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Abstract Methionine restriction (MR) extends 
lifespan in various model organisms, and understand-
ing the molecular effectors of MR could expand the 
repertoire of tools targeting the aging process. Here, 
we address to what extent the biochemical pathway 
responsible for redox metabolism of methionine 
plays in regulating the effects of MR on lifespan and 
health span. Aerobic organisms have evolved methio-
nine sulfoxide reductases to counter the oxidation of 
the thioether group contained in the essential amino 
acid methionine. Of these enzymes, methionine sul-
foxide reductase A (MsrA) is ubiquitously expressed 

in mammalian tissues and has subcellular localization 
in both the cytosol and mitochondria. Loss of MsrA 
increases sensitivity to oxidative stress and has been 
associated with increased susceptibility to age-asso-
ciated pathologies including metabolic dysfunction. 
We rationalized that limiting the available methionine 
with MR may place increased importance on methio-
nine redox pathways, and that MsrA may be required 
to maintain available methionine for its critical uses 
in cellular homeostasis including protein synthesis, 
metabolism, and methylation. Using a genetic mutant 
mouse lacking MsrA, we tested the requirement for 
this enzyme in the effects of MR on longevity and 
markers of healthy aging late in life. When initiated 
in adulthood, we found that MR had minimal effects 
in males and females regardless of MsrA status. 
MR had minimal effect on lifespan with the excep-
tion of wild-type males where loss of MsrA slightly 
increased lifespan on MR. We also observed that MR 
drove an increase in body weight in wild-type mice 
only, but mice lacking MsrA tended to maintain 
more stable body weight throughout their lives. We 
also found that MR had greater benefit to males than 
females in terms of glucose metabolism and some 
functional health span assessments, but MsrA gener-
ally had minimal impact on these metrics. Frailty was 
also found to be unaffected by MR or MsrA in aged 
animals. We found that in general, MsrA was not 
required for the beneficial effects of MR on longevity 
and health span.
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Introduction

Dietary approaches to increase longevity in laboratory 
animal models have been used to better understand 
the process of aging. For example, the gold standard 
intervention for longevity, calorie restriction (CR), 
has been shown to have a myriad of effects associated 
with improved health with age in addition to exten-
sion of lifespan. Importantly, CR has also been shown 
to alter regulation of a number of pro-longevity 
molecular pathways [1]. Understanding the longevity 
and health span effects of restricting specific dietary 
components like amino acids has refined our under-
standing of the functional requirement and contribu-
tion of these components to the aging process.

Dietary restriction of the essential amino acid 
methionine, without reduction of caloric intake, has 
been well-established as a means to increase lifes-
pan among various laboratory rodent models [1–3]. 
Methionine restriction (MR) also has been shown to 
beneficially impact multiple functions associated with 
aging health including metabolism [4–8], oxidative 
stress [9–12], and mitochondrial function [9, 11, 13, 
14]. While many of the effects of MR are phenotypi-
cally similar to CR, there is growing evidence that 
CR and MR are at least partially distinct in terms 
of molecular effectors. For example, CR has been 
reported to reduce mTOR signaling while MR has 
been reported to have little effect [1, 5]. CR and MR 
appear to share some overlap given that supplementa-
tion of essential amino acids, including methionine, 
to mice undergoing CR blunts its effects suggesting 
some interaction between methionine and CR [15]. 
Similarly, supplementation of methionine to yeast 
undergoing glucose restriction negates the effect of 
this intervention in regard to lifespan extension [16]. 
However, the molecular mechanisms by which MR 
promotes longevity have yet to be clearly identified, 
and their delineation could inform potential molecu-
lar targets that could assist in translating the benefits 
of MR without a restrictive diet.

Several downstream effectors of MR have been 
identified, including endocrine signaling through 
hormones such as growth hormone and IGF1 [3, 

