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Abstract  

Low protein (LP) diets promote health and longevity in diverse species. Although the 

precise components of an LP diet that mediate its beneficial effects have not been defined, 

reducing dietary levels of the three branched-chain amino acids (BCAAs) leucine, isoleucine 

and valine promotes metabolic health in both sexes, and increases lifespan while reducing 

frailty in male, but not female, C57BL/6J mice. Each BCAA has unique metabolic effects, and 

we recently showed that restriction of isoleucine is both sufficient to promote metabolic health 

and required for the metabolic benefits of an LP diet in male C57BL/6J mice. Here, we tested 

the hypothesis that specifically restricting isoleucine could promote healthy aging in genetically 

heterogenous UM-HET3 mice. We find that a reduced isoleucine diet improves the metabolic 

health of both young and old HET3 mice, promoting leanness and glycemic control. Restriction 

of isoleucine starting in adult, 6 month old HET3 mice reprograms hepatic metabolism in a way 

distinct from an LP diet. Finally, we find that a reduced isoleucine diet reduces frailty and 

extends the lifespan of both male and female HET3 mice, but to a much greater degree in 

males. Our results demonstrate that restricting dietary isoleucine can increase health span and 

longevity in a genetically diverse population of mice, and suggests that reducing dietary levels of 

isoleucine may have great potential as a geroprotective intervention. 

 

 

 

 

 

 

 

 

 

 

 

Keywords: isoleucine, lifespan, frailty, mice, branched-chain amino acids 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction  
Dietary interventions can promote healthy aging and even extend lifespan. The most well-

characterized of these interventions is calorie restriction (CR), which extends the lifespan and 

healthspan of diverse species, including rodents and non-human primates (Colman et al., 2014; 

McCay et al., 1935; Osborne et al., 1917; Weindruch et al., 1986). As a CR diet may be too difficult 

for most people to follow, there has been a great deal of interest in developing interventions that 

can mimic the benefits of a CR diet without requiring reduced calorie intake.  

Dietary composition has a strong influence on longevity and health. Multiple short term 

randomized clinical trials of protein restriction (PR) show that PR improves multiple markers of 

metabolic health, reducing adiposity and improved insulin sensitivity (Ferraz-Bannitz et al., 2022; 

Fontana et al., 2016). In rodents, PR improves metabolic health, and the consumption of low 

protein (LP) diets promotes longevity (Green and Lamming, 2019; Green et al., 2022; Laeger et 

al., 2014; Richardson et al., 2021; Solon-Biet et al., 2014; Speakman et al., 2016).  

While the precise mechanisms which mediate the beneficial effects of CR and PR have 

not been defined, these diets inevitably involve reduced consumption of essential dietary amino 

acids. Restriction of the nine essential amino acids is required for the benefits of a CR diet on 

lifespan (Yoshida et al., 2018), suggesting that one or more of the essential amino acids can 

regulate lifespan. While significant attention has focused on methionine, restriction of which can 

extend the lifespan of flies and rodents (Lee et al., 2014; Miller et al., 2005; Orentreich et al., 

1993), we have shown that in the context of an LP diet, the branched-chain amino acids (BCAAs) 

leucine, isoleucine, and valine are of unique metabolic importance. Restriction of the three BCAAs 

by 67% - from the level found in a Control diet where 21% of calories are derived from protein to 

the level found in a LP diet where 7% of calories are derived from protein – improves metabolic 

health in both sexes of mice, and in male C57BL/6J mice extends lifespan by over 30%, 

equivalently to an LP diet (Richardson et al., 2021). 

While the three BCAAs have historically been considered as a group, it is now clear that 

each of the three BCAAs have distinct molecular and metabolic effects; this may be due to 

differential sensing of the BCAAs, for example by the mTOR protein kinase (Wolfson et al., 2016), 

or due to the fact that the intermediate and final products of each BCAA are distinct. For example, 

3-hydroxy-isobutyrate is a valine-specific catabolite that regulates trans-endothelial fatty acid 

transport and glucose uptake (Bishop et al., 2022; Jang et al., 2016). We recently showed that 

the beneficial metabolic effects of protein or BCAA restriction are principally mediated by 

restriction of isoleucine. Restriction of isoleucine alone promotes glucose tolerance, improving 
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hepatic insulin sensitivity, and reduces adiposity (Yu et al., 2021). Importantly, restriction of 

isoleucine is necessary for the metabolic benefits of an LP diet (Yu et al., 2021). Isoleucine may 

also play a critical role in human health and aging; dietary isoleucine levels are associated with 

human body mass index, while blood levels of isoleucine correlate with increased mortality 

(Deelen et al., 2019; Yu et al., 2021). 

Here, we investigated the hypothesis that reduced isoleucine consumption could extend 

the healthspan and lifespan of mice. We conducted this study using UM-HET3 (HET3) mice, a 

defined and genetically heterogeneous background which has been extensively used in aging 

studies (Flurkey et al., 2010; Harrison et al., 2009; Miller et al., 2011; Strong et al., 2016). In 

addition to better reflecting the genetically diverse human population than any single inbred strain, 

using HET3 mice increases the likelihood that any salient findings will be generalizable and 

robust, and not related to a strain-specific genetic defect or cause of death. We find that short 

term restriction of isoleucine by 67% improves metabolic health in young HET3 mice of both 

sexes, reducing weight, adiposity, and improving glucose homeostasis. Long-term dietary 

restriction of isoleucine in adult HET3 mice promotes lifelong leanness and glycemic control, and 

reprograms hepatic metabolism in a way distinct from a diet in which all dietary amino acids have 

been restricted. Finally, we show that lifelong restriction of isoleucine by 67% starting at 6 months 

of age, but not a diet in which all amino acids are restricted to the same degree, reduces frailty 

and extends median and maximum lifespan in male mice, and median lifespan in female mice, 

although to a greater degree in males than in females. In conclusion, our results demonstrate that 

reducing dietary levels of isoleucine promotes metabolic health, reduces frailty and increases 

longevity in mice, is more robust than a low protein diet in its ability to promote healthy aging, and 

may be a uniquely potent method for preventing and intervening in age-related disease without 

requiring reduced calorie consumption. 

Results  
Isoleucine restriction reduces body weight and adiposity and improves glycemic control 
in young HET3 mice 

We first placed male and female 9-week-old HET3 mice (HET3 mice are the F2 progeny 

of (BALB/cJ × C57BL/6J) mothers and (C3H/HeJ × DBA/2J) fathers, and have segregating alleles 

from all four parental strains) on one of three amino acid (AA)-defined diets that we have 

previously published (Yu et al., 2021). Briefly, our Control diet contains all twenty common AAs; 

the diet composition reflects that of a natural chow diet in which 21% of calories are derived from 

protein. We also utilized diets in which all AAs (Low AA) or specifically isoleucine (Low Ile) was 
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reduced by 67%. All three of these diets are isocaloric, with identical levels of fat; in the case of 

the Low AA diet, carbohydrates were used to replace calories from AAs, while in the case of the 

Low Ile diet, non-essential AAs were increased to keep the calories derived from AAs constant 

(Fig. 1A, Table S1). 

Over 14 weeks on diet, both male (Fig. 1B) and female (Fig. 1C) mice on Control and 

Low AA diets gained weight; however Low Ile-fed mice of both sexes lost a significant amount of 

weight during the first week on diet (~12% in males and ~9% in females), which was maintained 

across the following 3 months, with female mice gradually gaining some of the weight back 

(mixed-effects model (REML) for diet, time and the interaction, all significant (p<0.05) for both 

male and female mice). Over the course of 24 months, the change of weight was time and diet-

dependent; male and female mice fed the Low Ile diets, as well as male mice fed a Low AA diet, 

gained significantly less weight than their Control-fed counterparts (Figs. 1D-E).  

Body composition was determined at the beginning and end of the experiment. We found 

a significant effect of Low Ile on fat mass and lean mass (Figs. 1F-I), which was diet dependent, 

and sex dependent in terms of lean mass only (two-way ANOVA for diet and sex). Low Ile-fed 

males accreted significantly less fat mass and lean mass during the course of the experiment, 

actually losing fat mass, while Control and Low AA-fed males gained fat mass (Fig. 1F, H). 

Female Low Ile mice also accreted significantly less fat mass than Control and Low AA mice (Fig. 
1G). Male Low AA and Low Ile-fed mice lost lean mass, while Low Ile-fed female mice accreted 

significantly less lean mass (Fig. 1H-I). Importantly, the overall effect of the Low Ile diet was 

reduced adiposity, which reached statistical significance in male mice; intriguingly, Low AA-fed 

mice were not significantly leaner than Control-fed mice (Figs. 1J-K and S1A-B). 

We expected that a Low Ile and a Low AA diet would improve glycemic control, and 

performed a glucose tolerance test (GTT) after 3 weeks (Figs. S1C-D) and 10 weeks on diet 

(Figs. 1L-O). The effects of the diets on glucose tolerance were dependent on both diet and sex 

(two-way ANOVA for diet and sex), with males on Low Ile showing significant improvements at 

both time points whereas females did not. This was independent of improvements in insulin 

sensitivity, as measured through an insulin tolerance test (ITT) after either 4 weeks or 11 weeks 

on diet (Figs. S1E-H), although female mice on the Low Ile diet had improved insulin sensitivity 

at 4 weeks relative to Low AA-fed mice. Looking specifically at hepatic gluconeogenesis through 

intraperitoneal administration of L-alanine in alanine tolerance tests (ATTs), showed that short 

term Low Ile feeding appeared to improve hepatic gluconeogenesis in both male and female mice, 
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but this effect was temporal, as significance had disappeared after 12 weeks on diet (Figs. S1I-
L). 

 

Isoleucine restriction increases food intake and energy expenditure in young HET3 mice 

Despite the effects of a Low Ile diet on body weight and composition, Low-Ile fed males 

(Fig. 2A) and females (Fig. 2B) ate significantly more calories each day than Control-fed mice, 

as did Low AA fed mice of both sexes. As a result, both male and female mice fed the Low Ile diet 

had significantly greater total intake of amino acids than Control-fed mice (Figs. S2A-B), while 

still consuming significantly less isoleucine (Figs. 2C-D). Notably, Low AA-fed mice of both sexes 

consumed a similar amount isoleucine as Low Ile-fed mice.  

