
Restricting dietary protein or dietary isoleucine improves metabolic health in aged mice 

Chung-Yang Yeh1,2, Lucas C.S. Chini1,2, Meredith S. Gallagher1,2, Jessica W. Davidson3, Isaac T. Freichels1,2, 

Mariah F. Calubag1,2,4, Allison C. Rodgers1,5, Cara L. Green1,2, Reji Babygirija1,2,6, Michelle M. Sonsalla1,2,7, 

Heidi H. Pak1,2,6, Michaela Trautman1,2,6, Timothy A. Hacker1,5, Judith Simcox3, and Dudley W. Lamming1,2,4,6,7,* 

 

1Department of Medicine, University of Wisconsin-Madison, Madison, WI 53705 

2William S. Middleton Memorial Veterans Hospital, Madison, WI 53705 

3Department of Biochemistry, University of Wisconsin-Madison, Madison, WI 53706 

4Graduate Program in Cellular and Molecular Biology, University of Wisconsin-Madison, Madison, WI 53706 

5Cardiovascular Physiology Core Facility, University of Wisconsin-Madison, Madison, WI 53706 

6Interdepartmental Graduate Program in Nutritional Sciences, University of Wisconsin-Madison, Madison, WI 

53706 

7Comparative Biomedical Sciences Graduate Training Program, University of Wisconsin-Madison, Madison, 

WI 53706 

 

*Correspondence 

Dudley W. Lamming, PhD 
Associate Professor of Medicine 
University of Wisconsin-Madison  
2500 Overlook Terrace 
VAH C3127 Research 151 
Madison, WI 53705, USA  
dlamming@medicine.wisc.edu 
Tel: 608-256-1901 x12861 
Fax: 608-263-9983 
 

 

  

.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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 February 7, 2023. ; https://doi.org/10.1101/2023.02.06.527311doi: bioRxiv preprint 

mailto:dlamming@medicine.wisc.edu
https://doi.org/10.1101/2023.02.06.527311
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 

Abstract 

A growing number of geroprotectors have demonstrated healthspan extension in young animals, but the 

effectiveness of these therapies when commenced in midlife or later has been under-studied. We and others 

have shown that much like calorie restriction (CR), restriction of specific nutrients, including total protein, the 

three branched-chain amino acids leucine, isoleucine, and valine, or isoleucine alone, can promote lifespan and 

metabolic health. While CR is less efficacious when starting in late life, the effects of interventions restricting 

amino acids in late life on healthy aging is unknown. Here, we investigate the metabolic, molecular, and 

physiological effects of consuming diets with a 67% reduction of either all amino acids (Low AA) or of isoleucine 

alone (Low Ile) in male and female C57BL/6J.Nia mice starting at 20 months of age. We find that both diets 

reduce adiposity in aged mice; however, these diets decreased lean mass, and did not show significant 

improvements in frailty or fitness. The glucose tolerance of both male and female mice consuming Low Ile and 

Low AA diets were improved. We also observed a moderate increase in energy expenditure and respiratory 

exchange ratio induced by the two dietary interventions. In the hearts of aged female mice, Low Ile reversed 

age-associated changes in heart rate and stroke volume, returning cardiac function to similar levels as observed 

in young mice. We found that both Low AA and Low Ile diets promoted a more youthful molecular cardiac profile, 

preventing age-dependent increases in phosphatidylglycerols. These results demonstrate that Low AA and Low 

Ile diets can improve aspects of metabolic health in aged mice of both sexes, and has positive effects on cardiac 

health in aged females, suggesting that these dietary interventions are translationally promising for promoting 

healthy aging even in older people. 
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Introduction 

As the world’s population rapidly greys, there is a critical need to develop effective means to prevent or 

delay age-related diseases. Rather than targeting the diverse array of age-related diseases individually, 

addressing the aging process directly may be the most effective way to promote healthy aging. One of the most 

robust and affordable ways to promote healthspan and extend lifespan in diverse species is calorie restriction 

(CR), in which calories are restricted, with animals typically receiving 60-80% of their ad libitum caloric intake in 

a single meal each day (C. L. Green, D. W. Lamming, et al., 2022; Pak et al., 2021). While CR is a highly effective 

geroprotective treatment that delays or prevents many different age-related diseases in animal models, long-

term adherence to a reduced-calorie diet is difficult for many individuals. Further, CR is much more efficacious 

when begun early in life than when initiated in older animals (Hahn et al., 2019). 

An appealing alternative to reducing calories may be manipulating dietary macronutrients. Contrary to 

the conventional wisdom that calories from different sources are equivalent, a number of retrospective and 

prospective clinical trials have found that eating diets with lower levels of protein is associated with lower rates 

of age-related diseases including cancer and diabetes, and an overall reduction of mortality in those under age 

55 (Levine et al., 2014; Sluijs et al., 2010). While the effect of long-term protein restriction (PR) on human aging 

has not been tested in a randomized clinical trial (RCT), short-term RCTs in overweight or diabetic humans has 

found that protein restriction (PR) promotes metabolic health (Ferraz-Bannitz et al., 2022; Fontana et al., 2016). 

Finally, PR diets have been repeatedly shown to increase the healthspan and lifespan of model organisms, 

including flies and rodents (Green & Lamming, 2019; Mair et al., 2005; Solon-Biet et al., 2014; Solon-Biet et al., 

2015; Speakman et al., 2016).  

While the mechanisms that drive the benefits of PR remain uncertain, PR diets necessarily reduce levels 

of the nine dietary essential amino acids (EAAs). The EAAs are critical regulators of the metabolic response to 

PR in mice, and restriction of the nine EAAs is required for the benefits of a CR diet on lifespan (Yoshida et al., 

2018). The three branched-chain amino acids (BCAAs; leucine, isoleucine and valine) are highly correlated with 

metabolic diseases, with blood levels of BCAAs higher in obese and insulin-resistant humans and rodents 

(Fontana et al., 2016; Lynch & Adams, 2014). We and others have shown that restricting dietary BCAAs improves 

metabolic health in mice and rats, improving glucose tolerance and reducing adiposity in both lean and diet-
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induced obese animals (Cummings et al., 2018; Richardson et al., 2021; White et al., 2016; Yu et al., 2021). The 

restriction of BCAAs extends lifespan and reduces frailty in male mice, while dietary supplementation with 

additional BCAAs shortens lifespan in both male and female mice (Richardson et al., 2021; Solon-Biet et al., 

2019).  