17–20], or the metabolic regulator FGF21 [6, 17, 
20–22]. However, the regulatory mechanisms by 
which MR drives these physiological outcomes 
have yet to be clarified. Methionine has many criti-
cal roles that may play a part in regulating the pro-
posed pillars of aging including regulating protein 
translation, serving as a methyl donor for DNA 
methylation, use as biochemical intermediates, 
regulating production of glutathione, and others. 
Moreover, methionine itself may have a large role 
in maintaining cellular redox homeostasis by serv-
ing as a target of oxidation [23]. Methionine con-
tains a pro-chiral thioether group which is sensitive 
to oxidation and can form epimers of methionine 
sulfoxide [24]. Oxidation of methionine to methio-
nine sulfoxide (MetO) causes a change in hydropho-
bicity that could limit the availability of this amino 
acid for methionine metabolism pathways through 
steric hindrance [25]. MetO formation at key resi-
dues has also been shown to directly alter protein 
function [26–28]. Aerobic organisms have evolved 
enzymes, methionine sulfoxide reductases, which 
reduce methionine sulfoxides and thus participate in 
the redox metabolism of this amino acid [29, 30]. 
Given the limitation of available methionine under 
MR, and the reported reduction in oxidative stress 
with MR, we reasoned that the regulatory processes 
that maintain methionine redox may play a crucial 
role in the beneficial outcomes of this intervention.

In this study, we tested this idea using a mouse 
model lacking methionine sulfoxide reductase A 
(MsrA) which is ubiquitously found in mammals 
and reduces the S-epimer of methionine sulfoxide 
in both free and protein-bound forms [31, 32]. The 
lack of MsrA in mice has been shown to have little 
impact on lifespan under normal conditions, though 
has significant impact on sensitivity to physiologi-
cal challenges including oxidative and metabolic 
challenges [28, 33, 34]. In a recent report, we 
showed that lack of MsrA does not block metabolic 
benefits of MR including on glucose metabolic and 
endocrine function [35]. Here, we present overall 
findings suggesting a lack of functional require-
ment of MsrA for the benefits of MR on longevity 
and healthy aging in mice. However, more specifi-
cally, our study shows potentially complex interac-
tions regarding the potential of sex, duration of MR, 
and presence of MsrA across the aging life course 
in mice.
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Methods

Animal usage and ethical procedures

All animal experiments were approved by the Institu-
tional Animal Care and Use Committees and UTHSA 
(Animal Protocol 20170190AR) and have been 
reported following ARRIVE guidelines. All methods 
were conducted in accordance with international ethi-
cal standards and guidelines.

Animal care

The background of all mice used in this study was 
C57BL/6J, and both male and female were used. 
MsrA knock-out (KO) mice were generated as previ-
ously reported [33, 34] and genotype confirmed via 
PCR from tail clips prior to study enrollment. Males 
were housed 2–4 per cage while females were housed 
4–5 per cage. All mice were housed in a specific-
pathogen free animal vivarium with temperature 
maintained at 23.8 ± 1.67 °C and a light cycle of 12 
h:12 h light/dark. Prior to enrollment in study, mice 
were maintained on standard NIH31-based chow after 
weaning (Envigo 7192). Prior to study, mouse cages 
were assigned to each experimental group based on 
sex, genotype, and diet resulting in 8 total groups. 
Group assignments were first randomized and then 
balanced using body weight and ages within each sex/
genotype combination. This resulted in male groups 
containing 22–29 mice and female groups contain-
ing 24–34 mice. Mice were median age of 9 months 
(range 7 and 12 months) of age at time of enrollment 
in the study with both sexes being tested in parallel. 
Both control (CD) and methionine-restricted (MR) 
diets were based off of AIN-76A from TestDiet and 
breakdown as energy from calories to 12.7% from 
protein, 18.2% from fat, and 69.1% from carbohy-
drate. Control diet for this study was based off Test-
Diet 578F with a final content of 0.86% Met and 0% 
Cys of total amino acids. Methionine-restricted diet 
had an identical base with a final content of 0.15% 
Met and 0% Cys of total amino acids. Additional 
diet composition information can be found in Sup-
plemental Table 1. All food and water were provided 
ad libitum except during fasting. Mice were weighed 
and body composition measured (EchoMRI) prior to 
transitioning to test diets. All mice were then weighed 

and food consumption measured weekly. Body com-
position was measured monthly.

Lifespan

Cages were checked daily for deceased mice at which 
point necropsy was performed and carcasses stored 
in 10% paraformaldehyde following gross pathol-
ogy assessment. Mice were euthanized when neces-
sary due to veterinary recommendation but other-
wise allowed to die from natural causes. Criteria for 
euthanasia included mice that were ill, presented 
with excessive weight loss, moribund, presented with 
lesions or tumors, or had prolapse. Carbon dioxide 
asphyxiation was used for euthanasia.

