms. Alcohol Res Health. 2001;25(2):85–93.

107. Sherwani SI, Khan HA, Ekhzaimy A, Masood A,

Sakharkar MK. Significance of HbA1c test in diagnosis

and prognosis of diabetic patients. Biomark Insights.

2016;11:95–104.

108. Koenig RJ, Peterson CM, Jones RL, Saudek C, Lehrman

M, Cerami A. Correlation of glucose regulation and hemo-

globin AIc in diabetes mellitus. N Engl J Med.

1976;295(8):417–20.

109. Hurley MV, Rees J, Newham DJ. Quadriceps function,

proprioceptive acuity and functional performance in

healthy young, middle-aged and elderly subjects. Age

Ageing. 1998;27(1):55–62.

110. Distefano G, Goodpaster BH. Effects of exercise and aging

on skeletal muscle. Cold Spring Harb Perspect Med.

2018;8(3):a029785.

111. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y,

Cederholm T, Landi F, et al. Sarcopenia: European con-

sensus on definition and diagnosis: report of the European

Working Group on sarcopenia in older people. Age

Ageing. 2010;39(4):412–23.

112. Shoji H, Takao K, Hattori S, Miyakawa T. Age-related

changes in behavior in C57BL/6J mice from young adult-

hood to middle age. Mol Brain. 2016;9:11.

113. Lalonde R, Bensoula AN, Filali M. Rotorod sensorimotor

learning in cerebellar mutant mice. Neurosci Res.

1995;22(4):423–6.

114. Caston J, Jones N, Stelz T. Role of preoperative and post-

operative sensorimotor training on restoration of the equi-

librium behavior in adult mice following cerebellectomy.

Neurobiol Learn Mem. 1995;64(3):195–202.

115. Carter RJ, Morton J, Dunnett SB. Motor coordination and

balance in rodents. Curr Protoc Neurosci. 2001;Chapter 8:

Unit 8 12.

116. Buitrago MM, Schulz JB, Dichgans J, Luft AR. Short and

long-term motor skill learning in an accelerated rotarod

training paradigm. Neurobiol Learn Mem. 2004;81(3):

211–6.

117. Fan X, Wheatley EG, Villeda SA. Mechanisms of hippo-

campal aging and the potential for rejuvenation. Annu Rev

Neurosci. 2017;40:251–72.

118. Knopp RC, Lee SH, Hollas M, Nepomuceno E, Gonzalez

D, Tam K, et al. Interaction of oxidative stress and

neurotrauma in ALDH2(-/-) mice causes significant and

persistent behavioral and pro-inflammatory effects in a

tractable model of mild traumatic brain injury. Redox

Biol. 2020;32:101486.

119. Kvaal K, Macijauskiene J, Engedal K, Laake K. High

prevalence of anxiety symptoms in hospitalized geriatric

patients. Int J Geriatr Psychiatry. 2001;16(7):690–3.

120. Costall B, Jones BJ, Kelly ME, Naylor RJ, Tomkins DM.

Exploration of mice in a black and white test box:

validation as a model of anxiety. Pharmacol Biochem

Behav. 1989;32(3):777–85.

121. Denninger JK, Smith BM, Kirby ED. Novel object recog-

nition and object location behavioral testing in mice on a

budget. J Vis Exp. 2018(141).

122. Wei Y, Kenyon C. Roles for ROS and hydrogen sulfide in

the longevity response to germline loss in Caenorhabditis

elegans. Proc Natl Acad Sci U S A. 2016;113(20):E2832–

41.

123. Ng LT, Ng LF, Tang RMY, BarardoD,Halliwell B,Moore

PK, et al. Lifespan and healthspan benefits of exogenous

H2S in C. elegans are independent from effects down-

stream of eat-2 mutation. NPJ Aging Mech Dis. 2020;6:6.

124. Miller DL, Roth MB. Hydrogen sulfide increases thermo-

tolerance and lifespan in Caenorhabditis elegans. Proc Natl

Acad Sci U S A. 2007;104(51):20618–22.

125. Wu W, Hou CL, Mu XP, Sun C, Zhu YC, Wang MJ, et al.

H2S Donor NaHS changes the production of endogenous

H2S and NO in D-galactose-induced accelerated ageing.

Oxidative Med Cell Longev. 2017;2017:5707830.

126. Bithi N, Link C, Wang R, Willard B, Hine C. Dietary

restriction transforms the protein sulfhydrome in a tissue-

specific and cystathionine γ-lyase-dependent manner.

BioRxiv. 2019;2019:869271.

127. Yang J,Minkler P, Grove D,Wang R,Willard B, Dweik R,

et al. Non-enzymatic hydrogen sulfide production from

cysteine in blood is catalyzed by iron and vitamin B6.