While most studies have investigated the physiological role of the BCAAs as a group, the individual 

BCAAs have distinct metabolic effects. In particular, we have shown that restriction of isoleucine is both 

necessary and sufficient for the effects of PR on metabolic health in young mice, with restriction of isoleucine 

improving glucose tolerance, reducing adiposity, and altering energy balance by increasing both food 

consumption and energy expenditure (Yu et al., 2021). In humans, dietary isoleucine levels, but not levels of 

leucine or valine, are strongly correlated with BMI (Yu et al., 2021). Finally, restriction of isoleucine beginning in 

adult mice extends the lifespan of both male and female mice (Cara L. Green et al., 2022), and in humans, blood 

levels of isoleucine, but not leucine or valine, are positively associated with mortality (Deelen et al., 2019). Thus, 

there is significant evidence that dietary isoleucine is a critical regulator of metabolic health and aging in both 

mice and humans. 

Many geroprotective interventions have reduced efficacy when starting in mid-life or later as opposed to 

early in life or as young adults. Notably, CR begun at 24 months of age has a reduced ability to extend lifespan 

(Hahn et al., 2019). Other interventions, such as rapamycin, remain fully efficacious when initiated at 20 months 

of age (Harrison et al., 2009; Strong et al., 2016). Mice from 18-21 months of age seem to benefit metabolically 

from PR, but with a loss of lean mass in males; the effects on fitness and frailty of late life PR intervention are 

unknown (Dommerholt et al., 2021; C. L. Green, H. H. Pak, et al., 2022). As the appeal of a geroprotective 

treatment is greatly increased if it can be initiated in middle-aged and older individuals, we decided to evaluate 

the efficacy of PR and isoleucine restriction in aged male and female mice. 

Here, we tested the effect of restricting either all amino acids (Low AA) or specifically isoleucine (Low Ile) 

by 67% starting at 20 months of age in C57BL/6J.Nia male and female mice, roughly equivalent to 60 year old 

humans (Flurkey et al., 2007). We found that as in young mice, Low AA and Low Ile diet have robust benefits to 

metabolic health when begun in old mice. We tracked weight, body composition, and fitness/frailty longitudinally, 

examined the effect of the interventions on glycemic control, and tested the effects on heart function using 
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echocardiography. We found that in both sexes, Low AA and Low Ile diets promote metabolic health, with mixed 

effects on frailty and fitness. A Low Ile diet favorably remodeled the aged female heart, with particular alterations 

in phosphatidylglycerol lipid content. Our findings suggest that restricting protein or isoleucine may be a 

promising translational therapy for older individuals. 

 

Results 

A low isoleucine diet reduces body weight and adiposity in aged male and female mice 

To examine the effects of PR and isoleucine restriction as a late life intervention, we placed 20-month-

old male and female C57BL/6J.Nia mice from the National Institute on Aging (NIA) Aged Mouse Colony and 

randomized them at the cage level to one of three treatment groups of equivalent body weight, adiposity, and 

frailty. Each group was placed on an amino acid (AA) defined diet containing all twenty common amino acids; 

the diet composition of the Control diet (Control; TD.140711) reflects that of a natural chow diet in which 21% of 

calories of derived from protein. The other two groups were placed on diets in which isoleucine was specifically 

reduced by 67% (Low Ile; TD.160734), or in which all twenty amino acids were reduced by 67% (Low AA; 

TD.140712). All three diets are isocaloric, with identical levels of fat; in the case of the Low Ile diet, non-essential 

AAs were increased to keep the calories derived from AAs constant, while carbohydrate levels were increased 

in the Low AA diet to maintain caloric density. All three of these diets have been used previously (Yu et al., 2021), 

and the detailed composition of the diets can be found in Table 1. An additional group of 6-month-old mice from 

the NIA Aged Mouse Colony was placed on the Control diet as a young control group (Young Control).  

We monitored the mice longitudinally for 4 months with periodic assessment of weight and body 

composition (Fig. 1A). Old male mice placed on the Control diet maintained their weight during the course of the 

experiments, while old males fed either the Low Ile or Low AA diets had a significant decrease in body weight, 

with the Low Ile group experiencing the most weight loss; this weight loss occurred rapidly, with body weight 

largely stabilizing within 1 month (Fig. 1B). We assessed body composition by EchoMRI; weight loss in the Low 

Ile-fed males resulted from decreases in both fat mass and lean mass, whereas the lesser amount of weight loss 

in Low AA-fed mice was due to decreased lean mass only (Figs. 1C-E). Both Low Ile and Low AA-fed males 
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had an overall decrease in adiposity at all time points examined (Fig. 1F). Periodic food consumption monitoring 

revealed that the changes in weight were not associated with reduced food intake; at all times, the weight-

normalized caloric intake of Low Ile- and Low AA-fed mice was equal to or greater than aged Control-fed animals 

(Fig. 1G).  

We observed similar effects of Low Ile and Low AA diets on the weight, fat mass, and lean mass of aged 

female mice as in the aged males (Figs. 1H-K). Notably, the overall effect of the Low Ile diet was similar in 

females, with an overall reduction in adiposity, while in contrast to males the effect of a Low AA diet on the total 

body composition was minimal (Fig. 1L). As in males, the weight loss of Low Ile and Low AA-fed female mice 

was not the results of reduced food intake, as the weight-normalized caloric intake of these groups was at all 

times equal to or greater than aged Control-fed animals (Fig. 1M). 

 

Late-life Low Ile diet does not improve frailty, fitness, or cognition 

Decreased protein intake is associated with frailty and sarcopenia in older adults (Coelho-Junior et al., 

2020; Coelho-Junior et al., 2018), and as we observed a significant reduction in lean mass in mice fed Low Ile 

and Low AA diets, we evaluated frailty and strength throughout the dietary intervention. We utilized a validated 

mouse frailty index that quantifies frailty through the accumulation of deficits (Whitehead et al., 2014). As we 

anticipated, the frailty score increases in both male and female mice as the mice age (Fig. 2A, H). While we did 

not observe an overall significant difference in frailty of Low Ile or Low AA mice of either sex, there was a clear 

trend towards lower frailty in Low Ile-fed males (p=0.071) and Low AA-fed males and females (p=0.18 and 

p=0.11, respectively). The categorical parameters and the individual measures that contributed the most to the 

group trends are provided (Sup. Fig 1). Most notably, aged Control-fed male mice had significantly worse body 

condition and distended abdomen scores than aged Low Ile-fed or Low AA-fed mice (Fig. 2B, C).  