Glucose homeostasis

Mice were fasted overnight with water provided 
(17:00–10:00; 17 h) at which time tail bleeds were 
initiated via venous cut at the distal portion of the tail 
to measure fasting glucose using a handheld AimStrip 
Plus digital glucose meter. Blood (15–30 μl) was also 
directly collected in EDTA washed tubes and tempo-
rarily stored on ice. Collected blood was allowed to 
warm to room temperature before HbA1c measure-
ment using Siemens Vantage DCA Analyzer. Sam-
ples were censored if they were outside the reading 
range for either system.

Frailty index

Frailty index was quantified based on methods estab-
lished by Whitehead et al. [36] Clinical assessments 
were performed by evaluating 27 criteria for signs 
of deterioration/deficits including alopecia, loss of 
fur color, dermatitis, loss of whiskers, coat condi-
tion, piloerection, cataracts, eye discharge/swelling, 
microphthalmia, corneal opacity, nasal discharge, rec-
tal prolapse, penile prolapse (male), vaginal prolapse 
(female), diarrhea, body condition score, tumors, 
kyphosis, gait disorders, tremor, breathing rate and 
depth, menace reflex, tail stiffening, vestibular distur-
bance, vision loss (visual placing), distended abdo-
men, malocclusions, and righting reflex. Assessments 
were performed at approximately the same time every 
day. Mice were briefly observed in their home cage 
and then taken to an assessment room. Each mouse 
was weighed and then assessed. Body temperature 



3006 GeroScience (2023) 45:3003–3017

1 3
Vol:. (1234567890)

assessment with rectal thermometer was omitted 
due to concerns with rectal prolapse from treatment. 
Assessments were performed by individuals blinded 
to the study.

Rota-rod

Mice were placed on a revolving rod approximately 2 
feet from the bottom of the chute. Foot-high spacers 
separated 4 mice from each other. The rod was slowly 
accelerated until the mice fell or begin riding the rod. 
This is a test for motor coordination that lasts for no 
more than 5 min. The test started at 4 rpm and accel-
erated to 40 rpm and hold. Most older mice fell or let 
themselves down from the rod around 30–35 rpm. 
Mice were trained 4 sessions per day, for 4 days and 
tested in day 5. There were at least 30 min between 
tests so the mice could rest. Adhesive-backed wash-
able soft vinyl shelf liner was placed at the bottom of 
the chutes to cushion the fall, as some older or sick 
mice could be unduly stressed, injured or briefly 
stunned if they fall on hard metal. The rotarod was 
cleaned by removing feces and urine and wiping 
down with 70% ETOH between cages to prevent 
cage-to-cage transmission of pathogens. Methods are 
based on Dunham and Miya [37] and Crawley [38]. 
Assessments were performed by individuals blinded 
to the groups in the study.

Grip strength

Mice were measured on a Chatillon Ametek grip 
strength meter. Each animal was placed onto a wire 
grid to grip with either the forepaws or all four paws. 
The mouse was then gently and steadily pulled away 
from the grid by the tail. The maximal force produced 
(in grams) prior as well as the duration of the hold to 
the animal’s release of the grid will be recorded from 
5 trials. The average grip strength was determined for 
both the forepaw and all four paws. The method is 
based on the International Mouse Phenotyping Con-
sortium [39]. Assessments were performed by indi-
viduals blinded to the groups in the study.

Rearing

Mice were individually placed in a 1-L beaker 
cleaned with 70% ethanol in the center of a HEPA 
filter work station with its air circulation running to 

generate background noise. Mice were recorded by 
video for approximately 7 min (Pentax W90 camera) 
at which point they were returned to their cage, the 
beaker cleaned with 70% ethanol, and allowed to dry. 
The individual administering the test was hidden from 
the test mouse’s view behind a mouse cage rack not 
containing mice of this study. The test was restarted 
if the test was disrupted. During analysis, the first 
20 s were censored to allow the test administrator to 
exit the testing area, and the following 5 min of the 
recording were analyzed for rearing events. A rearing 
event was defined as a mouse transitioning from all 
four paws on the base of the beaker to standing on its 
hind legs such that its front paws exceeded the height 
of the mouse’s back when on all four paws, and then 
proceeded to touch the wall of the beaker with at 
least one paw. All four limbs must then contact the 
base of the beaker to complete the rearing event. At 
any point during a test, if the room was entered, the 
test was restarted. Mice were tested on two separate 
days, either consecutive or with a 1 day gap, schedule 
permitting.

