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INTRODUCTION 
 
Aging is characterized by a gradual decline in various 
health parameters across multiple biochemical, 
physiological and behavioral systems [1]. With 
dysfunction of these systems, quality of life is impaired 
(i.e., reduced healthspan), which ultimately leads to 
death. Interestingly, a subset of aging individuals 
appears to lack resilience within these systems, a 
condition termed frailty. Frailty has broadly been 
defined as an age-associated biological syndrome 
characterized by an exaggerated vulnerability to adverse 
global health outcomes, a reduced capacity to react to 
stressors and an overall loss in physiological function 
[2, 3]. Consequently, frail individuals are at a greater 
risk of falls, dependency, disability, institutionalization, 

hospitalization and mortality [4, 5]. Studying frailty has 
therefore become a pivotal area of research. 
 
Questions in the field of frailty have largely gone 
unanswered due to the inherent limitations of clinical 
studies, including biological, ethical and logistical 
complications of working with older individuals [6, 7]. 
The recent development of assessment tools for frailty 
in mice reverse-translated from human frailty models 
has made it possible to bypass many of these 
aforementioned limitations [8]. For instance, Howlett 
and colleagues [7] established a mouse frailty index 
based on accumulated deficits derived from Rockwood 
et al., [9, 10] that assessed 31 invasive and noninvasive 
variables (i.e., activity levels, hemodynamic measures, 
body composition and basic metabolic status), which 
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ABSTRACT 
 
Many age-related biochemical, physiological and behavioral changes are known to be sex-specific. However, 
how sex influences frailty status and mortality risk in frail rodents has yet to be established. The purpose of this 
study was therefore to characterize sex differences in frail mice across the lifespan. Male (n=29) and female 
(n=27) mice starting at 17 months of age were assessed using a frailty phenotype adjusted according to sex, 
which included body weight, walking speed, strength, endurance and physical activity. Regardless of sex, frail 
mice were phenotypically dysfunctional compared to age-matched non-frail mice, while non-frail females 
generally possessed a higher body fat percentage and were more physically active than non-frail males 
(p≤0.05). The prevalence of frailty was greater in female mice at 26 months of age (p=0.05), but if normalized to 
mean lifespan, no sex differences remained. No differences were detected in the rate of death or mean lifespan 
between frail male and female mice (p≥0.12). In closing, these data indicate that sexual differences exist in 
aging C57BL/6 mice and if the frailty criteria are adjusted according to sex, the prevalence of frailty increases 
across age with frail mice dying early in life, regardless of sex. 
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was later simplified to only include readily apparent 
noninvasive signs of clinical deterioration [11]. 
Similarly, Thompson and colleagues [8] developed a 
frailty phenotype in aged mice that was similar to the 
clinical criteria used by Fried et al., [5] which included 
grip strength, walking speed, physical activity and 
endurance. They recently modified the phenotype to 
also include body weight [12, 13]. The development of 
rodent frailty assessment tools represents an important 
step forward in how we understand frailty, and 
interventions that may delay or prevent its progression.   
 
Recent efforts to understand frailty have extended 
beyond this biological syndrome solely being age-
dependent, but rather age- and sex-dependent. Many 
age-related biochemical, physiological and behavioral 
changes are already known to be sex-specific [14-17], 
which gives credence to the premise that sex may also 
be an important variable associated with frailty status. 
In fact, women have higher frailty index scores than 
men at all ages but paradoxically have a lower mortality 
risk, a concept termed the sex-frailty paradox [18, 19]. 
A phenomenon also known more broadly as the male-
female health-survival paradox; women have poorer 
health than men, characterized by greater burden of 
chronic disease, more disability and worse self-rated 
health, but live longer [20, 21]. These data suggest each 
sex may have different physiological reserves, and that 
the link between health status and mortality is not 
necessarily fixed in humans. To date, very little is 
known regarding sex differences in frail mice or if the 
sex-frailty paradox extends beyond humans. The 
purposes of this study were therefore to characterize sex 
differences in frail C57BL/6 mice across the lifespan 
using a validated frailty phenotype, and assess how 
closely it relates to the human sex-frailty paradox. 
 
RESULTS 
 
A Kaplan-Meier survival analysis revealed male mice 
lived 13% longer than female mice (mean lifespan: 
31.8±0.7 vs. 28.1±0.6 months; p<0.01) (Figure 1).  