Commun Biol. 2019;2:194.

128. Lopez M, Nogueiras R, Tena-Sempere M, Dieguez C.

Hypothalamic AMPK: a canonical regulator of whole-

body energy balance. Nat Rev Endocrinol. 2016;12(7):

421–32.

129. Timper K, Bruning JC. Hypothalamic circuits regulating

appetite and energy homeostasis: pathways to obesity. Dis

Model Mech. 2017;10(6):679–89.

130. Broberger C. Brain regulation of food intake and appetite:

molecules and networks. J Intern Med. 2005;258(4):301–

27.

131. Cai D, Liu T. Hypothalamic inflammation: a double-edged

sword to nutritional diseases. Ann N Y Acad Sci.

2011;1243:E1–39.

132. Sen N, Paul BD, Gadalla MM, Mustafa AK, Sen T, Xu R,

et al. Hydrogen sulfide-linked sulfhydration of NF-kappaB

mediates its antiapoptotic actions. Mol Cell. 2012;45(1):

13–24.

133. Ariga H, Takahashi-Niki K, Kato I, Maita H, Niki T,

Iguchi-Ariga SM. Neuroprotective function of DJ-1 in

Parkinson’s disease. Oxidative Med Cell Longev.

2013;2013:683920.

134. Mitchell SE, Delville C, Konstantopedos P, Hurst J, Derous

D, Green C, et al. The effects of graded levels of calorie

restriction: II. Impact of short term calorie and protein

restriction on circulating hormone levels, glucose homeo-

stasis and oxidative stress in male C57BL/6 mice.

Oncotarget. 2015;6(27):23213–37.

135. Hempenstall S, Picchio L, Mitchell SE, Speakman JR,

Selman C. The impact of acute caloric restriction on the

metabolic phenotype in male C57BL/6 and DBA/2 mice.

Mech Ageing Dev. 2010;131(2):111–8.

136. Zhang Q, GuoH, GuH, Zhao X. Gender-associated factors

for frailty and their impact on hospitalization and mortality

1553GeroScience (2021) 43:1527–1554



among community-dwelling older adults: a cross-sectional

population-based study. PeerJ. 2018;6:e4326.

137. Collard RM, Boter H, Schoevers RA, Oude Voshaar RC.

Prevalence of frailty in community-dwelling older persons:

a systematic review. J Am Geriatr Soc. 2012;60(8):1487–

92.

138. Mitnitski AB, Song X, Rockwood K. The estimation of

relative fitness and frailty in community-dwelling older

adults using self-report data. J Gerontol A Biol Sci Med

Sci. 2004;59(6):M627–32.

139. Puts MT, Lips P, Deeg DJ. Sex differences in the risk of

frailty for mortality independent of disability and chronic

diseases. J Am Geriatr Soc. 2005;53(1):40–7.

140. Shamliyan T, Talley KM, Ramakrishnan R, Kane RL.

Association of frailty with survival: a systematic literature

review. Ageing Res Rev. 2013;12(2):719–36.

141. Antoch MP, Wrobel M, Kuropatwinski KK, Gitlin I,

Leonova KI, Toshkov I, et al. Physiological frailty index

(PFI): quantitative in-life estimate of individual biological

age in mice. Aging (Albany NY). 2017;9(3):615–26.

142. Kane AE, Keller KM, Heinze-Milne S, Grandy SA,

Howlett SE. A murine frailty index based on clinical and

laboratory measurements: links between frailty and pro-

inflammatory cytokines differ in a sex-specific manner. J

Gerontol A Biol Sci Med Sci. 2019;74(3):275–82.

143. Hua J, Hoummady S, Muller C, Pouchelon JL, Blondot M,

Gilbert C, et al. Assessment of frailty in aged dogs. Am J

Vet Res. 2016;77(12):1357–65.

144. Mitchell SJ, Madrigal-Matute J, Scheibye-Knudsen M,

Fang E, Aon M, Gonzalez-Reyes JA, et al. Effects of sex,

strain, and energy intake on hallmarks of aging in mice.

Cell Metab. 2016;23(6):1093–112.

145. Kane AE, Sinclair DA, Mitchell JR, Mitchell SJ. Sex

differences in the response to dietary restriction in rodents.

Curr Opin Physiol. 2018;6:28–34.

146. Miller RA, Harrison DE, Astle CM, Fernandez E, Flurkey

K, Han M, et al. Rapamycin-mediated lifespan increase in

mice is dose and sex dependent and metabolically distinct

from dietary restriction. Aging Cell. 2014;13(3):468–77.

147. Harrison DE, Strong R, Allison DB, Ames BN, Astle CM,

Atamna H, et al. Acarbose, 17-alpha-estradiol, and

nordihydroguaiaretic acid extend mouse lifespan preferen-

tially in males. Aging Cell. 2014;13(2):273–82.