Statistics

Statistics were completed using Prism 8. Lifespan 
was analyzed with multiple log-ranked Kaplan-Meyer 
survival between pairs of groups. Maximum lifes-
pan was also assessed by the Wang-Allision method 
[40]. Glucose metabolism, frailty, rotarod, grip-
strength, and rearing were analyzed with two-way 
ANOVA within each sex with post hoc tests to assess 
diet effect within genotype using Sidac correction. 
Line graphs were presented with SEM to declutter 
the error bars and improve the interpretability of the 
data. All other graphs used SD to better represent the 
spread of the data.

Results

In this study, MR was started when mice had 
reached a median age of 9 months, an age at which 
we considered mice to be adult and no longer in 
the growth and developmental stage. In this large 
cohort of mice, both male and female MsrA knock-
out (KO) mice were lighter in weight than age-
matched wild-type (WT) control animals prior to 
MR (Fig.  1A, B). As expected, based on reported 
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Fig. 1  MR effects on physiological measures changes with 
duration of treatment. Body weight (A, B) and normalized 
food consumption (C, D) were measured weekly. Punch-outs 

represent an enhanced view of the first 5 timepoints for clarity. 
Body composition (E–H) was measured every month. Graphs 
represent mean ± SEM. Group sizes in Table 1
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effects, WT mice under short-term MR rapidly 
lost body weight compared to those on control diet 
(CD), as seen in the punch-outs on the respective 
subfigures. We found that this decrease was primar-
ily due to loss of fat mass (Fig.  1G,H). Similarly, 
KO mice also lost body weight under short-term 
MR. In contrast to WT mice, KO mice lost both 
fat mass and lean mass while under MR with this 
loss of lean mass persisting throughout their lifes-
pan. Surprisingly, after approximately 6 months of 
treatment, we found that both male and female WT 
mice under MR began to regain weight and even-
tually became heavier than their WT CD counter-
parts (Fig.  1E, F). In comparison, KO mice under 
MR remained lighter compared to those fed CD 
throughout the majority of the lifespan study. It is 
possible the difference in body weight gain in WT 
mice may be due to an increase in food consump-
tion of the MR diet relative to CD (Fig. 1C, D). MR 
food consumption in KO mice was also increased 

relative to CD suggesting a potential role for MsrA 
in the metabolic regulation responsible for these 
differences.

A goal of this study was to determine the extent 
to which MsrA is required for the beneficial effects 
of MR on aging. To this goal, we assessed the age-
related changes to a number of relatively non-invasive 
health span assessments of physiological function 
during the transition from mid- to late-life in these 
cohorts of animals. Previously, others have shown that 
glucose metabolism is improved with MR [4, 5, 7, 17, 
22, 41–43] in adult mice, and we recently showed 
that this effect did not require the expression of MsrA 
[35]. We report here that chronic MR (between 9 
and 24 months of age) significantly reduces fasting 
blood glucose in male mice, but not females (Fig. 2A, 
C). In line with our previous report, the presence of 
MsrA is not required for this outcome as KO mice 
responded similarly to WT mice on MR. Importantly, 
MR reduced blood glucose concentrations in WT 

Fig. 2  MR effects on glucose metabolism are sex-dependent. 
Fasting glucose (A–D) and HbA1c (E–H) collected at 24 and 
30 months of age. Analysis was within each sex via two-way 
ANOVA for main effects. Post hoc analysis was performed 

with Sidac multiple comparisons correction to assess the diet 
effect within each genotype. Graphs represent means ± SD. 
Group sizes for each timepoint are in Table 1 (*p < 0.05; **p 
< 0.01)
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mice despite the unexpected outcome that WT mice 
under MR at this point were significantly heavier than 
their CD counterparts (Fig.  1A, B). In female mice, 
but not males, we found that MR was associated with 
an increase in HbA1c at 24 months of age (Fig. 2E, 
G). While unexpected, it is possible these results sug-
gest that sex-hormones may have significant regulator 
roles on these markers of glucose metabolism. At 30 
months of age, we re-assessed the surviving animals 
for these same markers of glucose metabolism. At 30 
months, the effects of MR on fasting blood glucose 
remained similar to those at 24 months. Male mice at 
30 months showed reduced fasting glucose with MR 
— post hoc analysis shows MR significantly reducing 
this marker in WT males compared to CD (Fig. 2B). 
Interestingly, at 30 months, the difference in HbA1c 
observed in the females was no longer significant 

(Fig.  2H). However, we found an interaction effect 
between diet and genotype in male HbA1C, with 
the WT mice on MR having significantly increased 
HbA1c (Fig. 2F).