We assessed neuromuscular coordination and muscle strength with an accelerating rotarod test and an 

inverted cling test, respectively. As we expected, young Control-fed mice performed better on these assays than 

aged Control-fed mice (Figs. 2D-E, K-L). Interestingly, aged Low Ile-fed male mice performed significant better 

in the rotarod test compared to the aged Control-fed males, and comparably to the young Control-fed group (Fig. 
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2D). There was no effect of diet on the rotarod performance of aged females (Fig. 2K). In an inverted cling test, 

we observed a non-significant trend (p=0.29 and p=0.2) towards decreased cling time in aged Low Ile-fed male 

and female mice, respectively (Figs. 2E, L). This is surprising, as the Low Ile-fed mice of both sexes were lighter 

than aged Control-fed mice, and if muscle strength was equivalent, Low Ile-fed mice would have been expected 

to cling on for longer, not shorter, periods of time. Interestingly, Low AA-fed mice did not show this decrease in 

cling time (Fig. 2E, L). In ANCOVA analysis of rotarod and cling performance with body weight as a covariate, 

the cling time of aged Low Ile-fed female mice was significantly decreased compared to Control-fed aged females 

(Sup. Figs. 2A-D). To evaluate whether this trend of diet-induced loss in grip strength is age-dependent, a 

separate cohort of young 3-month-old male mice was fed the Low Ile diet for 2 months; we observed a similar 

negative effect of a Low Ile diet on cling time despite their young age and decreased body weight (Sup. Figs. 

2E-F).  

Finally, C57BL/6J mice have previously been shown to suffer from age-related cognitive decline 

(Majumder et al., 2012), and we examined the impact of Low Ile and Low AA diets on cognitive performance by 

performing a Novel Object Recognition test (NOR) and Barnes Maze test (BM) at approximately 23 months of 

age. During the habituation phase for the NOR, we evaluated the amount of movement in each group in the 

open field (Sup. Fig. 3A, B). Interestingly, aged Control-fed females exhibited increased velocity compared to 

Low Ile-fed aged females and the Young Control females; this effect of diet and age was not observed in males 

(Sup. Fig. 3A, B). In the NOR test, we did not observe a difference in NOR performance between Young Control 

and aged Control-fed mice of either sex, and thus is it not surprising that we also did not observe significant 

differences between groups during the acquisition phase, the short term memory (STM) test, or the long-term 

memory (LTM) test (Sup Figs. 3C-J). Summing all three phases, the total time investigating both objects was 

highest in Young Control males and significantly lower in aged Control-fed males, while Low Ile-fed males 

investigated for even less time than aged Control-fed mice (Sup Fig. 3F).  

In the BM, we observed that during the acquisition phase there was an age-related deficit in time to find 

the escape hole in both sexes of mice (Figs. 2F, M). Interestingly, aged Low Ile-fed mice of both sexes performed 

more poorly than aged Control-fed mice (p=0.064 in females). The aged mice spent a significant amount of time 

hesitating after finding the escape hole, with the ‘escape’ as defined by remaining within the area for 3 seconds, 
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after which the program terminates the automatic tracking trial. We manually measured this duration between 

the end of the trials and the time when mice definitively enters the escape box. We determined that this loitering 

time period was persistently increased in mice of both sexes fed the Low Ile diet and in female mice fed the Low 

AA diet. This was in sharp contrast to the loitering time in Control-fed mice of both sexes, which clearly diminishes 

over the acquisition sessions (Figs. 2G, O).  

 

Low Ile and Low AA diets promote glycemic control and energy expenditure in aged mice  

 Glucose dysregulation is a precursor to many pertinent age-driven diseases, and we and others have 

shown that restriction of protein, BCAAs, or isoleucine can promote glucose tolerance in young male mice. Here, 

we examined how Low Ile and Low AA diets impacts blood sugar control in aged mice. Three weeks after the 

animals were placed on their respective diets, we performed a glucose tolerance test (GTT). Similar to what we 

have previously observed in young males, we found that both male and female aged mice fed a Low Ile diet had 

significantly improved glucose tolerance relative to aged Control-fed mice; similarly, a Low AA diet significantly 

improved glucose tolerance, reaching statistical significance in the case of Low AA-fed males (Figs. 3A-B). 

While conducting these assays, we observed that the Low Ile-fed male mice had significantly lower fasting blood 

glucose after 16 hr (Sup. Figs. 4A-B). In a separate cohort of animals at 25-months of age and similarly on the 

interventional diets for 3 weeks, glucose tolerance in Low Ile-fed males and females also improved, with a trend 

towards improved glucose tolerance in Low AA-fed mice as well, indicating that the window of effectiveness for 

initiating Low Ile or Low AA to improve glucose tolerance extends until at least 25 months of age (Sup. Fig 4C-

D). Consistent with our previous results in young males, no diet groups exhibited significantly altered response 

to intraperitoneal injection of insulin in a tolerance test (ITT) (Figs. 3C-D).  

We have previously found that restriction of protein or isoleucine increases the respiratory exchange ratio 

(RER) and energy expenditure of young male mice (Yu et al., 2021). We observed a trend towards increased 

RER in aged Low AA-fed mice, particularly in males, but this did not reach statistical significance (Figs. 3E-F). 

Interestingly, aged Low Ile-fed males had a lower RER than the aged Control-fed males during the light cycle, 

and a slightly higher one during the dark cycle; this may be the result of a right-shifting of the entire RER curve 
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(Fig. 3E). In contrast, in aged Low Ile-fed female mice, RER values were significantly higher in the dark cycle 

(Fig. 3F).  

Energy expenditure of male mice fed a Low Ile or Low AA diet was, as we previously observed for young 

male mice, higher than that of Control-fed mice, with the Low AA diet energy expenditure significantly increased 

during both the light and dark cycles (Fig. 3G). In females, energy expenditure was higher in Low Ile-fed mice 

during the active dark cycle (Fig. 3H). Using ANCOVA analysis using lean mass as a covariate, we found that 

aged Low Ile-fed males have reduced total energy expenditure independent of their lean mass compared to 

aged Control-fed males (Figs. 3I-J).   

We have previously shown that FGF21 is induced by Low Ile and Low AA diets in young male mice, and 

here we see this is the case in aged mice of both sexes (Figs. 3K-L). The activity levels of all diet groups were 

comparable (Sup. Figs. 4E-F).  

 

Low Ile diet induces sex-specific cardiac remodeling 

 Cardiovascular disease is a top cause of death in aging adults (Tsao et al., 2022). The aging heart 

exhibits ventricular thickening associated with a primary loss of vessel flexibility and increased blood pressure. 