Low Ile-fed mice weigh less than Control-fed mice despite significantly increased calorie 

intake, and we therefore investigated other components of energy balance using metabolic 

chambers. We found that male mice on a Low Ile diet had drastically increased energy 

expenditure during both the light and dark cycles; the effect was particularly prominent during the 

“active” dark phase, where Low AA fed mice also had significantly upregulated energy 

expenditure (Figs. 2E-G). Female mice displayed a similar pattern, with increased energy 

expenditure particulate during the dark phase in Low Ile and Low AA-fed mice (Figs. 2H-I). We 

did not see any changes in respiratory exchange ratio (RER) in either the light or dark phase 

(Figs. S2C-D); however, there was a shift in the transition from low to high RER , with Low Ile-

fed mice shifting from low RER to high RER several hours later than Control or Low AA-fed mice 

(Figs. S2E-F). The alterations in feeding activity and energy expenditure was not associated with 

changes in activity levels (Figs. S2G-J). 

 

Isoleucine restriction reduces body weight and adiposity and improves glycemic control 
in old HET3 mice 

We next sought to identify if a Low Ile diet can improve healthspan and extend lifespan 

starting in adult mice. Male and female HET3 mice raised on a chow diet were randomized to 

three groups of equal weight for each sex, and then placed on either Control, Low AA, or Low Ile 

diets at 6 months until 24 months of age; at 24 months of age, a pre-selected group of animals 

was euthanized, and tissues collected, while the remaining mice were allowed to continuing aging 

(Fig. 3A). Tracking weight longitudinally, we found that Low Ile-fed male and female mice both 

weighed significantly less than both the Control AA and Low AA-fed mice (Figs. 3B-C).We 

observed that much of the difference in male mice was due to a rapid loss of fat mass (~50% in 
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Low Ile-fed mice) during the first month, while much of the difference in female mice was due to 

a gain of fat mass in the Control-fed animals (Figs. 3D-E). Differences in lean mass contributed 

much less to the difference in weight in both sexes, with male Low Ile fed mice having an ~10% 

drop in lean mass during the first month which was maintained until late life (Figs. 3F-G). 

Between 20-26 months of age, we see frailty related declines in body weight and 

composition, therefore we looked more closely at changes at 24 months of age, prior to 

euthanizing an experimental cohort of mice. We found that Low Ile-fed male and female mice had 

an overall reduction in weight during this period, while Control-fed animals overall gained weight 

(Figs. 3H-I). In both sexes, this was due principally to a difference in fat mass accretion, with Low-

Ile fed males losing a large amount of fat and Low Ile-fed female mice not gaining fat mass while 

Control-fed females did (Figs. 3J-K). Male, but not female, Low Ile-fed mice also lost lean mass 

relative to baseline (Figs. 3L-M). There were no significant differences in adiposity between diet 

groups in male mice (Fig. 3N), which all lost adiposity between 6 and 24 months of age, or 

between female mice on (Fig. 3O). 

We performed glucose and insulin tolerance tests at multiple time points during the 

lifespan, up to 24 months of age. At 22 months of age (after 16 months on the indicated diets), 

we found that a Low Ile diet, but not a Low AA diet improved glucose tolerance in both male and 

female mice (Figs. 3P-Q). Looking over time, we find that both Low AA and Low Ile diets improved 

glucose tolerance earlier in life in both male and female mice, but that this effect as persistent 

only in Low Ile-fed mice (Figs. 3R-S). Interestingly, Low AA-fed male mice had improved insulin 

sensitivity relative to Control fed mice after 22 months on diet (Fig. 3T) but not at other time points 

(Figs. S3A-B), whereas females showed no improvements in insulin sensitivity, despite 

improvements in glucose tolerance (Fig. 3U).  

 

Isoleucine restriction increases food intake and energy expenditure in old HET3 mice 

As with young mice, old male mice on a Low Ile and Low AA diet consumed significantly 

more calories than Control fed mice (Fig. 4A). Despite this increase, isoleucine consumption 

remained significantly lower in Low Ile-fed mice than Control fed mice (Fig. 4B). Across the 

lifespan study, Low Ile and Low AA-fed mice always ate at least as many calories as Control-fed 

mice and were at no time calorie restricted (Figs. 4C). Old female mice showed a similar pattern, 

with Low AA and Low Ile mice showing greater calorie consumption, while Low Ile-fed mice 

maintained significantly reduced isoleucine consumption (Figs. 4D-E). As with males, lifespan 
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study, Low Ile and Low AA-fed mice always ate at least as many calories as Control-fed mice and 

were at no time calorie restricted (Fig. 4F). 

Due to the prominent weight loss in both males and females on Low Ile diets relative to 

Control fed mice despite increased food intake, we investigated changes in energy expenditure 

in these mice. At 24 months of age, we found that Low Ile fed male mice had significantly 

increased energy expenditure relative to both Control and Low AA fed mice in both the light and 

dark phase; as expected, we also observed increased energy expenditure in Low AA-fed mice 

during the dark phase (Figs. 4G-H). Both Low AA and Low Ile-fed female mice had increased 

energy expenditure relative to Control-fed mice in both the light and dark phase (Figs. 4I-J).  

PR promotes beiging of white adipose tissue in C57BL/6J mice, and we previously 

observed a similar effect in Low Ile-fed C57BL/6J mice (Hill et al., 2017; Laeger et al., 2014; Yu 

et al., 2021). Consistent with white adipose tissue beiging, Low Ile and Low AA-fed male mice 

showed increased expression of Ucp1, although this effect did not reach statistical significance, 

and increased expression of Cidea, but not of Elov3 or Fgf21 (Figs. 4K-N). In females, Ucp1 and 

Fgf21 were not affected by diet, and although Elov3 levels were increased, it did not reach 

statistical significance; however, Cidea was significantly upregulated in Low-Ile fed female mice 

(Figs. 4O-R).  

 

Changes in metabolic health relative to isoleucine intake vary between sexes and with 
age 

We used multivariate analysis to comprehensively identify age and sex-dependent 

responses to reduced dietary isoleucine. We determined the isoleucine intake of each individual 

mouse and correlated it with 26 phenotypic measurements obtained from each animal. We used 

these correlations in a heatmap and then ordered the correlations using hierarchical clustering 

(Fig. 5A). We found that for the most part, old and young males and females had similar 

phenotypic responses to reduced isoleucine intake. In general, isoleucine intake correlates 

negatively with energy expenditure, activity and RER and positively with lean mass, body weight, 

fat mass and glucose area under the curve (poor glycemic control). The strength of the changes 

varies with age, with old male mice have less strong correlations of isoleucine intake with the 

measured parameters than young males, and vice versa for females.  

Interestingly, some measurements such as circulating FGF21 (Figs. 5B-C & H-I), hepatic 

Fgf21 expression (Figs. 5D-E & J-K) and fasting blood glucose (Figs. 5F-G & L-M) did not have 
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a particular pattern across groups. We were surprised to see that in both young and old mice, 

neither a Low AA or Low Ile diet induced expression of hepatic Fgf21 or increased blood levels of 

FGF21. Using principal components analysis (PCA) we found that across ages and sexes the 

phenotypes we measured explained around ~40% variation in PC1 and PC2 (Figs. S4A-D). In 

young mice, the Low AA group seemed to overlap with Control and Low Ile fed mice; however, in 

older mice it appeared that Low Ile and Low AA diets shared more similarities (Figs. S4A-D).  In 

young mice, differences between groups seem to be particularly driven by changes in energy 

expenditure and changes in adiposity contributed the most (and oppositely) to the differences in 

phenotypic variation (Fig. 5N). These contributions were also seen in the old mice PCA plot 

although the relationships were different, with circulating FGF21 contributing to the same direction 

as energy expenditure in young mice but correlating with insulin sensitivity and weight in old mice 

(Fig. 5O). 

 

Isoleucine restriction increases lifespan and healthspan in HET3 mice 

As mice and humans age they become increasing frail, and we utilized a recently 

developed mouse frailty index to examine how diet, age, and sex impact frailty (Whitehead et al., 

2014). As expected, we observed increased frailty with age in Control-fed mice of both sexes 

(Figs. 6A-B). Overall, frailty scores were significantly lower in older Low AA and Low Ile-fed male 

mice (Fig. 6A), as well as in female mice at 22 and 24 months of age (Fig. 6B). In addition to 

frailty, lower urinary track dysfunction increases, particularly in male mice, with age. Using void 

spot assays as a measure of urinary frequency, we found that urinary spotting was significantly 

increased in aged male mice on a Control diet relative to mice on Low AA and Low Ile diets; we 

observed no differences with diet in aged female mice (Figs. 6C-D).  

We also investigated strength in mice over time using inverted cling assay and rotorod 

testing, as dietary protein and BCAAs are commonly associated with muscle strength, and dietary 

protein is often recommended to the elderly who are at risk from sarcopenia. In late life, we found 

no significant differences in inverted cling performance between the diet groups in either males 

or females (Figs. 6E-F). In younger mice of both sexes, mice consuming a Low Ile diet were able 

to cling for longer than Control-fed mice; a similar affect was observed in Low AA-fed female mice 

(Figs. s6G-H). In both sexes, this effect disappeared with age, concurrently with the convergence 

of body weights (Fig. 6H). Similarly, with rotorod testing we did not find significant differences 

between the diet groups in aged males or females (Figs. 6I-J) and we saw no significant 

differences at any time points (Figs. 6K-L). We also investigated changes in memory on different 
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diets and found no changes in either short-term or long-term memory through novel object 

recognition tests (Figs. 6M-N). 