Physical frailty has been shown to increase with 
age and be predictive of future mortality [44]. In 
addition, interventions to extend longevity have been 
shown to prevent the development of frailty including 
dietary modifications such as calorie restriction and 
restriction of dietary intake of branched chain amino 
acids [45, 46]. To our surprise, we found few previ-
ous reports regarding the effects of MR on frailty 
in rodent models [47–49] . Here, we used a verified 
assessment of murine frailty to determine the impact 
of MR and requirement of MsrA during aging in old 
mice. As expected, we found an increase in frailty 
index outcomes between 24 and 30 months of age 

Fig. 3  Long-term MR 
does not alter frailty score. 
Frailty assessment per-
formed at 24 (A, C) and 30 
months (B, D) of age. Anal-
ysis was within each sex via 
two-way ANOVA for main 
effects. Post hoc analysis 
was performed with Sidac 
multiple comparisons cor-
rection to assess the diet 
effect within each genotype. 
Graphs represent means ± 
SD. Group sizes for each 
timepoint are in Table 1
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in both male and female WT mice on CD (Fig.  3). 
To our surprise, we found that MR had no effect 
on frailty at 24 or 30 months in comparison to CD 
despite mice having undergone this dietary interven-
tion for approximately 15 and 21 months at respective 
times of testing. In addition, the lack of MsrA had no 
effect on frailty in either CD or MR mice, suggesting 
neither reduction of dietary methionine intake in adult 
mice nor modulation of methionine redox metabolism 
is sufficient to delay the occurrence of physical frailty 
in these mice. However, some of the individual met-
rics used to determine frailty score were altered by 
MR in sex- and MsrA-dependent ways (Supplemen-
tary Figure 1, Supplementary Table 2).

Loss of muscle function begins to occur during 
mid-age which could impact performance on vari-
ous musculoskeletal evaluations [50, 51]. We used 
rotarod as a functional assessment of muscle coor-
dination, grip strength, and measurements of rear-
ing ability to delineate the effects of MR on muscu-
loskeletal changes with age. Rotarod performance 
at 24 months of age showed KO males were able to 
stay on the rotating rod for a longer period of time 
than WT males, but we found no significant effect of 
diet overall (Fig. 4A). However, a detailed examina-
tion of these results shows that while there is no dif-
ference between WT and KO males on CD, there is 
a disparate response to MR in these mice. WT mice 
performed worse with MR compared to CD, and KO 
mice performing better with MR compared to CD. 
In part, this might be due to the associated disparate 
changes in body weight in these groups (Fig.  1A). 
However, we found no relationship in female mice 
which showed a similar, though blunted, pattern of 
weight changes (Fig. 4D).

We also tested muscle function more directly by 
testing grip strength in aging mice. In general, all 
limb grip strength force slightly decreased between 

24 months and 30 months of age. In males, we found 
a significant effect of genotype where KO males gen-
erated slightly lower force at 24 months than did WT 
males (Fig. 4B); however, this difference did not per-
sist at 30 months (Fig. 4C). Diet had no effect on all 
limb grip strength in males. Females showed a persis-
tent interaction effect with grip strength at both time 
points with MR causing decreased force generation 
in WT females and increased force generation in KO 
females, both compared to respective CD (Fig. 4E, F). 
Forelimb force and grip time showed no change with 
either diet or genotype, but did have some interaction 
effects. All limb grip time did show some effects of 
MR mainly in females (Supplementary Figure 2).

Mouse rearing has been used as a test of social 
anxiety in rodents in response to novel environments, 
but also measures physical ability to raise and lower 
using hindlimb strength [52–54]. At 30 months of 
age, we found no effect of either diet or genotype on 
the outcomes of this rearing test suggesting neither 
affects the physical function required to perform this 
test. In addition, we found a decline in rearing overall 
on the second day of testing suggesting reduction in 
anxiety with this new environment as expected. Diet 
and genotype had no significant impact on this out-
come in either male or female mice (Fig. 4G–J).