BCAA catabolism is highly implicated in various aspects of heart failure (Karwi & Lopaschuk, 2022), and recent 

work has shown that dietary BCAAs can directly induce the growth of cardiomyocytes, contributing to worsening 

heart function (Latimer et al., 2021). To determine if a Low Ile or Low AA diet impact cardiac function, we 

performed echocardiography to evaluate heart function in a separate cohort of animals at 25 months of age after 

6 weeks of dietary intervention.  

We observed a significant increase in body weight-normalized left ventricle (LV) mass in Low Ile-fed 

males (Fig. 4A). In addition, mean and peak aortic flow velocity is decreased by Low Ile (Figs 4B-C). We 

observed different effects in aged female mice. We did not observe significant changes in LV mass or mean and 

peak aortic flow velocity in response to diet (Figs. 4I-K). However, more in line with our expectations of cardiac 

aging, Low Ile-fed females had a significant decrease in diastolic LV inner diameter (Figs. 4L), while the diastolic 

LV posterior wall is increased in size in the aged female animals but unchanged by the diets (Fig. 4M). 
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Interestingly, we observed an age-dependent increase in stroke volume that was prevented by a Low Ile diet 

(Fig. 4N), and both Low Ile and Low AA-fed mice had increased heart rates as compared to aged Control-fed 

females, to levels similar to the Young Control (Fig. 4O). There was no significant changes in the cardiac output, 

although there was a trend of age-dependent increase and an abatement by the Low Ile diet (Fig. 4P). These 

trends and changes were not observed in the male mice counterparts (Fig. 4D-H). As the ejection fraction and 

cardiac output are not significantly altered in any of the groups, it appears that the gross function of the hearts 

are unchanged, but the long-term consequences of the dietary interventions are yet to be determined. We 

suggest that a Low Ile diet may selectively induce some aspects of a youthful cardiac physiology in the aged 

female heart. The entirety of this dataset is provided in Table 2. 

In order to obtain an unbiased and comprehensive assessment of the effects of Low Ile and Low AA diets 

on the heart, we performed lipidomic profiling on the hearts of female mice collected following 4 months of dietary 

intervention at 24 months of age. We observed a significant age-dependent increase in several 

phosphatidyglycerol species that was mostly ameliorated in Low Ile-fed mice, but not in Low AA-fed mice (Fig. 

5A). As phosphatidylglycerol is the primary component of the mitochondrial outer membrane, we wanted to also 

explore the lipid most abundant in the mitochondrial inner membrane, cardiolipin. Interestingly, cardiolipin 

species were unchanged (Fig. 5B). We performed lipid ontology enrichment analysis (LION); pathways of the 

significantly altered lipid species are shown in (Fig. 5C). Overall, we observed a rejuvenating effect of the Low 

Ile and Low AA diets, with pathways showing age-related increases in aged Control-fed mice being restored to 

a more youthful level by Low Ile and Low AA feeding.  

 

Low Ile and Low AA induce specific senomorphic changes in the aged liver 

Cellular senescence plays a large role in promoting several aging phenotypes of the liver, including 

fibrosis and non-alcoholic fatty liver disease (Matthew et al., 2017). To characterize the molecular remodeling 

that occurs in the aged liver induced by the two dietary interventions, we performed real time quantitative PCR 

(rt-qPCR) for gene expression level changes of well-established senescence-associated markers. The results 

found that compared to the aged Control mice, Low Ile significantly increased p21 and Low AA significantly 

reduced Ile-1a and TNF-α (Sup. Fig. 5). Of note, the trends in the changes of senescence markers induced by 
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Low Ile and Low AA are distinctly senomorphic, as they each alter the profile of expression of senescence 

markers in a different manner and not inducing a general elevation or suppression. 

Discussion 

 Recent work from our laboratory and others has demonstrated that a calorie is not “just a calorie,” and 

that the macronutrient composition of the diet is a key regulator of human and animal health  (C. L. Green, D. 

W. Lamming, et al., 2022). In particular, it has now become clear that dietary levels of protein or BCAAs impacts 

the metabolic health and longevity of both rodents and humans (Fontana et al., 2016; Levine et al., 2014; 

Richardson et al., 2021; Solon-Biet et al., 2019; Solon-Biet et al., 2014). As the BCAAs are normally consumed 

together and are catabolized via highly similar processes, they have often been studied in combination, but it is 

now becoming clear that the individual BCAAs have distinct roles on metabolic health (Jang et al., 2016; 

Richardson et al., 2021). In particular, we have previously shown that 67% restriction of isoleucine is necessary 

for the metabolic benefits of a low protein diet, and is sufficient to promote glucose tolerance, hepatic insulin 

sensitivity, increased energy expenditure and to reverse the effects of Western diet-induced obesity on body 

composition, glycemic control, and hepatic steatosis (Yu et al., 2021). In recent studies, we have shown that a 

Low Ile diet increases the median and maximum lifespan of genetically heterogeneous mice when fed to 6-

month-old adult mice (Cara L. Green et al., 2022). 

 While this is very promising, to be of maximum clinical use geroprotective drugs and diets should be able 

to promote healthy aging even when begun in late life. We and others have proposed the use of a comprehensive 

metabolic, physical, and cognitive phenotyping pipeline in aged mice (Bellantuono et al., 2020), and here we 

have used this pipeline to examine the effects of Low Ile and Low AA diets started late in life on healthspan. We 

find that Low Ile and Low AA diets started late in life have dramatic effects on weight, body composition, glycemic 

control, and energy balance in aged mice of both sexes. Interestingly, the effects of a Low Ile and Low AA diets 

are distinct, which we previously observed in a study of mice started as young adults (Cara L. Green et al., 2022). 

Overall, many of the effects of Low Ile and Low AA diets in aged mice are similar to those we observed 

in younger age groups. In both sexes, Low Ile and Low AA diets begun in late life induce weight loss, improve 

glucose tolerance, and increase energy expenditure while also increasing food intake. In contrast to our previous 

studies in young male animals, aged mice consuming either a Low Ile or Low AA diet have a significant loss of 
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lean mass. This decline in lean mass could have contributed to the unanticipated decline in inverted cling 

performance that we observed. Overall, while there are beneficial effects of Low Ile and Low AA diet in both 

sexes, there are also potentially troubling negative sex-specific effects on physical performance, frailty, and 

cognition that require further investigation before the use of these types of dietary interventions in the elderly can 

be recommended.  