To investigate if senescence was reduced in Low Ile males we measured the expression 

of several senescence-associated secretory phenotype (SASP) markers in the liver of Low Ile fed 

mice relative to Controls. We found that, in males only, the inflammatory marker interleukin 1-α 

(Ila) was downregulated, and no changes were seen in the markers measured in females (Figs. 
6O-P). We also examined transcriptomic changes in the liver and found that in Low Ile fed males 

relative to Control males, several pathways related to changing fatty acid metabolism were 

significantly upregulated, while immune and insulin resistance pathways were significantly 

downregulated (Fig. 6Q). In addition, when exploring changes in hepatic metabolism, we found 

that Low Ile fed males showed increases in the omega-7 monounsaturated fatty acid palmitoleic 

acid and the amino acids L-glutamic acid and L-threonine but reduced levels of D-glucose and 

urea (Fig. 6R). 

In agreement with the significance difference in frailty, we found that consumption of a 

Low Ile diet from 6 months of age significantly increased lifespan, with a 33% increase in median 

lifespan relative to Control-fed mice (Fig. 6S). Somewhat surprisingly, despite inhibiting frailty, a 

Low AA diet had no effect on median lifespan (Fig. 6S). A Low Ile diet also increased median 

lifespan in females relative to Control-fed mice by a more modest 7%; once again, there was no 

effect of a Low AA diet on median lifespan (Fig. 6T). We also observed a significant effect of diet 

on maximum lifespan (90%); in males a Low Ile diet increased maximum lifespan relative to both 

Low AA-fed (by 13%) and Control-fed (by 17%) fed mice (Fig. 6U). In females, a Low AA diet 

significantly increase maximum lifespan relative to Control-fed mice by 12% (Fig. 6V).  

 

Discussion 

Recently it has become clear that the macronutrient composition of the diet is a key factor 

in the “food as medicine” approach to health (Green and Lamming, 2021). Multiple studies have 

highlighted dietary protein as a key determinant of human health (Ferraz-Bannitz et al., 2022; 

Fontana et al., 2016; Lagiou et al., 2007; Levine et al., 2014; Sluijs et al., 2010; Vergnaud et al., 

2013). In animals as well, dietary protein has identified as a key regulator of metabolic health as 

well as longevity (Solon-Biet et al., 2014; Solon-Biet et al., 2015).  

We and others have hypothesized that many of the beneficial effects of PR may result 

from the reduced consumption of specific AAs. We have previously shown that 67% restriction of 
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the three BCAAs is sufficient to recapitulate the benefits of a LP diet, and can extend the lifespan 

of male mice equivalently to an equivalent restriction of all twenty common amino acids 

(Richardson et al., 2021). The three BCAAs do not all have equivalent metabolic effects, and we 

have shown that isoleucine in particular is a key regulator of metabolic health. Restriction of 

isoleucine is both necessary for the metabolic benefits of a LP diet, and is sufficient to promote 

glucose tolerance, hepatic insulin sensitivity, energy expenditure and to reverse the effects of 

Western diet-induced obesity on body composition, glycemic control, and hepatic steatosis (Yu 

et al., 2021). 

Here, we tested the hypothesis that restriction of isoleucine alone would promote health 

span and longevity. As our recent work has shown that sex and genetic background on the 

beneficial effects of LP diets (Green et al., 2022), we chose to investigate this in genetically 

heterogenous HET3 mice. We find that, even in a heterogeneous population, a Low Ile diet has 

dramatic effects on weight, fat mass, glycemic control and energy expenditure in both young and 

old mice of both sexes. Interestingly, these effects were distinct – and generally greater in 

magnitude – than the effects in mice consuming a Low AA diet in which all amino acids were 

restricted. Furthermore, we found that in males, a low isoleucine diet is able to substantially 

increase both median and maximum lifespan while reducing frailty; a Low Ile diet had a more 

modest effect on the median lifespan of female HET3 mice, while females fed a Low AA diet did 

not have increased median lifespan but did have a significantly increased maximum lifespan.  

When started in young mice, a Low Ile diet significantly improves metabolic health in both 

HET3 male and female life. Our findings here mirror our previous work, where found a similar 

pattern of weight loss in C57BL/6J males fed a Low Ile diet (Yu et al., 2021). HET3 mice on a Low 

AA diet also showed a modest reduction in body weight relative to Control fed mice, similar to our 

previous work with HET3 mice on protein restriction (Green et al., 2022). Importantly, when 

started in adulty mice, a Low Ile and to a lesser extent a Low AA diet was still able to promote 

weight loss in male and female HET3 mice. Interestingly, the Low Ile diet had a much greater 

impact on glucose tolerance than the Low AA diet under most conditions examined. All of this 

highlights the potential translatability of an isoleucine-restricted diet.  

A potential caveat of nutritional intervention, particularly those initiated later in life, is the 

potential impact of a restricted diet on sarcopenia (Ham et al., 2022). Comfortingly, in humans 

there is no relationship between intake of total or individual BCAAs and sarcopenia (Ebrahimi-

Mousavi et al., 2022). Our work here found that a Low Ile diet tended to promote leanness, and  

grip strength (inverted cling test) and rotorod testing did not show any significant defect in either 
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Low AA or Low Ile groups. While grip strength appeared to be improved in middle age for Low 

Ile-fed mice, this is most likely due to reduced body weight. However, we did not examine muscle 

strength and quality in great detail, and more directly assessing the effects of dietary isoleucine 

on muscle strength, quality and fiber type would be useful for a future study. 

Many of the metabolic benefits of a LP diet have been linked to LP-induced expression of 

the energy balance hormone FGF21;  in absence of FGF21, many of the beneficial effects of a 

LP diet are ablated (Green et al., 2022; Hill et al., 2022; Hill et al., 2017; Hill et al., 2019; Laeger 

et al., 2014). However, despite observing effects on body weight and composition, food 

consumption, energy expenditure, glucose tolerance and changes in fatty acid metabolism – 

effects which have been linked in part to FGF21 in previous studies - we saw no changes in either 

circulating FGF21 or hepatic Fgf21 expression in mice fed either Low AA or Low Ile diets. These 

results are in accordance with a study of natural sourced low protein diets we recently conducted, 

in which we observed that FGF21 was induced by PR in C57BL/6J mice, but not in HET3 or 

DBA/2J mice (Green et al., 2022). As previous studies, which have convincingly identified a role 

for FGF21 in the response to PR, have been conducted principally in male C57BL/6J mice, 

perhaps induction of FGF21 is not required for the effects of PR in other genetic background. 

Another possibility is that Low AA or Low Ile diets may have induced FGF21 for a short period of 

time, after which time the levels in these mice returned to the same level found in the Control 

mice; or that the levels of FGF21 in the blood much be at a certain level in order to permit Low 

AA or Low Ile-induced changes, but do not necessarily need to increase. Understanding the role 

of FGF21 should be a priority for future studies.  

Notably, restriction of many individual amino acids, including methionine, leucine, 

isoleucine, histidine, threonine, tryptophan, and valine as well as simultaneous restriction of the 

three BCAAs, have been associated with increased energy expenditure, at least in C57BL/6J 

males, but not all of these restrictions induce the FGF21-UCP1 thermogenic axis in iWAT   

(Cummings et al., 2018; Flores et al., 2022; Fontana et al., 2016; Forney et al., 2020; Lees et al., 

2017; Yap et al., 2020; Yu et al., 2021). Similarly, in HET3 mice fed either the Low AA or Low Ile 

diets, there is not a clear upregulation of iWAT Ucp1 in males and no change in females. 

Interestingly, we did see a statistically significant increase in Cidea, but not Elov3 or Ucp1 in the 

iWAT of both male and female Low Ile-fed mice. Cidea has a complex set of interactions; while 

Cidea deficient mice are lean and resistant to obesity, it has also been suggested that Cidea may 

regulate lipolysis and thermogenesis through Ucp1 suppression (Zhou et al., 2003). In humans, 

reduced CIDEA expression is associated with high body fat and a low basal metabolic rate, and 
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is increased in adipose tissue by a calorie restriction (Gummesson et al., 2007). Future work will 

need to be conducted to determine if induction of Cidea contributes to the increased energy 

expenditure and other metabolic benefits of a Low Ile diet.  

Our most striking finding is the robust extension of both median and maximum lifespan 

induced in HET3 male mice by feeding of a Low Ile diet beginning at 6 months of age. The ability 

of isoleucine restriction to extend the lifespan of this heterogeneous population, as well as the 

effect of isoleucine restriction on frailty and maximum lifespan, clearly indicate that the benefits of 

isoleucine restriction are mediated by geroprotective effects. due to impacts of strain-specific 

causes of death. The effect of isoleucine restriction on median female lifespan was more modest, 

and the effect on maximum lifespan did not reach statistical significance. This male-specific or 

male-biased effect has been seen before in a number of interventions by the National Institute on 

Aging Interventions Testing Program (Harrison et al., 2014; Strong et al., 2016). However, it is 

notable that pharmacological or genetic disruption of the amino acid sensitive mTORC1 signaling 

pathway has larger benefits for the lifespan of female mice than male mice (Lamming, 2014; 

Lamming et al., 2012; Miller et al., 2014; Selman et al., 2008). This suggests that isoleucine 

restriction may either work through largely mTORC1-independent mechanisms, or that – as we 

found with BCAA restriction (Richardson et al., 2021) – isoleucine restriction inhibits mTORC1 

signaling preferentially in males. 

Intriguingly, we did not observe a significant increase in either median or maximum 

lifespan in Low AA-fed male HET3 mice, although we did observe an increased in maximum 

lifespan in Low AA-fed female mice. This is despite the fact that we and other groups have 

reported that an LP diet increases the lifespan in C57BL/6J male mice, and we have shown that 

a Low AA diet increased the lifespan of C57BL/6J mice by over 30% (Hill et al., 2022; Richardson 

et al., 2021; Solon-Biet et al., 2014). In addition to the genetic background, another difference 

between these previous studies and the results reported here is that we initiated the diets later 

than these previous studies – and studies in which restriction of protein or amino acids were done 

earlier tend to have reported larger effects than studies initiating restriction later in life. Similar 

effects have been reported for CR (Hahn et al., 2019), and it is possible that we initiated LP diet 

feeding too late to see robust effects on lifespan. 