To assess sex differences in the prevalence of frailty 
across the lifespan, cut-off values determined at 23 and 
20 months for males and females (Table 1, also see 
‘Frailty criteria’ in the METHODS), respectively, were 
used to categorize mouse frailty from 17 months until 
death [12, 13]. There were more frail female mice at 26 
months than frail male mice (44.4 vs. 73.7%; p=0.05) 
(Figure 2A), however when normalized to the mean 
lifespan for each sex, no differences were detected 
(p≥0.10) (Figure 2B). 
 
Frail mice were then assessed using a Kaplan-Meier 
survival analysis to determine sex differences on 
mortality risk (Figure 3A & B). Frail female mice 
(n=10) had a mean survival time of 26.7±0.8 months, 
which was not different (p=0.12) from the mean 
survival time of 28.7±0.9 months observed in frail male 
mice (n=9) (Figure 3A). There was also no difference 
between mortality rate of frail male and female mice 
when evaluated by survival following the frailty 
assessment (p=0.78) (Figure 3B). See ‘Frailty criteria’ 
in the METHODS for details on the frailty assessment 
components. 

Table 1. Frailty criteria and cut-off values in male and female C57BL/6 mice. 

Human frailty 
phenotype 

Fried et al. [5] 

Mouse frailty  
phenotype Cut-off (%) 

Mouse cut-off values 
Male  

(23 months) 
Baumann et al. [12] 

Female  
(20 months) 

Kwak et al. [13] 
Low activity Voluntary wheel running Lower 20% 1.088 km/day 1.249 km/day 

Poor endurance Treadmill fatigue test Lower 20% 944.2 sec 915.6 sec 
Weakness Grip meter Lower 20% 220.3 g 239.1 g 
Slowness Rotarod test Lower 20% 38.0 sec 27.6 sec 

Lower body weight Body weight Upper 20% 40.6 g 44.1 g 
 

 

 
 

Figure 1. Survival curves of male (n=29) and female (n=27) 
C57BL/6 mice in the original cohort. * Significant difference 
between sex (p≤0.05). 
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To identify if non-frail and frail mice presented 
anthropometrical and/or functional sex differences early 
in life, male and female mice were compared at the time 
of the frailty assessment and three months prior. Frail 
mice, regardless of sex, were heavier (p≤0.05) (Figure 
4A and 5A) and possessed more body fat (p≤0.05) 
(Figure 4B and 5B) than non-frail mice. However, non-
frail and frail female mice had 53.1-62.2% more body 
fat compared to non-frail and frail male mice (p≤0.01) 
(Figure 4B and 5B).  
 
As with body weight and body fat percentage, time to 
fatigue (i.e., endurance, Figure 4E) at the frailty 
assessment and time on the rotarod (i.e., walking speed, 
Figure 5C) in the months prior were less (p≤0.05) for 
frail mice compared to non-frail mice. Frail females 
were weaker than non-frail females (p≤0.05), but both 

were stronger than males at the time of the frailty 
assessment (p≤0.03) (Figure 4D). In the months prior, 
non-frail males had better endurance scores compared 
to non-frail females (p=0.01) (Figure 5E). Physical 
activity measured by voluntary wheel run distance was 
65.2-65.7% greater in non-frail females compared to 
non-frail males, and 127.1-170.8% greater than that of 
frail females (p≤0.01) (Figure 4F and 5F). 
 
DISCUSSION 
 
The purposes of this study were to characterize sex 
differences of frail mice across the lifespan using a 
validated frailty phenotype, and assess how closely it 
relates to the human sex-frailty paradox. Our results 
generated three primary findings. First, the prevalence 
of frailty was greater in female mice but was age- 

 
Figure 2. Prevalence of frailty in male and female mice at each time-point (A) and normalized to the mean lifespan for each respective 
sex (B). The number of frail mice varies by time-point (n=3-18). * Significant difference between sex (p≤0.05). 
 

 
Figure 3. Survival curves of frail male (n=9) and female (n=10) mice. Mice were classified as frail according to the frailty criteria listed in 
Table 1, and survival was assessed across the lifespan (A) and also relative to the time of the frailty assessment (B). 
 



www.aging-us.com 5209 AGING 

  

 
Figure 4. Body composition (A, B) and physical function (C-F) of non-frail and frail, male and female mice at the time of the frailty 
assessment. *Significant difference between sex (p≤0.05). #Significant difference between frailty status within sex (i.e., non-frail vs. frail 
male, non-frail vs. frail female) (p≤0.05). Values are presented as mean + standard error. 
 