Further, sex-specific effects of a Low Ile diet on heart function were observed. In agreement with previous 

work, we found that female mice had certain age-related deficits in cardiac parameters (Dai et al., 2014), although 

we did not observe a statistically significant effect of age on left ventricle mass (Kane et al., 2020). We found 

that in aged females, a Low Ile diet restored stroke volume and heart rate to levels comparable to young Control-

fed mice, and that the effects of age on phosphatidylglycerol, and significantly altered lipid features in general, 

were reversed by a Low Ile diet, an encouraging sign that a Low Ile diet may promote cardiac health. Broadly, 

this work is consistent with emerging data suggesting that high blood levels of BCAAs are deleterious for cardiac 

function (Chen et al., 2019; Latimer et al., 2021; Portero et al., 2021; Uddin et al., 2019), although the specific 

role of the individual BCAAs in cardiac function and the aging heart has not previously been examined. 

Many of the metabolic benefits of protein restriction (PR) have been linked to induction of the FGF21; 

here, we show that FGF21 is induced by both Low Ile and Low AA diets in aged C57BL/6J mice of both sexes. 

While our recent work has shown that induction of FGF21 is not required in certain strains and sexes, it has been 

recently demonstrated that FGF21 is required for the metabolic and lifespan extension effects of PR (Hill et al., 

2022). Thus, the involvement of FGF21 in the late life response to Low Ile and Low AA diets remains to be 

determined. Notably, FGF21 can regulate muscle fiber type and reduce fiber size (Sun et al., 2021), and plasma 

FGF21 is associated with lower muscle mass in aging humans (Roh et al., 2021). As maintaining 

skeletomuscular function is critical in the elderly, future work should examine if late life Low Ile and Low AA diets 

reduce muscle function, and determine the role of FGF21 in this response. 

Efforts attempting to manipulate BCAA catabolic flux to simulate either a BCAA restriction or 

supplementation diet have not been conclusive. Enhancing BCAA catabolism in mice has been shown to improve 

obesity-associated insulin resistance (Zhou et al., 2019). Recently, a small cohort randomized placebo-controlled 

clinical trial with T2D patients also found a robust improvement in their peripheral insulin sensitivity (Vanweert et 

.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 February 7, 2023. ; https://doi.org/10.1101/2023.02.06.527311doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.06.527311
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 

al., 2022). On the other hand, BCAA catabolism has also been shown to permit obesity and block adipose tissue 

browning via downstream acetylation, which can be reversed with genetic or pharmacological methods (Ma et 

al., 2022). Interestingly, a recent study suggests that increased BCAA catabolism may grant protection from 

cardiac failure, although the mechanisms of action is likely indirect (Murashige et al., 2022). While it is clear that 

BCAA flux and its manipulation plays a critical role in metabolic health, further work is necessary for clarifying its 

most prominent functions and the contribution of individual BCAAs. 

 In conclusions, we have shown dietary restriction of all dietary amino acids, or specific restriction of 

isoleucine, can benefit the healthspan of mice even when begun late in life. Metabolic improvements are 

observed in both sexes, but the effects on cardiac function and molecular effects are female specific. Additional 

research will be required to examine the potentially negative effects of isoleucine or protein restriction on lean 

mass and muscle strength in aged mice, and how optimal levels of isoleucine on lifespan and healthspan vary 

with age and sex, as well as genetic background. Overall, these results suggest that late life initiation of 

isoleucine or protein restriction must be approached with caution, but may still be beneficial overall for older 

individuals who are physically robust but are suffering from obesity. 
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Materials & Methods 

Animals 
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All procedures were performed in accordance to institutional guidelines and were approved by the 

Institutional Animal Care and Use Committee of William S. Middleton Memorial Veterans Hospital (Madison, WI, 

USA). C57BL/6J.NIA mice from the NIA Aged Rodent Colony were obtained at 20 months of age and at the 

young adult age of 6 months of age. Animals were provided ad libitum access to Laboratory Rodent Diet 5001 

diet for 1-2 weeks and housed as 2-3 animals per cage before beginning their respective dietary interventions. 

All mice were maintained at a temperature of approximately 22⁰C, and health checks were performed daily by 

the facility staff. Mice were housed in a SPF facility in static microisolator cages under 12:12 light cycle conditions 

with ad libitum access to food and water unless specified below for upcoming experiments. 

At the experiment start, aged animals were randomized at the cage level to groups of approximately 

equivalent weight, body composition and average frailty scores to one of three diets groups: Control with 21% 

calories derived from amino acids (TD.140711; Envigo), Low Ile with 67% less isoleucine content than the Control 

diet (TD.160734), and a Low AA diets with 7% calories derived from amino acids (TD.140714). The three diets 

are isocaloric, with supplemental non-essential amino acids used to balance the protein content in the Low Ile 

diet, and supplemental carbohydrates used to balance the calories content in the Low AA diet.  

Metabolic chambers indirect calorimetry was carried out using Oxymax/CLAMs metabolic chamber 

system (Columbus Instruments) for ~48 continuous hours. The first ~24 hours of data was discarded as 

acclimation period with a subsequent continuous 24 hours period utilized for data analysis. Food consumption 

monitoring was carried out in home cages over 2-4 days and analyzed using total animal mass in the cage. Body 

composition was determined using an EchoMRI Body Composition Analyzer. 

 

In vivo procedures 

Glucose and insulin tolerance tests were performed by fasting the mice overnight for 16 hours or 4 hours in the 

morning respectively. In respective tests, mice were injected with glucose (1 g/kg; Sigma, G7021) or insulin (0.75 

U/kg; Novolin) intraperitoneally (i.p.). Blood glucose was monitored via a Bayer Contour glucometer and test 

strips (Bayer, Leverkusen, Germany). All behavior tracking is done automatically with EthoVision XT program 

(Noldus). All following behavior/fitness testing follow previously described protocols (Bellantuono et al., 2020). 

Novel Object Recognition. Briefly, an habituation/open field test is followed by the acquisition trial. Short-term 

memory test (STM) is carried out 1 hr after the acquisition trial, and the long-term memory test is carried out 23 

hr from the acquisition trial. The habituation, acquisition, short-, and long-term memory test are 5 min each. 
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Barnes Maze. Briefly, the test is carried out on a maze table with 20 possible exit holes with distinct visible 

landmarks outside of the arena. Each animal are exposed to four acquisition days with a maximum trial time of 

180 seconds. On day 5, a test trial takes place for short-term memory, then the mice are not experimented with 

until day 12, when a long-term memory test trial takes place.  

Rotarod. Animals are trained in slow moving 4 rpm. On test trials, the accelerating rotarod (Rotamex 5, Columbus 

Instruments) is set to increase by 0.5 rpm per 4 seconds. There is a minimum rest period of 30 min between 

training and trials for each animal. The average trial performance for 3 test trials is taken for statistical analysis. 