In terms of improving healthspan, Low Ile and Low AA diets had by far the greatest effect 

on healthspan (through reduced frailty and bladder dysfunction) in male HET3 mice, with a much 

smaller effect on female frailty. This agrees generally with our finding that a Low BCAA diet 

improves frailty only in male, not female, C57BL/6J mice (Richardson et al., 2021). Importantly, it 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


also demonstrates that the clinical frailty index for mice is applicable not only to inbred strains, 

but also to genetically heterogeneous mice. 

In conclusion, we have shown that dietary restriction of a single branched-chain amino 

acid, isoleucine, can extend both healthspan and lifespan when begun at 6 months of age – 

roughly equivalent to a human in their 30’s (Flurkey et al., 2010).  This effect is particularly robust 

in males, but benefits are observed in both sexes; and the fact that isoleucine restriction works in 

a genetically heterogeneous population suggests that such an intervention may be applicable to 

humans as well. Additional research will be required to determine if there are potentially negative 

effects of isoleucine restriction, and to examine how optimal levels of isoleucine for lifespan and 

health span vary with age and sex. Our results demonstrate that in agreement with emerging 

human data (Deelen et al., 2019; Yu et al., 2021), isoleucine is critically important in metabolic 

health and aging, and provide additional evidence that protein quality – the specific AA 

composition of dietary protein – is as important, or even more important, than the amount of 

protein consumed. While additional research and randomized clinical trials will be required to 

determine how dietary isoleucine affects healthy aging in humans, and to determine if limiting 

isoleucine is practical in the clinical setting, our results support an emerging consensus that 

limiting dietary levels of specific essential amino acids may provide the secret to a long and 

healthy life. 

 

Limitations of study 

Limitations of our work include that we examined only a single level of dietary restriction. Further, 

the diets used here are based on the amino acid profile of whey rather than casein; however, LP 

studies conducted with either protein source have found broadly similar effects (Fontana et al., 

2016; Laeger et al., 2014; Maida et al., 2017; Maida et al., 2016; Solon-Biet et al., 2014; Yu et al., 

2021). To keep diets isocaloric, the reduction of dietary amino acids from the Low AA diet was 

balanced by addition of carbohydrates, and the reduction of isoleucine from the Low Ile diet was 

balanced with non-essential amino acids. The protein to carbohydrate ratio, the type of dietary 

carbohydrate consumed, the precise degree of restriction, the specific non-essential amino acids 

added to the Low Ile diet, and diet-induced changes to the microbiome could all play a role in the 

responses we observe here (MacArthur et al., 2022; Pak et al., 2019; Solon-Biet et al., 2014; 

Solon-Biet et al., 2015; Wali et al., 2021). Finally, our molecular analysis was largely limited to the 

liver, and while this is the first organ to be exposed to absorbed nutrients, dietary isoleucine 

metabolism occurs in many tissues (Neinast et al., 2019).  
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Materials and Methods 

Mouse information 

All procedures were performed in conformance with institutional guidelines and were approved 

by the Institutional Animal Care and Use Committee of the William S. Middleton Memorial 

Veterans Hospital (Madison, WI, USA).  

HET3 mice are the F2 progeny of (BALB/cJ x C57BL/6J ) mothers and (C3H/HeJ x DBA/2J) 

fathers; female BALB/cJ (#000651), male C57BL/6J (#000664), female C3H/HeJ (#000659) and 

male DBA/2J (#000671) were obtained from The Jackson Laboratory and bred to produce 

heterogeneous HET3 F2 mice. Mice were acclimatized on chow diet Purina 5001 for one week 

before experiment start and housed 2-3 per cage. All mice were maintained at a temperature of 

approximately 22°C, and health checks were completed on all mice daily. The short-term study 

was started when the mice were 9 weeks of age, and the lifespan study when they were 6 months 

old. 

At the start of the experiment, mice were randomized to receive either the 22% (Control, 

TD.140711) or 7% (Low AA, TD.140712) amino acid diet, or 22% amino acid diet with isoleucine 

reduced by 2/3rds (Low Ile, TD.160734); all diets were obtained from Envigo. Within the diet 

series, calories from amino acids were replaced by calories from carbohydrates, while calories 

from fat were held fixed at 20%, making the diets isocaloric (3.6 Kcal/g). For the Low Ile diet, 

amino acid levels were made up with non-essential amino acids, making the diet isonitrogenous 

with the Control diet. Full diet descriptions are provided in Table S1. The randomization of mice 

was performed at the cage level to ensure that all groups had approximately the same initial 

starting weight and body composition. The number of animals in each group used for each 

experiment is listed in Table S2 and the N for each figure is listed in Table S3. Mice were housed 

in a SPF mouse facility in static microisolator cages, except when temporarily housed in a 

Columbus Instruments Oxymax/CLAMS metabolic chamber system. Mice were housed under a 

12:12 h light/dark cycle with free access to food and water, except where noted in the procedures 

below. 

In vivo Procedures 

Glucose, insulin, and alanine tolerance tests were performed by fasting the mice overnight for 16 

hours and then injecting glucose (1 g kg−1), insulin (0.75 U kg-1) or alanine (2 g kg-1) 

intraperitoneally (i.p.) (Bellantuono et al., 2020; Yu et al., 2018). Glucose measurements were 

taken using a Bayer Contour blood glucose meter (Bayer, Leverkusen, Germany) and test strips. 
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Mouse body composition was determined using an EchoMRI Body Composition Analyzer 

(EchoMRI, Houston, TX, USA). For assay of multiple metabolic parameters [O2, CO2, food 

consumption, respiratory exchange ratio (RER), energy expenditure] and activity tracking, mice 

were acclimated to housing in a Oxymax/CLAMS metabolic chamber system (Columbus 

Instruments) for ∼24 h and data from a continuous 24 h period was then recorded and analyzed. 

Food consumption in home cages was measured by moving mice to clean cages, filling the 

hopper with a measured quantity of fresh diet in the morning and measuring the remainder in the 

morning 3-6 days later. The amount was adjusted for the number of mice per cage, the number 

of days that passed and the relative weights of the mice (i.e., heavier mice were credited with a 

larger relative portion of the food intake). Mice were euthanized by cervical dislocation after an 

overnight (16h) fast and tissues for molecular analysis were flash‐frozen in liquid nitrogen or fixed 

and prepared as described below. 

Void Spot Assay 

Void spot assays were performed as described previously (Keil et al., 2016). Briefly, mice were 

individually placed in standard mouse cages with thick chromatography paper (Ahlstrom, 

Kaukauna, WI). During the 4 hour study period, mice were restricted from water. Chromatography 

papers were imaged with a BioRad ChemiDoc Imaging System (BioRad, Hercules, CA) using an 

ethidium bromide filter set and 0.5 second exposure of ultraviolet light. Images were imported into 

ImageJ and total void spots analyzed with VoidWhizzard (Wegner et al., 2018). 

Assays and Kits 
Blood for circulating FGF21 analysis was obtained following an overnight fast. Blood FGF21 

levels were assayed by a mouse/rat FGF-21 quantikine ELISA kit (MF2100) from R&D Systems 

(Minneapolis, MN, USA). 

Quantitative PCR 
Liver was extracted with Trireagent (Sigma, St Louis, MO, USA). Then, 1 μg of RNA was used to 

generate cDNA (Superscript III; Invitrogen, Carlsbad, CA, USA). Oligo dT primers and primers for 

real‐time PCR were obtained from Integrated DNA Technologies (IDT, Coralville, IA, USA). 

Reactions were run on a StepOne Plus machine (Applied Biosystems, Foster City, CA, USA) with 

Sybr Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA). Actin was used to 

normalize the results from gene‐specific reactions. Primer sequences can be found in Table S4. 
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Transcriptomic Analysis 
RNA was extracted from liver as previously described (Cummings et al., 2018). The concentration 

and purity of RNA was determined using a NanoDrop 2000c spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA) and RNA was diluted to 100-400 ng/µl for sequencing. The RNA was 

then submitted to the University of Wisconsin-Madison Biotechnology Center Gene 

Expression Center & DNA Sequencing Facility, and RNA quality was assayed using an 

Agilent RNA NanoChip. RNA libraries were prepared using the TruSeq Stranded Total RNA 

Sample Preparation protocol (Illumina, San Diego, CA) with 250ng of mRNA, and cleanup was 

done using RNA Clean beads (lot #17225200). Reads were aligned to the mouse (Mus musculus) 

with genome-build GRCm38.p5 of accession NCBI:GCA_000001635.7 and expected counts 

were generated with ensembl gene IDs (Zerbino et al., 2018). 

Analysis of significantly differentially expressed genes (DEGs) was completed in R version 3.4.3 

(Team, 2017) using edgeR (Robinson et al., 2009) and limma (Ritchie et al., 2015) . Gene names 

were converted to gene symbol and Entrez ID formats using the mygene package. To reduce the 

impact of external factors not of biological interest that may affect expression, data was 

normalized to ensure the expression distributions of each sample are within a similar range. We 

normalized using the trimmed mean of M-values (TMM), which scales to library size. 

Heteroscedasticity was accounted for using the voom function, DEGs were identified using an 

empirical Bayes moderated linear model, and log coefficients and Benjamini-Hochberg (BH) 

adjusted p-values were generated for each comparison of interest (Benjamini and Hochberg, 

1995). DEGs were used to identify enriched pathways, both Gene Ontology (for Biological 

Processes) and KEGG enriched pathways were determined for each contrast. All genes, log2 fold-

changes and corresponding unadjusted and Benjamini-Hochberg adjusted p-values can be found 

in Table S5. 

Metabolomic Analysis 

 Untargeted metabolomics was performed as previously described (Fiehn, 2016). Samples 

were kept at -20oC throughout the extractions in an Iso-Therm System (VWR #20901-646). 