The main goal of this study was to determine the 
requirement of MsrA for the longevity outcomes of 
MR. We previously reported that lack of MsrA has 
no effect on lifespan in male mice [33]. We confirm 
again here that the lifespan of KO males is similar to 
WT and additionally show that lack of MsrA does not 
affect lifespan in female mice (Table 1). In females, 
MR can cause increased mortality prior to median 
lifespan in WT mice under certain circumstances 
[3]. Mortality was partially driven by increased inci-
dences of rectal prolapse in our cohort with MR, 
predominantly in females and generally occurring 
before median lifespan. Lack of MsrA appeared to 
exacerbate this issue (Table  1). However, we found 
no effect of MR on lifespan overall in either geno-
type of females (Fig. 5C, D). In males, we also sur-
prisingly saw no statistically significant effect of 
lifespan caused by MR when analyzed by Log Rank 
(Fig.  5A, B). We found no evidence for increased 
mortality caused by MR in males, but potentially a 
reduction of mortality through median lifespan in KO 
mice. Pair-wise analysis of groups showed no sig-
nificant changes in lifespan with the exception of MR 

Fig. 4  MR effects on health span metrics. Physiological 
assessments of adult mice on long-term MetR. Rotarod was 
performed at 24 months, and graphs represent day 5 test-
ing results for both sexes (A, D). All limb grip strength force 
was tested at 24 (B, E) and 30 months (C, F) for both sexes. 
Rearing assay was performed at 30 months of age on two sep-
arate days (G–J). Analysis was within each sex via two-way 
ANOVA for main effects. Post hoc analysis was performed 
with Sidac multiple comparisons correction to assess the diet 
effect within each genotype. Graphs represent means ± SD. 
Group sizes for each timepoint are in Table 1. (*p < 0.05; **p 
< 0.01; ***p < 0.001; ****p < 0.0001)

◂
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Table 1   MR study metrics 
Sex

Genotype
Diet CD MR CD MR CD MR CD MR

Group Size (n) 24 25 34 33 22 23 25 29
Median (days) 903.5 864 880.5 879 911.5 1077 886 885

Maximum (days) 1125 1131 1183 1111 1295 1282 1169 1267
Top 10% (days) 1095.50 1071.67 1157.33 1089.00 1262.00 1270.50 1135.67 1227.33
24 month old (n) 17 (70.8%) 16 (64%) 26 (76.5%) 22 (66.7%) 19 (86.4%) 19 (82.6%) 18 (72%) 26 (89.7%)
30 month old (n) 11 (45.8%) 10 (40%) 13 (38.2%) 13 (39.4%) 11 (50%) 17 (73.9%) 11 (44%) 13 (44.8%)

Rectal Prolapse (n) 1 (4.2%) 6 (24%) 2 (5.9%) 2 (6.1%) 0 (0%) 1 (4.3%) 0 (0%) 0 (0%)
Cancers (n) 11 (45.8%) 11 (44%) 25 (73.5%) 18 (54.5%) 15 (68.2%) 13 (56.5%) 13 (52%) 18 (62.1%)

Female Male 
KO wt KO wt

Metrics of study groups including group size, median, maximum, and oldest 10% lifespan from survival curves. Group sizes for 24 
and 30 months represent the number of mice that completed all testing at that age timepoint. Total incidence of rectal prolapse for 
each group, as well as number of mice determined to have cancers based on gross pathology at time of autopsy
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Fig. 5  Long-term MR does not improve lifespan when started 
in adult mice. Survival of adult mice started on MetR at 7–12 
months of age with a median and mean start time of 9 months. 
Start time and range indicated by black arrow and bracket. 

Males (A, B) and females (C, D), wt (A, C), and MsrA-KO 
(B, D). All groups were 22–34 mice. Kaplan-Meyer sur-
vival curves with log-ranked Mantel-Cox test. Group sizes in 
Table 1
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in males comparing KO to WT with p = 0.04 (Sup-
plemental Table  3). We also found no evidence for 
any significant change in maximum lifespan caused 
by MR as measured by the Wang-Allison method 
[40]. Necropsies were performed when possible, and 
gross pathology was noted. While not conclusive, 
our observations suggest MR may have decreased 
solid cancer incidence in WT females and resulted in 
higher incidence in WT males. KO mice appeared to 
have similar incidence regardless of diet (Table 1).