148. Mitnitski AB, Mogilner AJ, Rockwood K. Accumulation

of deficits as a proxy measure of aging. Sci World J.

2001;1:323–36.

149. Plassman BL, Langa KM, Fisher GG, Heeringa SG, Weir

DR, Ofstedal MB, et al. Prevalence of dementia in the

United States: the aging, demographics, andmemory study.

Neuroepidemiology. 2007;29(1-2):125–32.

150. Kim C, Pinto AM, Bordoli C, Buckner LP, Kaplan PC, Del

Arenal IM, et al. Energy restriction enhances adult hippo-

campal neurogenesis-associated memory after four weeks

in an adult human population with central obesity; a ran-

domized controlled trial. Nutrients. 2020;12(3):638.

151. Schafer MJ, Dolgalev I, Alldred MJ, Heguy A, Ginsberg

SD. Calorie restriction suppresses age-dependent hippo-

campal transcriptional signatures. PLoS One. 2015;10(7):

e0133923.

152. Stipanuk MH, Beck PW. Characterization of the enzymic

capacity for cysteine desulphhydration in liver and kidney

of the rat. Biochem J. 1982;206(2):267–77.

153. Kabil O, Vitvitsky V, Xie P, Banerjee R. The quantitative

significance of the transsulfuration enzymes for H2S pro-

duction in murine tissues. Antioxid Redox Signal.

2011;15(2):363–72.

154. Hou CL, Wang MJ, Sun C, Huang Y, Jin S, Mu XP, et al.

Protective effects of hydrogen sulfide in the ageing kidney.

Oxidative Med Cell Longev. 2016;2016:7570489.

155. Aminzadeh MA, Vaziri ND. Downregulation of the renal

and hepatic hydrogen sulfide (H2S)-producing enzymes

and capacity in chronic kidney disease. Nephrol Dial

Transplant. 2012;27(2):498–504.

156. Zammit AR, Katz MJ, Bitzer M, Lipton RB. Cognitive

impairment and dementia in older adults with chronic

kidney disease: a review. Alzheimer Dis Assoc Disord.

2016;30(4):357–66.

157. Chang CY, Lin CC, Tsai CF, YangWC,Wang SJ, Lin FH,

et al. Cognitive impairment and hippocampal atrophy in

chronic kidney disease. Acta Neurol Scand. 2017;136(5):

477–85.

158. Askari H, Abazari MF, Ghoraeian P, Torabinejad S, Nouri

Aleagha M, Mirfallah Nassiri R, et al. Ameliorative effects

of hydrogen sulfide (NaHS) on chronic kidney disease-

induced brain dysfunction in rats: implication on role of

nitric oxide (NO) signaling. Metab Brain Dis. 2018;33(6):

1945–54.

159. WangWJ, Cai GY, NingYC, Cui J, HongQ, Bai XY, et al.

Hydrogen sulfide mediates the protection of dietary restric-

tion against renal senescence in aged F344 rats. Sci Rep.

2016;6:30292.

160. Di Francesco A, Di Germanio C, Bernier M, de Cabo R. A

time to fast. Science. 2018;362(6416):770–5.

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional

affiliations.

1554 GeroScience (2021) 43:1527–1554


	Late-life...
	Abstract
	Introduction
	Materials and methods
	Animal husbandry and diet intervention
	Frailty measures (see Fig. 1b for the list of tools)
	Metabolic parameters
	Indirect calorimetry
	Behavioral tasks
	Y maze forced alternation task
	Open field
	Novel place recognition test
	Muscular strength and neuromuscular function parameters

	Molecular and hormonal parameters
	Filter paper-embedded lead acetate endpoint assay
	Real-time quantitative PCR analysis

	Statistical analyses

	Results
	Late-life initiated EOD fasting decreases food consumption and body weight and alters body composition in a sexually dimorphic manner
	Late-life EOD fasting attenuates metabolic inflexibility
	Late-life EOD fasting improves glucose handling and clearance capacity
	Late-life EOD fasting enhances musculoskeletal systems
	Late-life EOD fasting enhances hippocampal-dependent short-term memory
	Late-life EOD fasting attenuates aging-related anxiety-like behavior and maintains motor activity
	Late-life EOD fasting enhances long-term object location memory
	Aging-related frailty variables are inter-correlated in aged mice
	Renal H2S production capacity is enhanced by late-life EOD fasting and correlates with improved frailty measures
	Late-life EOD fasting affects neuroinflammatory cytokines and a neuronal antioxidant defense gene, but not the anorexigenic, orexigenic, and synaptic plasticity-related genes in the hypothalamus

	Discussion
	References