Fifteen milligrams of liver were homogenized in 200 µL of a 3:3:2 solution of 

acetonitrile:isopropanol:water (MeCN:IPA:H2O) in ceramic bead tubes (1.4 mm, Qiagen #13113-

50) using a TissueLyzer II (Qiagen #85300). An additional 800 µL of the extraction solvent was 

added and samples were centrifuged for 2 min at 14,000xg at RT. Lysate equivalent to 2 mg of 

tissue was transferred to a new 1.5 mL tube and 100 µL of extraction solvent containing 5 ug 

succinate-d4 (Sigma-Aldrich #293075) and 1 µg myristate-d27 (CDN Isotopes #D-1711) internal 
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standards was added to each sample to a final volume of 500 uL. 250 uL of extract was transferred 

to a new tube and dried down in a SpeedVac Plus SC110A (), then resuspended in 420 uL 1:1 

MeCN:H2O. Samples were centrifuged as before and 400 µL was transferred to a glass 

autosampler vial with insert and dried down using a SpeedVac. To the dried extract, 10 uL of 20 

mg/mL methoxyamine hydrochloride (MP Biomedicals #155405) in pyridine (Millipore PX2012-7) 

was added and vials were capped, then incubated at 37oC for 1.5h with light flicking every 30 min 

to mix. 91 µL of MSTFA (Thermo Fisher Scientific #TS-48915) was added to vials and incubation 

at 37oC with constant shaking for an additional 30 min was done to derivatize samples. Finally, 

samples were transferred to a GC-MS vial and immediately queued for injection. 

 Analysis of trimethylsilylated metabolites was performed using an Agilent 5977A 

Series GC-MS. A Phenomenex ZB-5MSi column (30 m, 0.25 I.D., 0.25 um; #7HG-G018-11) with 

5 m column guard was used for chromatographic separation. Splitless, 1 µL sample injections 

were performed with injector port at 250oC with a 60 s purge at 8.2 psi. Helium was used as carrier 

gas and kept at 1 mL/min during the GC profile which was as follows: oven at 60oC for 1 min 

followed by an increase of 10oC/min to 325oC, which was held for 10 min. The MS transfer line 

was kept at 290oC with a solvent delay of 5.70 min. Ion source was kept at 230oC, quadrupole at 

150oC and the acquisition range was from 50-750 m/z collecting 3 spectra/sec. Two quality control 

samples of pooled liver extracts were run at the beginning and end of each day to monitor for 

changes in chromatography and to equilibrate the system. A FAME mix was run externally for RI 

calibration. Collected data was processed in the NIST AMDIS Program using the Fiehn 

metabolomics library  (Kind et al., 2009) for compound identification and peak integration before 

being exported to R for normalization to the succinate-d4 internal standard to control for extraction 

variability. Final data was reported as ion count per 2 mg liver. Data was normalized and analyzed 

using the metabolomics package in R. Data was normalized and analysed using the 

metabolomics package in R. Log2 fold-changes and associated p-values for 24 month old male 

mice on Low AA or Low Ile diets relative to Control fed mice can be found in Table S6. 

Statistical Analyses 
Most statistical analyses were conducted using Prism, version 8 (GraphPad Software Inc., San 

Diego, CA, USA) and R (version 4.1.0). Tests involving multiple factors were analyzed by either 

a two-way analysis of variance (ANOVA) with Sex and Diet as categorical variables, followed by 

a Tukey–Kramer post hoc test for multiple comparisons or by one‐way ANOVA with Diet as the 

categorical variable followed by a Tukey–Kramer post hoc test for multiple comparisons. Data 

distribution was assumed to be normal but was not formally tested. Transcriptomics and 

metabolomics data were analyzed using R (version 3.3.1). All correlations where depicted were 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


produced using Pearson’s correlations and PCA plots were produced by imputing missing data 

and scaling the data using the R package “missMDA” using the PCA analysis and plots were 

generated using the R package “factoextra” (Kassambara and Mundt, 2020; Lê et al., 2008).  

 

AUTHOR CONTRIBUTIONS 

CLG, IMO, JS, and DWL conceived of and designed the experiments. CLG, MET, RB, RJ, HHP, 

AB, GN, MMS, C-YY, MFC, VF, TTL, and SN performed the experiments. CLG, RJ, KC, TTL, 

KAM, IMO, JS, and DWL analyzed the data. CLG, TTL, WAR, KAM, IMO, JS, and DWL secured 

funding and supervised personnel. CLG, TTL, IMO, JS, and DWL wrote the manuscript.  

 

DECLARATION OF INTERESTS 

DWL has received funding from, and is a scientific advisory board member of, Aeovian 

Pharmaceuticals, which seeks to develop novel, selective mTOR inhibitors for the treatment of 

various diseases. 

 

ACKNOWLEDGEMENTS 

We thank all members of the Lamming lab for their feedback, and Dr. Tina Herfel (Envigo) for 

assistance with diets. The Lamming lab is supported in part by the NIA (AG056771, AG062328, 

and AG061635), the NIDDK (DK125859), and startup funds from UW-Madison. CLG was 

supported in part by Dalio Philanthropies and was a Glenn Foundation for Medical Research 

Postdoctoral Fellow. HHP was supported in part by F31AG066311. MET was supported in part 

by a Supplement to Promote Diversity in Health‐Related Research (R01AG062328-03S1). RB is 

supported by training grant T32DK007665. TTL was supported by K01AG059899. The Simcox lab 

is supported in part by the NIDDK (R01DK133479), a pilot grant to JS from the Diabetes Research 

Center at Washington University, P30DK020579, and a UW BIRCWH Scholars Program award to JS 

(K12HD101368). JS is an American Federation for Aging Research (AFAR) grant recipient. IO was 

supported by UWCCC Support Grant P30 CA014520 and Wisconsin Head and Neck Cancer SPORE 

CEP P50DE026787.  WAR was supported by U54DK104310 and R01DK131175. Support was also 

provided by the UW-Madison OVCRGE with funding from the Wisconsin Alumni Research 

Foundation. This work supported in part by the U.S. Department of Veterans Affairs (I01-

BX004031), and this work was supported using facilities and resources from the William S. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


Middleton Memorial Veterans Hospital. The content is solely the responsibility of the authors and 

does not necessarily represent the official views of the NIH. This work does not represent the 

views of the Department of Veterans Affairs or the United States Government. 

 

References 

Bellantuono, I., de Cabo, R., Ehninger, D., Di Germanio, C., Lawrie, A., Miller, J., Mitchell, S.J., 
Navas-Enamorado, I., Potter, P.K., Tchkonia, T., et al. (2020). A toolbox for the longitudinal 
assessment of healthspan in aging mice. Nature protocols 15, 540-574. 10.1038/s41596-019-
0256-1. 
Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate: A Practical and 
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B 
(Methodological) 57, 289-300. 
Bishop, C.A., Machate, T., Henning, T., Henkel, J., Puschel, G., Weber, D., Grune, T., Klaus, S., 
and Weitkunat, K. (2022). Detrimental effects of branched-chain amino acids in glucose 
tolerance can be attributed to valine induced glucotoxicity in skeletal muscle. Nutr Diabetes 12, 
20. 10.1038/s41387-022-00200-8. 
Colman, R.J., Beasley, T.M., Kemnitz, J.W., Johnson, S.C., Weindruch, R., and Anderson, R.M. 
(2014). Caloric restriction reduces age-related and all-cause mortality in rhesus monkeys. 
Nature communications 5, 3557. 10.1038/ncomms4557. 
Cummings, N.E., Williams, E.M., Kasza, I., Konon, E.N., Schaid, M.D., Schmidt, B.A., Poudel, 
C., Sherman, D.S., Yu, D., Arriola Apelo, S.I., et al. (2018). Restoration of metabolic health by 
decreased consumption of branched-chain amino acids. The Journal of physiology 596, 623-
645. 10.1113/JP275075. 
Deelen, J., Kettunen, J., Fischer, K., van der Spek, A., Trompet, S., Kastenmuller, G., Boyd, A., 
Zierer, J., van den Akker, E.B., Ala-Korpela, M., et al. (2019). A metabolic profile of all-cause 
mortality risk identified in an observational study of 44,168 individuals. Nature communications 
10, 3346. 10.1038/s41467-019-11311-9. 
Ebrahimi-Mousavi, S., Hashemi, R., Bagheri, A., Heshmat, R., Dorosty-Motlagh, A., and 
Esmaillzadeh, A. (2022). Association between dietary intake of branched-chain amino acids and 
sarcopenia and its components: a cross-sectional study. Scientific Reports 12, 5666. 
10.1038/s41598-022-07605-6. 
Ferraz-Bannitz, R., Beraldo, R.A., Peluso, A.A., Dall, M., Babaei, P., Foglietti, R.C., Martins, 
L.M., Gomes, P.M., Marchini, J.S., Suen, V.M.M., et al. (2022). Dietary Protein Restriction 
Improves Metabolic Dysfunction in Patients with Metabolic Syndrome in a Randomized, 
Controlled Trial. Nutrients 14. 10.3390/nu14132670. 
Fiehn, O. (2016). Metabolomics by Gas Chromatography-Mass Spectrometry: Combined 
Targeted and Untargeted Profiling. Curr Protoc Mol Biol 114, 30 34 31-30 34 32. 
10.1002/0471142727.mb3004s114. 
Flores, V., Spicer, A.B., Sonsalla, M.M., Richardson, N.E., Yu, D., Sheridan, G.E., Trautman, 
M.E., Babygirija, R., Cheng, E.P., Rojas, J.M., et al. (2022). Regulation of metabolic health by 
dietary histidine in mice. The Journal of physiology. 10.1113/JP283261. 
Flurkey, K., Astle, C.M., and Harrison, D.E. (2010). Life extension by diet restriction and N-
acetyl-L-cysteine in genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci 65, 1275-
1284. 10.1093/gerona/glq155. 
Fontana, L., Cummings, N.E., Arriola Apelo, S.I., Neuman, J.C., Kasza, I., Schmidt, B.A., Cava, 
E., Spelta, F., Tosti, V., Syed, F.A., et al. (2016). Decreased Consumption of Branched-Chain 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