Inverted cling. Animals are placed onto a wire-grid bounded with masking tape and inverted onto the test bin. 

Mice naïve to the experiment are first trained through 3 trials of 30 seconds gripping prior to test trials. A minimum 

30 min rest between training and, for each animal, 3 test trials are averaged for analysis. 

FGF21 ELISA. Circulating FGF21 is measured using blood plasma obtained after 16 hr overnight fast and 3 hr 

refeed at 4 months after diet start, age 24 months for aged mice and age 10 months for young adult mice. 

Circulating FGF21 was quantified using a mouse/rat FGF21 quantikine ELISA kit (MF2100; R&D Systems, 

Minneapolis, MN, USA). 

Quantative real-time PCR. rt-qPCR was carried out according to protocols described previously (Calubag et al., 

2022) using TRI Reagent according to the manufacturer’s protocol. The primers that were used are as follows. 

P21 Fwd GAGACTAAGGCAGAAGATGTAGAG, Rev GCAGACCAGCATGACAGAT; P16 Fwd TGAGCTTTGGT 

TCTGCCATT, Rev AGCTGTCGACTTCATGACAAG; Il-1a Fwd GAGGCCTTACGCATACCTCC, Rev 

ACAAGTGCGTCGTCAAAACG; Il-1b Fwd AGCCATGGCAGAAGTACCTG, Rev TGAAGCCCTTGCTGTAGT 

GG; Mcp-1 Fwd GATCTCAGTGCAGAGGCTCG, Rev TTTGCTTGTCCAGGTGGTCC; Il-10 Fwd 

ATAACTGCACCCACTTCCCA, Rev GGGCATCACTTCTACCAGGT; TNF-α Fwd ATGAGAAGTTCCCAAATG 

GC, Rev CTCCACTTGGTGGTTTGCTA; Il-6 Fwd CTGGGAAATCGTGGAAT, Rev CCAGTTTGGTAGCATC 

CATC; 

Echocardiogram. Mice used for echocardiography were separate from the main study at a later age as indicated. 

Transthoracic echocardiography was performed using a Visual Sonics Vevo 770 ultrasonograph with a 30-MHz 

transducer as detailed previously (Harris et al., 2002). For acquisition of two-dimensional guided M-mode images 

at the tips of papillary muscles and Doppler studies, mice were sedated with 1% isoflurane administered through 

a facemask, hair removed, and maintained on a heated platform. Blood velocities across the mitral, aortic and 

pulmonary valves were measured using Doppler pulsed-wave imaging, angling the probe to obtain a nearly 

parallel orientation to the blood flow. End diastolic and systolic left ventricular (LV) diameter, as well as anterior 

and posterior wall (AW and PW, respectively) thickness were measured on line from M-mode images obtained 

in a parasternal long-axis view using the leading-edge-to-leading-edge convention. All parameters were 
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measured over at least three consecutive cardiac cycles and averaged. Left ventricular FS was calculated as: 

((LV diameterdias − LV diametersys)/LV diameterdias) × 100; ejection fraction: ((7.0/(2.4 + LV diameterdias)(LV 

diameterdias)3 − (7.0/(2.4 + LV diametersys) (LV diametersys)3/(7.0/(2.4 + LV diameterdias) (LV diameterdias)3 

× 100; and LV mass: (1.05 × ((PWdias + AWdias + LV diameterdias)3 − (LV diameterdias)3)). Heart rate was 

determined from at least three consecutive intervals from the pulsed-wave Doppler tracings of the LV outflow 

tract. Ejection time was measured from the same outflow track tracings from the onset of flow to the end of flow. 

Isovolumic relaxation time was measured as the time from the closing of the aortic valve to the opening of the 

mitral valve from pulsed-wave Doppler tracings of the LV outflow tract and mitral inflow region. The same 

investigator obtained all images and measures. 

 

Heart Lipidomics. MTBE extraction will be performed with standards from SPLASH Lipidomix from Avanti, using 

methods outlined previously (Jain et al., 2022). Signal from the processed blank will be subtracted as background 

during data processing. For positive mode, samples were diluted to 15X in MeOH and 3uL were injected. 

Samples were run undiluted in negative mode and 5uL were injected. MS/MS data from pooled samples was 

run through Agilent LipidAnnotator, which were then used to processes MS1 data with Profinder (v8.0). Data 

was normalized to the internal standards and tissue weight, and further processed using R. 

Statistical Analyses 

All statistical analyses were conducted using Prism, version 9 (GraphPad Software Inc., San Diego, CA, USA). 

Tests involving multiple factors were analyzed by either a two-way analysis of variance (ANOVA) with Time and 

Group as categorical variables or by one‐way ANOVA with Group as the categorical variable followed by a 

Dunnett’s post hoc test for multiple comparisons against the Aged Control. Data distribution was assumed to be 

normal but was not formally tested. 
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Figure 1. Both Low Ile and Low AA diets promote leanness in aged C57BL/6J.Nia mice. 

A) Experimental scheme. Three different amino acids defined diets were utilized: Control (red), Low AA (blue), 

and Low Ile (orange). Three groups of aged mice at 20 months of age were fed each diet. A fourth group of 

young mice at 6 months of age was fed the Control diet (green).  

B-F) Body weight of the male mice during the duration of the experiment (B), with the change in fat mass (C) 

and lean mass (D) over time.  E) Final changes in body weight, fat, and lean mass of the male mice and (F) body 

composition percentage (B-F, N = 10-13/group; E-F, *p < 0.05, one-way ANOVA, Dunnett’s post-hoc test vs. 

Aged Control-fed mice). 

G) Food consumption of the male mice throughout the experiment (N = 5-6/group, *p < 0.05, one-way ANOVA, 

Dunnett’s post-hoc test vs. Aged Control-fed mice). 

H-M) Similar observations were made in female mice, presented in the same order. H-J) N = 10-11/group. K-M) 

N = 10-11/group. M) N = 4/group, *p < 0.05, one-way ANOVA, Dunnett’s post-hoc test vs. Aged Control-fed 

mice.  

Data presented as mean ± SEM. 
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Figure 2. Healthspan evaluations of Low Ile and Low AA in aged male and female C57BL/6J.Nia mice. 

A-C) In male mice, the average frailty score between 20 and 24 months of age (N = 10-13/group, pair-wise two-

way ANOVA). B-C) Selected individual frailty categories, presented as the average of 3- and 4-month scores. At 

the beginning of the experiments N = 10-13 each group. *p < 0.05, one-way ANOVA with Dunnett’s post-hoc 

test. 