Discussion

In this study, we set out to test the idea that there is 
a functional requirement for MsrA in the effects of 
MR on lifespan, glucose homeostasis, and health span 
metrics. Despite significant study, the mechanisms 
by which MR functions are still unclear. We ration-
alized that given methionine’s sensitivity to oxida-
tion and its limited availability from the diet, protec-
tion and quality control of this resource would be of 
greater importance during MR. Moreover, MR has 
been shown to reduce oxidative conditions, including 
increasing antioxidant expression and reducing free 
radical generation, suggesting a key role in its health 
benefits [9–12]. Given the roles that methionine plays 
in protein translation, methylation, and generation of 
various biochemicals, there is then biological reason 
for focusing on aspects of methionine metabolism as 
a central mediator of MR.

Overall, our results suggest that MsrA has a com-
plicated interaction with MR that is dependent on 
sex as well as the duration of the intervention. For 
example, one of the most interesting findings of this 
study was the change in weight in short-term ver-
sus long-term MR (Fig. 1A, B). For approximately 
the first 6 months of intervention, MR consistently 
reduced body weight and fat mass compared to CD, 
as has been demonstrated in numerous other stud-
ies [3, 5, 6, 12, 19–21]. However, after this point, 
WT mice on MR regained weight and fat, resulting 
in them being heavier in weight than CD. In con-
trast, KO mice generally retained the reduced body 
weight and fat mass with MR throughout the study. 
This suggests that MsrA is somehow responsible for 
controlling body weight under MR. We previously 
showed no effect of MsrA on changes associated 
with several metabolic hormones, including leptin 

and adiponectin, suggesting perhaps non-endocrin-
ological regulation [35]. Of note, KO mice also lost 
lean mass with MR which we did not find to occur 
in WT mice (Fig. 1E, F). While one might conclude 
this loss of lean mass may also be associated with 
reduced muscle function, we found that MR did not 
significantly reduce muscle strength (Fig. 4B, C, E, 
F, Supplemental Fig 2) suggesting that the loss of 
lean mass may not be generally detrimental. More 
in-depth investigation into the changes in muscle 
structure and function that might occur under MR 
without functional MsrA would be warranted to 
understand this outcome. It is also worth noting 
that these physiological changes occurred despite 
increased food consumption (Fig.  1C, D). This 
increase in food consumption has been reported 
in other MR studies [12, 19, 21]. While the exact 
cause of this behavior is not well understood, our 
results suggest that MsrA may not play a significant 
role and that its effects are conserved with long-
term treatment.

Improvements to glucose metabolism with MR 
have also been well established [4, 8, 17, 41], and 
these were also observed in this cohort (Fig.  2). 
Measures of fasting blood glucose showed a sex-spe-
cific effect with only males having reducing fasting 
glucose with MR in old age. It is important to note 
that this reduction in fasting glucose exists despite 
an increase in body weight with MR in WT males 
(Fig. 1A) suggesting a phenotype similar to metaboli-
cally normal obesity. However, we also show little 
benefit of MR in KO males suggesting MsrA may be 
involved in regulating glucose metabolism. This is in 
line with previous work showing MsrA’s involvement 
insulin function [34]. Interestingly, fasting glucose 
was unchanged by diet or genotype in females sug-
gesting a sex-specific effect of MR on this outcome. 
We see a contradictory sex effect in HbA1c assess-
ments with males showing no effect and females 
showing a significant diet effect (Fig. 2E–H). The rea-
sons for this are unclear; however, HbA1c in general 
provides an average representation of blood glucose 
concentrations over weeks-months whereas fasting 
glucose is more representative of glucose regula-
tion in short-term metabolism. This might suggest 
MR differentially affects these metabolic phenotypes 
dependent on sex-specific factors including sex hor-
mones. More in-depth studies on the role of sex and 
MR are warranted from these results.
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Surprisingly, there have been few examples of data 
that outline how MR impacts health span, particu-
larly in old age, in mice. We performed a number of 
assessments of functional health across metabolism, 
musculoskeletal function, and physical condition in 
old animals under chronic MR since adulthood. In 
general, our results suggest that MR had little overall 
impact on these outcomes beyond metabolic function. 
In particular, muscle function seems to be minimally 
affected with no or negative impact on grip strength, 
rotarod, and rearing (Fig. 4). In addition, we found no 
effect of MR on frailty in WT or KO mice suggest-
ing that MR does not contribute to the accumulation 
of deficits that contribute to decline in physiological 
function with aging (Fig. 3). It is unclear why some 
of these results do not correspond with the few other 
reports of MR on physical function [47–49]. One pos-
sibility is that the duration of treatment in our study 
was longer and that some beneficial effects of MR are 
lost over time, compared to other studies that looked 
at aged mice on treatment for a few months.