Amino Acids Improves Metabolic Health. Cell reports 16, 520-530. 
10.1016/j.celrep.2016.05.092. 
Forney, L.A., Fang, H., Sims, L.C., Stone, K.P., Vincik, L.Y., Vick, A.M., Gibson, A.N., Burk, 
D.H., and Gettys, T.W. (2020). Dietary Methionine Restriction Signals to the Brain Through 
Fibroblast Growth Factor 21 to Regulate Energy Balance and Remodeling of Adipose Tissue. 
Obesity (Silver Spring) 28, 1912-1921. 10.1002/oby.22919. 
Green, C.L., and Lamming, D.W. (2019). Regulation of metabolic health by essential dietary 
amino acids. Mech Ageing Dev 177, 186-200. 10.1016/j.mad.2018.07.004. 
Green, C.L., and Lamming, D.W. (2021). We are more than what we eat. Nat Metab 3, 1144-
1145. 10.1038/s42255-021-00434-3. 
Green, C.L., Pak, H.H., Richardson, N.E., Flores, V., Yu, D., Tomasiewicz, J.L., Dumas, S.N., 
Kredell, K., Fan, J.W., Kirsh, C., et al. (2022). Sex and genetic background define the metabolic, 
physiologic, and molecular response to protein restriction. Cell Metab 34, 209-226 e205. 
10.1016/j.cmet.2021.12.018. 
Gummesson, A., Jernås, M., Svensson, P.A., Larsson, I., Glad, C.A., Schéle, E., Gripeteg, L., 
Sjöholm, K., Lystig, T.C., Sjöström, L., et al. (2007). Relations of adipose tissue CIDEA gene 
expression to basal metabolic rate, energy restriction, and obesity: population-based and dietary 
intervention studies. J Clin Endocrinol Metab 92, 4759-4765. 10.1210/jc.2007-1136. 
Hahn, O., Drews, L.F., Nguyen, A., Tatsuta, T., Gkioni, L., Hendrich, O., Zhang, Q., Langer, T., 
Pletcher, S., Wakelam, M.J.O., et al. (2019). A nutritional memory effect counteracts benefits of 
dietary restriction in old mice. Nat Metab 1, 1059-1073. 10.1038/s42255-019-0121-0. 
Ham, D.J., Börsch, A., Chojnowska, K., Lin, S., Leuchtmann, A.B., Ham, A.S., Thürkauf, M., 
Delezie, J., Furrer, R., Burri, D., et al. (2022). Distinct and additive effects of calorie restriction 
and rapamycin in aging skeletal muscle. Nature Communications 13, 2025. 10.1038/s41467-
022-29714-6. 
Harrison, D.E., Strong, R., Allison, D.B., Ames, B.N., Astle, C.M., Atamna, H., Fernandez, E., 
Flurkey, K., Javors, M.A., Nadon, N.L., et al. (2014). Acarbose, 17-alpha-estradiol, and 
nordihydroguaiaretic acid extend mouse lifespan preferentially in males. Aging Cell 13, 273-282. 
10.1111/acel.12170. 
Harrison, D.E., Strong, R., Sharp, Z.D., Nelson, J.F., Astle, C.M., Flurkey, K., Nadon, N.L., 
Wilkinson, J.E., Frenkel, K., Carter, C.S., et al. (2009). Rapamycin fed late in life extends 
lifespan in genetically heterogeneous mice. Nature 460, 392-395. 10.1038/nature08221. 
Hill, C.M., Albarado, D.C., Coco, L.G., Spann, R.A., Khan, M.S., Qualls-Creekmore, E., Burk, 
D.H., Burke, S.J., Collier, J.J., Yu, S., et al. (2022). FGF21 is required for protein restriction to 
extend lifespan and improve metabolic health in male mice. Nature communications 13, 1897. 
10.1038/s41467-022-29499-8. 
Hill, C.M., Laeger, T., Albarado, D.C., McDougal, D.H., Berthoud, H.R., Munzberg, H., and 
Morrison, C.D. (2017). Low protein-induced increases in FGF21 drive UCP1-dependent 
metabolic but not thermoregulatory endpoints. Scientific reports 7, 8209. 10.1038/s41598-017-
07498-w. 
Hill, C.M., Laeger, T., Dehner, M., Albarado, D.C., Clarke, B., Wanders, D., Burke, S.J., Collier, 
J.J., Qualls-Creekmore, E., Solon-Biet, S.M., et al. (2019). FGF21 Signals Protein Status to the 
Brain and Adaptively Regulates Food Choice and Metabolism. Cell reports 27, 2934-2947 
e2933. 10.1016/j.celrep.2019.05.022. 
Jang, C., Oh, S.F., Wada, S., Rowe, G.C., Liu, L., Chan, M.C., Rhee, J., Hoshino, A., Kim, B., 
Ibrahim, A., et al. (2016). A branched-chain amino acid metabolite drives vascular fatty acid 
transport and causes insulin resistance. Nat Med 22, 421-426. 10.1038/nm.4057. 
Kassambara, A., and Mundt, F. (2020). factoextra: Extract and Visualize the Results of  
Multivariate Data Analyses. R package version 1.0.7. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


Keil, K.P., Abler, L.L., Altmann, H.M., Bushman, W., Marker, P.C., Li, L., Ricke, W.A., Bjorling, 
D.E., and Vezina, C.M. (2016). Influence of animal husbandry practices on void spot assay 
outcomes in C57BL/6J male mice. Neurourol Urodyn 35, 192-198. 10.1002/nau.22692. 
Kind, T., Wohlgemuth, G., Lee, D.Y., Lu, Y., Palazoglu, M., Shahbaz, S., and Fiehn, O. (2009). 
FiehnLib: mass spectral and retention index libraries for metabolomics based on quadrupole 
and time-of-flight gas chromatography/mass spectrometry. Anal Chem 81, 10038-10048. 
10.1021/ac9019522. 
Laeger, T., Henagan, T.M., Albarado, D.C., Redman, L.M., Bray, G.A., Noland, R.C., Munzberg, 
H., Hutson, S.M., Gettys, T.W., Schwartz, M.W., and Morrison, C.D. (2014). FGF21 is an 
endocrine signal of protein restriction. J Clin Invest 124, 3913-3922. 10.1172/JCI74915. 
Lagiou, P., Sandin, S., Weiderpass, E., Lagiou, A., Mucci, L., Trichopoulos, D., and Adami, H.O. 
(2007). Low carbohydrate-high protein diet and mortality in a cohort of Swedish women. J Intern 
Med 261, 366-374. 10.1111/j.1365-2796.2007.01774.x. 
Lamming, D.W. (2014). Diminished mTOR signaling: a common mode of action for endocrine 
longevity factors. SpringerPlus 3, 735. 10.1186/2193-1801-3-735. 
Lamming, D.W., Ye, L., Katajisto, P., Goncalves, M.D., Saitoh, M., Stevens, D.M., Davis, J.G., 
Salmon, A.B., Richardson, A., Ahima, R.S., et al. (2012). Rapamycin-induced insulin resistance 
is mediated by mTORC2 loss and uncoupled from longevity. Science 335, 1638-1643. 
10.1126/science.1215135. 
Lê, S., Josse, J., and Husson, F. (2008). FactoMineR: An R Package for Multivariate Analysis. 
2008 25, 18. 10.18637/jss.v025.i01. 
Lee, B.C., Kaya, A., Ma, S., Kim, G., Gerashchenko, M.V., Yim, S.H., Hu, Z., Harshman, L.G., 
and Gladyshev, V.N. (2014). Methionine restriction extends lifespan of Drosophila melanogaster 
under conditions of low amino-acid status. Nature communications 5, 3592. 
10.1038/ncomms4592. 
Lees, E.K., Banks, R., Cook, C., Hill, S., Morrice, N., Grant, L., Mody, N., and Delibegovic, M. 
(2017). Direct comparison of methionine restriction with leucine restriction on the metabolic 
health of C57BL/6J mice. Scientific reports 7, 9977. 10.1038/s41598-017-10381-3. 
Levine, M.E., Suarez, J.A., Brandhorst, S., Balasubramanian, P., Cheng, C.W., Madia, F., 
Fontana, L., Mirisola, M.G., Guevara-Aguirre, J., Wan, J., et al. (2014). Low protein intake is 
associated with a major reduction in IGF-1, cancer, and overall mortality in the 65 and younger 
but not older population. Cell Metab 19, 407-417. 10.1016/j.cmet.2014.02.006. 
MacArthur, M.R., Mitchell, S.J., Chadaideh, K.S., Trevino-Villarreal, J.H., Jung, J., Kalafut, K.C., 
Reynolds, J.S., Mann, C.G., Trocha, K.M., Tao, M., et al. (2022). Multiomics assessment of 
dietary protein titration reveals altered hepatic glucose utilization. Cell reports 40, 111187. 
10.1016/j.celrep.2022.111187. 
Maida, A., Chan, J.S.K., Sjoberg, K.A., Zota, A., Schmoll, D., Kiens, B., Herzig, S., and Rose, 
A.J. (2017). Repletion of branched chain amino acids reverses mTORC1 signaling but not 
improved metabolism during dietary protein dilution. Molecular metabolism 6, 873-881. 
10.1016/j.molmet.2017.06.009. 
Maida, A., Zota, A., Sjoberg, K.A., Schumacher, J., Sijmonsma, T.P., Pfenninger, A., 
Christensen, M.M., Gantert, T., Fuhrmeister, J., Rothermel, U., et al. (2016). A liver stress-
endocrine nexus promotes metabolic integrity during dietary protein dilution. J Clin Invest 126, 
3263-3278. 10.1172/JCI85946. 
McCay, C.M., Crowell, M.F., and Maynard, L.A. (1935). The effect of retarded growth upon the 
length of life span and upon the ultimate body size. Journal of Nutrition 10, 63-79. 
Miller, R.A., Buehner, G., Chang, Y., Harper, J.M., Sigler, R., and Smith-Wheelock, M. (2005). 
Methionine-deficient diet extends mouse lifespan, slows immune and lens aging, alters glucose, 
T4, IGF-I and insulin levels, and increases hepatocyte MIF levels and stress resistance. Aging 
Cell 4, 119-125. 10.1111/j.1474-9726.2005.00152.x. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