D-E) Male rotarod (D) and inverted cling (E) performance were assessed between 22-23 months of age (N = 8-

11/group, *p < 0.05, one-way ANOVA, Dunnett’s post-hoc test vs, aged Control-fed mice). 

F-G) Male Barnes maze performance at 24 months of age (F). N = 7-10 each group, pair-wise two-way ANOVA. 

G) Male Barnes maze acquisition trial duration with loitering (test on loitering time, *p < 0.05, one-way ANOVA, 

Dunnett’s post-hoc test vs aged Control-fed mice).  

H-O) Similar observations were observed in female mice in the same order. H-J) N = 10-11/group. K-L) N = 8-

11/group. M-O) N = 8-10.  

Data presented as mean ± SEM. 
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Figure 3. Metabolic evaluation of late life dietary intervention found improved glycemic control and 

increased energy expenditure. 

A-D) Glucose tolerance test in male (A) and female (B) mice fed the indicated diets. Insulin tolerance test in male 

(C) and female (D) mice fed the indicated diets. N = 10-13/group, *p < 0.05, one-way ANOVA, Dunnett’s post-

hoc test vs. aged Control-fed mice. 

E-H) Respiratory exchange ratio was determined using metabolic cages over 24 hours in male (e) and females 

(f). Energy expenditure normalized to body weight was determined over 24 hours in males (g) and females (h). 

N = 7-10/group, *p < 0.05, one-way ANOVA conducted separately for the light and dark cycles, Dunnett’s post-

hoc test vs. Aged Control-fed mice. 

I, J) The ANCOVA of energy expenditure with lean mass as a covariate.  

K, L) The serum FGF21 level at the end of the experiment, after 16 hr fasting overnight and 3 hr refeeding. N = 

5-7/group. *p < 0.05, two-way ANOVA, Dunnett’s post-hoc test.  

Data presented as mean ± SEM. 
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Figure 4. Echocardiogram evaluation found cardiac restructuring induced by the dietary interventions. 

A-H) Echocardiogram evaluation of male mice at 25 months of age. Presented in order A) body weight-

normalized left ventricle mass, B) mean aortic flow velocity, C) peak aortic velocity, D) left ventricle inner 

diameter, E) left ventricle posterior wall diameter, F) stroke volume, G) heart rate, H) cardiac output.  

I-J) Echocardiogram evaluation of female mice at 25 months of age, presented in the same order as males. A-

J) N = 5-10/group, *p < 0.05, one-way ANOVA, Dunnett’s post-hoc test.  

Data presented as mean ± SEM. 
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Figure 5. Lipidomic analysis of the aged female heart. 

A-B) Statistically significant phosphatidylglycerols (A) and all cardiolipins (B), which were not significant, in 

female mice heart at 24 months of age after 4 months of dietary intervention. Multiple t-tests significances are 

shown; Aged Control vs Low Ile (#) or vs Young Control ($); p < 0.05. N = 5 each group. 

C) LION lipid ontology analysis of significantly altered lipid species in the female mice heart. 

Data presented as mean ± SEM. 
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Supplemental Figure 1. Breakdown of the frailty data into subcategories and individual measurements. 

A-L) Subcategories of the frailty data. 

K-R) Selected individual frailty categories, presented as the average of 3- and 4-month scores. At the beginning 

of the experiments N = 10-13 each group. *p < 0.05, one-way ANOVA with Dunnett’s post-hoc test. 
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Supplemental Figure 2. ANCOVA analysis of rotarod and inverted cling assay performance with body 

weight as a covariable. 

A-D) Aged male and female mice rotarod and inverted cling ANCOVA analysis with body weight as a covariate. 

E-F) Young 3-month old male mice were fed either Control or Low Ile diet for at least 1 month before inverted 

cling assay. N = 9/group, unpaired t-test. 
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Supplemental Figure 3. Open field and novel object recognition test. 

A-B) Male (A) and female (B) open field test.  

C-F) Male mice novel object recognition test results and investigation time in each trial.  

G-J) Female novel object recognition test results presented in the same order. A-J) N = 7-10/group. *p < 0.05, 

one-way ANOVA and two-way ANOVA with Dunnett’s post-hoc test. 
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Supplemental Figure 4. Glucose tolerance test of advanced age mice, fasting blood glucose, and activity. 

A-B) Male and female mice fasting blood glucose (16 hr) at 21 months of age after 3 weeks of dietary 

intervention. N = 10-13/group. 

C-D) Male and female glucose tolerance test at 25 months of age after 3 weeks of dietary intervention. N = 5-10 

E-F) Male and female activity data during metabolic chambers experiments, as in Fig. 3. N = 7-10/group. A-F)  

*p < 0.05, one-way ANOVA with Dunnett’s post-hoc test. 
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Supplemental Figure 5. rt-qPCR analysis of senescence markers in the male liver. 

Expression analysis of the male liver lysate after dietary intervention for the senescence-related genes IL-10. N 

= 5-8/group. *p < 0.05, one-way ANOVA with Dunnett’s post-hoc test. 
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Table 1.
Diet Control Low Ile Low AA
Teklad ID TD.140711 TD.160734 TD.140712
Kcal/g 3.9 3.9 3.9
kcal protein 22.0% 22.0% 7.1%
kcal CHO 59.4% 59.4% 74.4%
kcal fat 18.6% 18.6% 18.5%
Amino acids g/kg
L-Alanine 9.38 9.83 3.05
L-Arginine 6.30 6.30 2.05
L-Asparagine 20.58 20.91 6.70
L-Aspar�c Acid 20.58 21.25 6.70
L-Cys�ne 7.20 7.20 2.34
L-Glutamic Acid 28.97 29.71 9.43
L-Glutamine 33.77 34.14 11.00
Glycine 2.96 3.34 0.96
L-His�ndine HCl, monohydrate 4.60 4.60 1.50
L-Isoleucine 7.80 2.54 2.54
L-Leucine 25.40 25.40 8.27
L-Lysine HCl 20.38 20.38 6.64
L-Methionine 6.70 6.70 2.18
L-Phenylalanine 6.60 6.60 2.15
L-Proline 7.41 7.99 2.41
L-Serine 7.41 7.94 2.41
L-Threonine 9.70 9.70 3.16
L-Tryptophan 3.40 3.40 1.10
L-Tyrosine 6.90 6.90 2.25
L-Valine 8.40 8.40 2.74
Sucrose 291.25 291.25 291.25
Corn Starch 150.00 150.61 232.43
Maltodextrin 150.00 150.61 232.43
Corn Oil 52.00 52.00 52.00
Olive Oil 29.00 29.00 29.00
Cellulose 30.00 30.00 30.00
Mineral Mix, AIN-93M-MX (94049) 35.00 35.00 35.00
Calcium Phosphate, monobasic, monohydrate 8.20 8.20 8.20
Vitamin Mix, Teklad (40060) 10.00 10.00 10.00
BHQ, an�oxidant 0.012 0.012 0.012
Food color (0.1 g/kg) Red Orange Blue
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Table 1. Specific composition of the amino acids-defined diets utilized in this manuscript. 
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Table 2.
Male Echocardiogram Dataset