MR was first shown in 1992 in rats to significantly 
extend lifespan [55], and later studies suggest more 
modest effects in mice. For example, Miller et  al. 
reported ~ 10% extension of maximum lifespan in 
female CB6F1 mice when MR was begun early in life 
[3]. Sun et al. reported that MR begun at 12 months 
of age extended lifespan in male CB6F1 mice by 7% 
[1]. While there are differences between those stud-
ies and ours — including background strain, time of 
MR, and diet formulation — it was surprising that 
we found no significant effect of MR on WT lifes-
pan in our study (Fig. 5). However, MR interventions 
started in adult rodents can have a more limited effect 
on lifespan [56]. It is possible that we may not have 
been sufficiently powered to detect a significant effect 
even though our survival curves suggest some benefit 
of MR on longevity at least in males. This would be 
in line with a previous report of sexually dimorphic 
lifespan results with late life MR [49]. When we con-
sidered all males regardless of genotype, that is pool-
ing WT and KO, we still find no significant effect 
of MR though the p value for log rank in this case 
reached ~ p = 0.2 suggesting that sample size may 
indeed be a consideration in our results. The increase 
in lifespan observed in the male KO could have been 
due to a sex-specific interaction with autophagy since 
MR and MsrA KO have been independently shown 
to increase autophagy [14, 57, 58]. In addition, we 

started in older adult animals at around 9 months of 
age, similar to the approach used by Sun et  al. [1]. 
The alternative approach to start early in life raises 
the question of to what extent this intervention affects 
development. In this regard, it is interesting to note 
that MsrA and MsrB are required for growth when 
tested using a methionine growth assay [59]. On the 
other hand, translational approaches of MR are likely 
to start later in life, highlighting the importance of 
understanding these effects.

While the lack of effect of MR is an unexpected 
result, work concerning CR may provide some 
insight. Studies investigating the effects of genotype 
on CR response utilizing the ILSXISS mouse model 
showed that the majority of genotypes tested had no 
effect or a negative effect from CR [60, 61]. This is 
surprising considering how CR is considered a robust 
method for lifespan extension. Further work with this 
model has shown that the genetic background can 
have an effect on metabolism [62, 63]. This may help 
explain the lack of an observed effect on lifespan with 
MR (Fig 5) — some strains may not respond to MR, 
which may include the C57Bl/6J mice tested here. 
A mouse strain effect may also be the cause for the 
increased fat mass and body weight observed in the 
MR males with age (Fig. 1A, G).

Studies in young mice started on MR have shown 
that it can result in rectal prolapse and increased mor-
tality [3], although the mechanism is unclear. We 
observed cases of rectal prolapse predominantly in 
the MR groups during the study which were far more 
prevalent in female mice (Table 1) resulting in some 
early deaths and that this is exacerbated by the lack 
of MsrA. It is possible that the increased food con-
sumption places increased stress on the digestive tract 
resulting in this outcome, but closer investigation 
would be required to verify this. MR has been shown 
to decrease tumor size and prevalence in certain 
models [18, 20, 64]. In our cohort, MR did appear to 
potentially have an effect on cancers as determined by 
gross pathology during autopsy, but more thorough 
pathological assessments would need to be performed 
to verify these findings.

The results presented in this work in combina-
tion with results from other studies point towards 
a complex conclusion. While it is well documented 
that there are significant improvements to metabolic 
health and function with either short-term MR of a 
few months or MR initiated very early in life, the 
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data presented here expands on this understand-
ing. Given the limited effect of MR on health span 
metrics as well as the unexpected changes in body 
weight and composition after a delayed period, 
there may be a significant age/development com-
ponent to the effects of MR. This suggests that MR 
exerts its benefits in the short term upon which the 
body can adapt thereby negating some of the ben-
efits in the long term. When MR is enacted in young 
animals, the benefits appear long term and more sig-
nificant possibly due to IGF-1 and/or GH effects of 
MR which are known to have significant impacts on 
these health outcomes [3, 17–20, 43]. Indeed, other 
studies have shown reduced effects of MR in IGF-1/
GH mutant/impaired strains like Ames dwarf mice 
[42]. These conclusions indicate that care must be 
taken when considering how MR will impact the 
health of an organism, and that additional research 
is needed to untangle its mechanisms. In general, 
we conclude that MsrA is largely dispensable for 
the beneficial effects of MR on longevity and health 
span.
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