Miller, R.A., Harrison, D.E., Astle, C.M., Baur, J.A., Boyd, A.R., de Cabo, R., Fernandez, E., 
Flurkey, K., Javors, M.A., Nelson, J.F., et al. (2011). Rapamycin, but not resveratrol or 
simvastatin, extends life span of genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci 
66, 191-201. 10.1093/gerona/glq178. 
Miller, R.A., Harrison, D.E., Astle, C.M., Fernandez, E., Flurkey, K., Han, M., Javors, M.A., Li, 
X., Nadon, N.L., Nelson, J.F., et al. (2014). Rapamycin-mediated lifespan increase in mice is 
dose and sex dependent and metabolically distinct from dietary restriction. Aging Cell 13, 468-
477. 10.1111/acel.12194. 
Neinast, M.D., Jang, C., Hui, S., Murashige, D.S., Chu, Q., Morscher, R.J., Li, X., Zhan, L., 
White, E., Anthony, T.G., et al. (2019). Quantitative Analysis of the Whole-Body Metabolic Fate 
of Branched-Chain Amino Acids. Cell Metab 29, 417-429 e414. 10.1016/j.cmet.2018.10.013. 
Orentreich, N., Matias, J.R., DeFelice, A., and Zimmerman, J.A. (1993). Low methionine 
ingestion by rats extends life span. The Journal of nutrition 123, 269-274. 10.1093/jn/123.2.269. 
Osborne, T.B., Mendel, L.B., and Ferry, E.L. (1917). The Effect of Retardation of Growth Upon 
the Breeding Period and Duration of Life of Rats. Science 45, 294-295. 
10.1126/science.45.1160.294. 
Pak, H.H., Cummings, N.E., Green, C.L., Brinkman, J.A., Yu, D., Tomasiewicz, J.L., Yang, S.E., 
Boyle, C., Konon, E.N., Ong, I.M., and Lamming, D.W. (2019). The Metabolic Response to a 
Low Amino Acid Diet is Independent of Diet-Induced Shifts in the Composition of the Gut 
Microbiome. Scientific reports 9, 67. 10.1038/s41598-018-37177-3. 
Richardson, N.E., Konon, E.N., Schuster, H.S., Mitchell, A.T., Boyle, C., Rodgers, A.C., Finke, 
M., Haider, L.R., Yu, D., Flores, V., et al. (2021). Lifelong restriction of dietary branched-chain 
amino acids has sex-specific benefits for frailty and lifespan in mice. Nat Aging 1, 73-86. 
10.1038/s43587-020-00006-2. 
Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma 
powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic 
Acids Research 43, e47-e47. 10.1093/nar/gkv007. 
Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2009). edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics 26, 139-140. 
10.1093/bioinformatics/btp616. 
Selman, C., Lingard, S., Choudhury, A.I., Batterham, R.L., Claret, M., Clements, M., Ramadani, 
F., Okkenhaug, K., Schuster, E., Blanc, E., et al. (2008). Evidence for lifespan extension and 
delayed age-related biomarkers in insulin receptor substrate 1 null mice. FASEB J 22, 807-818. 
10.1096/fj.07-9261com. 
Sluijs, I., Beulens, J.W., van der, A.D., Spijkerman, A.M., Grobbee, D.E., and van der Schouw, 
Y.T. (2010). Dietary intake of total, animal, and vegetable protein and risk of type 2 diabetes in 
the European Prospective Investigation into Cancer and Nutrition (EPIC)-NL study. Diabetes 
Care 33, 43-48. 10.2337/dc09-1321. 
Solon-Biet, S.M., McMahon, A.C., Ballard, J.W., Ruohonen, K., Wu, L.E., Cogger, V.C., Warren, 
A., Huang, X., Pichaud, N., Melvin, R.G., et al. (2014). The ratio of macronutrients, not caloric 
intake, dictates cardiometabolic health, aging, and longevity in ad libitum-fed mice. Cell Metab 
19, 418-430. 10.1016/j.cmet.2014.02.009. 
Solon-Biet, S.M., Mitchell, S.J., Coogan, S.C., Cogger, V.C., Gokarn, R., McMahon, A.C., 
Raubenheimer, D., de Cabo, R., Simpson, S.J., and Le Couteur, D.G. (2015). Dietary Protein to 
Carbohydrate Ratio and Caloric Restriction: Comparing Metabolic Outcomes in Mice. Cell 
reports 11, 1529-1534. 10.1016/j.celrep.2015.05.007. 
Speakman, J.R., Mitchell, S.E., and Mazidi, M. (2016). Calories or protein? The effect of dietary 
restriction on lifespan in rodents is explained by calories alone. Exp Gerontol 86, 28-38. 
10.1016/j.exger.2016.03.011. 
Strong, R., Miller, R.A., Antebi, A., Astle, C.M., Bogue, M., Denzel, M.S., Fernandez, E., 
Flurkey, K., Hamilton, K.L., Lamming, D.W., et al. (2016). Longer lifespan in male mice treated 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


with a weakly estrogenic agonist, an antioxidant, an alpha-glucosidase inhibitor or a Nrf2-
inducer. Aging Cell 15, 872-884. 10.1111/acel.12496. 
Team, R.C. (2017). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 
Vergnaud, A.C., Norat, T., Mouw, T., Romaguera, D., May, A.M., Bueno-de-Mesquita, H.B., van 
der, A.D., Agudo, A., Wareham, N., Khaw, K.T., et al. (2013). Macronutrient composition of the 
diet and prospective weight change in participants of the EPIC-PANACEA study. PLoS One 8, 
e57300. 10.1371/journal.pone.0057300. 
Wali, J.A., Milner, A.J., Luk, A.W.S., Pulpitel, T.J., Dodgson, T., Facey, H.J.W., Wahl, D., 
Kebede, M.A., Senior, A.M., Sullivan, M.A., et al. (2021). Impact of dietary carbohydrate type 
and protein-carbohydrate interaction on metabolic health. Nat Metab 3, 810-828. 
10.1038/s42255-021-00393-9. 
Wegner, K.A., Abler, L.L., Oakes, S.R., Mehta, G.S., Ritter, K.E., Hill, W.G., Zwaans, B.M., 
Lamb, L.E., Wang, Z., Bjorling, D.E., et al. (2018). Void spot assay procedural optimization and 
software for rapid and objective quantification of rodent voiding function, including overlapping 
urine spots. Am J Physiol Renal Physiol 315, F1067-F1080. 10.1152/ajprenal.00245.2018. 
Weindruch, R., Walford, R.L., Fligiel, S., and Guthrie, D. (1986). The retardation of aging in mice 
by dietary restriction: longevity, cancer, immunity and lifetime energy intake. The Journal of 
nutrition 116, 641-654. 10.1093/jn/116.4.641. 
Whitehead, J.C., Hildebrand, B.A., Sun, M., Rockwood, M.R., Rose, R.A., Rockwood, K., and 
Howlett, S.E. (2014). A clinical frailty index in aging mice: comparisons with frailty index data in 
humans. J Gerontol A Biol Sci Med Sci 69, 621-632. 10.1093/gerona/glt136. 
Wolfson, R.L., Chantranupong, L., Saxton, R.A., Shen, K., Scaria, S.M., Cantor, J.R., and 
Sabatini, D.M. (2016). Sestrin2 is a leucine sensor for the mTORC1 pathway. Science 351, 43-
48. 10.1126/science.aab2674. 
Yap, Y.W., Rusu, P.M., Chan, A.Y., Fam, B.C., Jungmann, A., Solon-Biet, S.M., Barlow, C.K., 
Creek, D.J., Huang, C., Schittenhelm, R.B., et al. (2020). Restriction of essential amino acids 
dictates the systemic metabolic response to dietary protein dilution. Nature communications 11, 
2894. 10.1038/s41467-020-16568-z. 
Yoshida, S., Yamahara, K., Kume, S., Koya, D., Yasuda-Yamahara, M., Takeda, N., Osawa, N., 
Chin-Kanasaki, M., Adachi, Y., Nagao, K., et al. (2018). Role of dietary amino acid balance in 
diet restriction-mediated lifespan extension, renoprotection, and muscle weakness in aged mice. 
Aging Cell 17, e12796. 10.1111/acel.12796. 
Yu, D., Richardson, N.E., Green, C.L., Spicer, A.B., Murphy, M.E., Flores, V., Jang, C., Kasza, 
I., Nikodemova, M., Wakai, M.H., et al. (2021). The adverse metabolic effects of branched-chain 
amino acids are mediated by isoleucine and valine. Cell Metab 33, 905-922 e906. 
10.1016/j.cmet.2021.03.025. 
Yu, D., Yang, S.E., Miller, B.R., Wisinski, J.A., Sherman, D.S., Brinkman, J.A., Tomasiewicz, 
J.L., Cummings, N.E., Kimple, M.E., Cryns, V.L., and Lamming, D.W. (2018). Short-term 
methionine deprivation improves metabolic health via sexually dimorphic, mTORC1-
independent mechanisms. FASEB J 32, 3471-3482. 10.1096/fj.201701211R. 
Zerbino, D.R., Achuthan, P., Akanni, W., Amode, M.R., Barrell, D., Bhai, J., Billis, K., Cummins, 
C., Gall, A., Giron, C.G., et al. (2018). Ensembl 2018. Nucleic Acids Res 46, D754-D761. 
10.1093/nar/gkx1098. 
Zhou, Z., Yon Toh, S., Chen, Z., Guo, K., Peng Ng, C., Ponniah, S., Lin, S.-C., Hong, W., and 
Li, P. (2003). Cidea-deficient mice have lean phenotype and are resistant to obesity. Nature 
Genetics 35, 49-56. 10.1038/ng1225. 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://www.r-project.org/
https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2022. ; https://doi.org/10.1101/2022.10.06.511051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511051
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1: A Low Ile diet reduces body weight and improves glycemic control in male and 
female HET3 mice.  