Aged Control Aged Low  Ile Aged Low AA Young Control
Mean SEM Mean SEM Mean SEM Mean SEM Sig. vs Control

Weight (g) 31.57 1.38 25.86 1.22 29.40 0.81 29.20 0.80 Aged Low Ile
LV Mass (AW) (mg) 109.33 6.74 121.50 12.18 105.32 7.15 90.72 2.86
LV Mass/BW (mg) 3.49 0.25 4.76 0.51 3.58 0.18 3.11 0.07 Aged Low Ile
LVID;d (mm) 4.45 0.11 4.61 0.13 4.46 0.14 4.17 0.08
LVPW;d (mm) 0.65 0.03 0.69 0.03 0.63 0.02 0.61 0.03
LVID;s (mm) 3.48 0.15 3.69 0.17 3.47 0.11 3.31 0.06
LVPW;s (mm) 0.80 0.04 0.81 0.03 0.78 0.02 0.74 0.03
LVAW;d (mm) 0.66 0.02 0.66 0.03 0.64 0.03 0.64 0.02
LVAW;s (mm) 0.80 0.04 0.81 0.03 0.82 0.01 0.75 0.02
LV Vol;d (µL) 90.70 5.44 98.46 6.68 91.19 7.11 77.69 3.61
LV Vol;s (µL) 50.84 5.05 59.13 6.64 50.20 4.20 44.57 1.82
EF (%) 44.54 2.66 40.84 3.26 44.90 1.75 42.56 0.72
FS (%) 22.04 1.54 20.04 1.83 22.18 1.03 20.68 0.43
IVRT (ms) 19.12 1.47 17.27 1.68 20.11 1.82 17.28 1.11
Stroke Volume (µL) 39.86 1.52 39.34 2.31 40.99 3.47 33.12 1.91
Heart Rate (bpm) 489.49 21.43 476.81 21.14 517.75 26.71 480.92 24.60
Cardiac Output (mL/min) 20.37 1.21 19.11 1.10 19.67 1.96 16.71 1.35
Ao Area (cm) 1.49 0.20 2.24 0.38 1.25 0.18 1.06 0.07
Ao Mean Vel (mm/s) 717.31 74.51 512.96 34.50 818.39 91.26 734.91 21.09 Aged Low Ile
Ao Mean Grad (mmHg) 2.17 0.47 1.08 0.14 2.78 0.60 2.17 0.13
Ao Peak Vel (mm/s) 1277.76 112.74 892.86 64.41 1434.55 168.96 1287.00 36.04 Aged Low Ile
Ao Peak Grad (mmHg) 6.79 1.24 3.27 0.47 8.58 1.98 6.65 0.38
Ejection Time (ms) 44.12 3.15 38.47 2.68 40.35 2.63 43.69 1.87

Female Echocardiogram Dataset
Control Low Ile Low AA Young Ctrl
Mean SEM Mean SEM Mean SEM Mean SEM Sig. vs Control

Weight (g) 28.63 1.73 23.13 0.48 28.20 0.85 24.00 1.52 Aged Low Ile
LV Mass (AW) (mg) 103.13 9.38 79.45 9.35 96.27 4.32 71.29 5.47 Young Control
LV Mass/BW (mg) 3.73 0.45 3.47 0.45 3.43 0.16 2.98 0.17
LVID;d (mm) 4.42 0.09 3.92 0.19 4.39 0.11 4.11 0.11 Aged Low Ile
LVPW;d (mm) 0.62 0.04 0.60 0.02 0.58 0.02 0.50 0.02 Young Control
LVID;s (mm) 3.47 0.08 3.08 0.21 3.45 0.10 3.31 0.17
LVPW;s (mm) 0.76 0.04 0.72 0.02 0.72 0.01 0.61 0.01 Young Control
LVAW;d (mm) 0.64 0.03 0.60 0.02 0.63 0.02 0.54 0.02 Young Control
LVAW;s (mm) 0.79 0.03 0.73 0.01 0.74 0.01 0.69 0.03 Young Control
LV Vol;d (µL) 88.96 4.07 68.42 8.30 87.88 5.10 75.21 5.05
LV Vol;s (µL) 50.07 2.80 39.32 7.00 49.91 3.38 45.20 5.77
EF (%) 43.88 1.05 44.68 3.34 43.44 1.56 40.68 3.87
FS (%) 21.59 0.59 21.97 1.90 21.34 0.86 19.73 2.12
IVRT (ms) 20.72 2.32 16.63 1.72 20.50 1.60 19.33 1.88
Stroke Volume (µL) 38.90 1.64 29.10 2.00 37.97 2.40 30.01 1.83 Aged Low Ile, Young Control
Heart Rate (bpm) 417.71 24.83 535.23 22.28 496.71 19.80 480.11 26.98 Aged Low Ile, Aged Low AA
Cardiac Output (mL/min) 18.77 1.28 15.37 1.16 18.67 1.14 14.29 1.45
Ao Area (cm) 1.08 0.11 1.00 0.06 1.30 0.11 1.10 0.08
Ao Mean Vel (mm/s) 783.91 78.03 682.80 30.99 714.48 51.60 650.10 42.24
Ao Mean Grad (mmHg) 2.63 0.57 1.91 0.17 2.14 0.28 1.72 0.22
Ao Peak Vel (mm/s) 1405.10 137.05 1189.40 53.96 1256.36 102.35 1126.18 77.47
Ao Peak Grad (mmHg) 8.43 1.76 5.78 0.51 6.70 0.95 5.17 0.72
Ejection Time (ms) 48.47 2.56 42.01 1.60 42.64 1.56 42.11 2.17

Statistics - 1-way ANOVA, Dunnett's Multiple Comparison.

.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 February 7, 2023. ; https://doi.org/10.1101/2023.02.06.527311doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.06.527311
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 

Table 2. Male and female echocardiogram dataset in mice after 6 weeks of dietary intervention starting 

from 24 months of age. 
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