(A) Experimental plan for short-term Low Ile study; male and female HET3 mice were fed the 

indicated diets starting at 9 weeks of age. (B) Male mouse weight over the course of the 14-week 

experiment (C) Female mouse weight over the course of the 14-week experiment. (D-K) For 

males and females respectively, the change in weight (D-E), fat mass (F-G) lean mass (H-I) and 

adiposity (J-K) over the course of the experiment. (L) Male glucose tolerance test (GTT) after 10 

weeks on diet and (M) representative area under the curve (AUC). (N) Female glucose tolerance 

test (GTT) after 10 weeks on diet and (O) representative area under the curve (AUC). (B-O) n=11-

12 mice/group. (B-C) Mixed-effects model (REML) for time and diet with post-hoc Tukey 

test,*P<0.05, **P<0.01, ***P<0.001. (D-K) Two-way ANOVA between Sex and Diet groups with 

post-hoc Tukey test for pairwise comparisons. (M,O) One-way ANOVA for effect of diet with post-

hoc Tukey test for pairwise comparisons, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. P-

values for the overall effect of Sex, Diet and the interaction represent the significant p-values from 

the two-way ANOVA. Data are represented as mean ± SEM. 
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Figure 2: A Low Ile diet increases food consumption and energy expenditure in male and 
female HET3 mice. 

(A) Food consumption was measured in home cages after 3 weeks on diet in male mice. (B) 

Food consumption was measured in home cages after 3 weeks on diet in female mice.  (C) 

Calculated isoleucine intake for male mice. (D) Calculated isoleucine intake for female mice. (E-

F) Respectively energy expenditure measure in the light and dark phases in male mice. (G) 

Energy expenditure of a 24 hour period in male mice. (H-I) Energy expenditure measured 

respectively in the light and dark phases in female mice. (J) Energy expenditure of a 24-hour 

period in female mice. Two-way ANOVA for Diet and Sex with post-hoc Tukey multiple 

comparison test, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. P-values for the overall 

effect of Diet, Sex and the interaction represent the significant p-values from the two-way 

ANOVA. Data are represented as mean ± SEM. 
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Figure 3: A Low Ile diet reduces body weight and improves glycemic control in male and 
female HET3 mice when started in mid-life. 

(A) Experimental plan for long-term Low Ile study; male and female HET3 mice were fed the 

indicated diets starting at 6 months of age. At 24 months of age, a pre-selected cohort of mice in 

each group was euthanized for detailed analysis. (B-C) Male (B) and female (C) weight was 

tracked over the course of the lifespan. (D-G) Body composition was determined over the course 

of the lifespan with fat mass (D-E) and lean mass (F-G) determined in both male and female mice 

as indicated. (H-O) For males and females sacrificed at 24 months as indicated the change in 

weight (H-I), fat mass (J-K) lean mass (L-M) and adiposity (N-O) between 6 months (diet start) 

and 24 months of age. (P-Q) Glucose tolerance test (GTT) after 16 months (22 months of age) 

on the indicated diet in male (P) and female (Q) mice with area under the curve at that age (AUC). 

(R-S) GTT AUC for male and female mice over the course of the experiment. (T-U) Insulin 

tolerance test (ITT) after 16 months on diet (22 months of age) and representative AUC. n=47-53 

mice/group at beginning of study; exact n varies across time points. (H-Q,T-U) One-way ANOVA 

for diet with post-hoc Tukey test, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. (R-S) Two-

way ANOVA for Age and Diet with post-hoc Tukey test, *P<0.05, **P<0.01, ***P<0.001 and 

****P<0.0001. P-values for the overall effect of Diet, Age and the interaction represent the 

significant p-values from the two-way ANOVA. Data are represented as mean ± SEM. 
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Figure 4: A Low Ile diet started in mid-life increases food consumption and energy 
expenditure in male and female HET3 mice. 

(A) Food consumption was measured in home cages after 1 month on diet in male mice. (B) 

Calculated isoleucine intake for male mice. (C) Food consumption for male mice over the 

course of the experiment. (D) Food consumption was measured in home cages after 1 month 

on diet in female mice. (E) Calculated isoleucine intake for female mice. (F) Food consumption 

for female mice over the course of the experiment. (G-H) Energy expenditure measured in the 

light and dark phases in male mice. (I-J) Energy expenditure measured in the light and dark 

phases in female mice. (K-P) Expression of the indicated genes in the iWAT of 24-month-old 

male (K-M) and female (N-P) mice. (A,B,D,E,G-P) One-way ANOVA for diet with post-hoc 

Tukey test for pairwise comparisons, (C, F) Two-way ANOVA for Age and Diet with post-hoc 

Tukey test for multiple comparisons,  *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. P-

values for the overall effect of Diet, Age and the interaction represent the significant p-values 

from the two-way ANOVA.  Data are represented as mean ± SEM. 
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Figure 5: Correlation analysis identifies diet and age dependent and independent 
physiological and metabolic responses to a Low Ile diet. 

(A) Phenotypic measurements correlated with consumption of isoleucine (kcals) in each mouse 

(Pearson’s correlation) and clustered (hierarchical clustering). Phenotypic measurements that do 

not cluster as well appear in the middle of the correlation plot. (B-M) Selected phenotypic 

measurements were plotted for young and old, male and female mice. (N-O) Phenotypic 

measurements from principal component analysis (PCA) of young and old mice were visualized; 

positively correlated variables point to the same side of the plot, negatively correlated variables 

point to opposite sides of the plot. Length and color of arrows indicate contribution to the principal 

components. (B-M) two-way ANOVA between Diet, Sex and the interaction post-hoc Tukey 

testing for pairwise comparisons; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. P-values for 

the overall effect of Sex, Diet and the interactions represent the significant p-values from the two-

way ANOVA. Data are represented as mean ± SEM. 
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Figure 6: A Low Ile diet increases lifespan and improves healthspan in HET3 male mice 

(A-B) Frailty assessments for male (A) and female (B) mice over time. (C-D) Void spot assay 

was conducted in 27-month-old male (C) and female (D) mice. (E-F) Inverted cling test in 27-

month-old male (E) and female (F) mice. (G-H) Inverted cling tests over time in male (G) and 

female (H) mice. (I-J) Rotorod test in 27-month-old male (I) and female (J) mice. (K-L) Rotorod 

tests over time in male (K) and female (L) mice. (M-N) Novel object recognition of long-term 

memory in male (M) and female (N) mice. (O-P) Hepatic expression levels of the indicated 

genes in 24-month-old male (O) and female (P) mice. (Q) Top significantly enriched 

transcriptomic pathways in male 24-month-old Control vs Low Ile mice using KEGG. (R) Log2 

fold-changes for significantly differentiated metabolites between Control vs Low Ile 24-month-old 

male mice. (S) Survival curves by diet in male mice. (T) Survival curves by diet in female mice. 

(U) Average top 10% of lifespans in male mice by diet. (V) Average top 10% of lifespans in 

female mice by diet. (A-B) Mixed-effects model (REML) for time and diet with post-hoc Tukey 

testing for multiple comparisons. (C-F, I-J, M-N, Q-R) One-way ANOVA for diet with post-hoc 

Tukey test for pairwise comparisons; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. (O-P) 

Log-rank (Mantel-Cox) test for Control vs Low AA and Control vs Low Ile. Data are represented 

as mean ± SEM. 
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Supplementary Figure 1 

(A) Percentage body composition change from beginning and end of study in males. (B) 

Percentage body composition change from beginning and end of study in females. (C) Male 

glucose tolerance test (GTT) after 3 weeks on diet and representative area under the curve (AUC). 

(D) Female GTT after 3 weeks on diet and representative area under the curve (AUC). (E) Male 

insulin tolerance test (ITT) after 4 weeks on diet and representative area under the curve (AUC). 

(F) Female ITT after 4 weeks on diet and representative area under the curve (AUC). (G) Male 

insulin tolerance test (ITT) after 11 weeks on diet and representative area under the curve (AUC). 

(H) Female ITT after 11 weeks on diet and representative area under the curve (AUC). (I) Male 

alanine tolerance test (ATT) after 5 weeks on diet and representative area under the curve (AUC). 

J) Female ATT after 5 weeks on diet and representative area under the curve (AUC). (K) Male 

alanine tolerance test (ATT) after 12 weeks on diet and representative area under the curve 

(AUC). (L) Female ATT after 12 weeks on diet and representative area under the curve (AUC). 

Two-way ANOVA between Sex and Diet groups with post-hoc Tukey test for pairwise 

comparisons, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. P-values for the overall effect of 

Sex, Diet and the interaction represent the significant p-values from the two-way ANOVA. Data 

are represented as mean ± SEM. 
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Supplementary Figure 2 

(A) Food consumption was measured in home cages after 3 weeks on diet in male mice and 

isoleucine intake was calculated for males and (B) females. (C-D) Respectively RER measures 

in the light and dark phases in male mice and female mice. (E-F) RER of a 24 hour period in 

male and female mice. (G-H) Activity measured respectively in the light and dark phases in 

male and female mice. (I-J) Energy expenditure of a 24-hour period in male and female mice. 

Two-way ANOVA for Diet and Sex with post-hoc Tukey multiple comparison test, *P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.0001. P-values for the overall effect of Diet, Sex and the 

interaction represent the significant p-values from the two-way ANOVA. Data are represented 

as mean ± SEM. 
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Supplementary Figure 3 

(A) ITT AUC for male mice over the course of the experiment. (B) ITT AUC for female mice over 

course of experiment. Two-way ANOVA for Diet and Age with post-hoc Tukey multiple 

comparison test, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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Supplementary Figure 4 

Principal component analysis for 27 measured phenotypes in Young Male Mice (A), Young 

Female Mice (B), Old Male Mice (C) and Old Female Mice (D). 
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