 
Figure 5. Body composition (A, B) and physical function (C-F) of non-frail and frail, male and female mice three months prior to the 
frailty assessment. *Significant difference between sex (p≤0.05). #Significant difference between frailty status within sex (i.e., non-frail 
vs. frail male, non-frail vs. frail female) (p≤0.05). Values are presented as mean + standard error. 
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dependent, and if normalized to mean lifespan, no sex 
differences remained. Second, frail mice, regardless of 
sex, died at a similar rate after the frailty assessment 
and had comparable mean lifespans. Lastly, 
anthropometrical and functional sex differences impact 
the selection of frailty criteria and determination of cut-
off values. These results do not fully support the sex-
frailty paradox observed in humans, but do suggest that 
regardless of sex, frail C57BL/6 mice are 
anthropometrically and functionally dysfunctional, and 
die early in life [12, 13]. 
 
Women experience greater levels of frailty, which is 
associated with poor health and an increased risk of 
death, but paradoxically live longer than men [18, 19]. 
This phenomenon has been termed the male-female 
health-survival paradox [20, 21], also coined the sex-
frailty paradox [18, 22]. To date, it is currently 
unknown if this paradox extends to common rodent 
models (e.g., C57BL/6 mice) used to study frailty and 
aging. For comparison between human and rodents, we 
have outlined the sex-frailty paradox into two 
components: 1) the prevalence of frailty and 2) the 
mortality risk of those identified as frail. 
 
The first component of the sex-frailty paradox in 
humans is that frailty scores are greater in women. In 
the laboratory, this component has not been fully 
established in mice. In fact, some report no sex 
differences [7, 23] while others report greater frailty 
scores in female C57BL/6 mice [11], and more recently 
in female NIH Swiss mice [24]. Our data partially 
support the latter findings that female mice exhibit 
greater levels of frailty, though it was age-dependent 
and only transient. Using a longitudinal lifespan study 
design with a phenotypic frailty assessment tool, we 
observed that at 26 months of age the prevalence of 
frailty was 66.0% greater in females than males (73.7 
vs. 44.4%), however no differences were detected at 
any other age (Figure 2A). Furthermore, the prevalence 
of frailty in males increased to a similar extent from 26 
to 29 months as that seen in females from 23 to 26 
months. Aging female NIH Swiss mice also experience 
a sharp increase in frailty scores beyond that of males 
when assessed using a physiological frailty index [24]. 
It is possible that these observations [present study, 24] 
are linked to hormones, immune function or regional 
distribution of body fat, factors associated with sex 
differences in response to life-extending genetic or 
pharmacological interventions [25]. Together, these 
data partially support that the prevalence of frailty is 
greater in females but is likely age-dependent, as all 
mice (regardless of sex) eventually become frail. 
 
The observation that female mice have greater frailty 
scores or prevalence of frailty is not a certainty and with 

further interpretation, can be challenged. Indeed, in the 
present study male mice lived 13% longer than female 
mice (Figure 1). Several other groups have shown 
C57BL/6 male mice live longer than female mice, though 
there is a fair amount of variability [26, 27]. Austad and 
Fischer [28] recently reviewed 29 studies on the C57BL/6 
mouse strain and found that males lived longer in 18 
studies and females lived longer in 11 studies. Therefore, 
it is critical researchers consider sex differences in 
lifespan and make the proper adjustments to their frailty 
scores and cut-off values. In the present study, frailty cut-
off values were selected at different time-points based on 
the 3.7-month variance in mean lifespan between sex, 
with frailty determination occurring at 23 and 20 months 
for male and female mice, respectively (Table 1). Taking 
this rationale a step further, we normalized the prevalence 
of frailty in male and female mice to the mean lifespan for 
each sex, which therefore takes into account the three 
month offset previously mentioned (i.e., 23 vs. 20 
months). Using this approach, the sex difference observed 
in the prevalence of frailty was eliminated, indicating that 
the prevalence of frailty was similar between male and 
female C57BL/6 mice (Figure 2B). These results and their 
subsequent interpretations suggest that sex differences in 
lifespan be taken into account when comparing male and 
female rodents. 
 
The second component of the sex-frailty paradox is that 
women live longer than men despite having higher 
frailty scores [18, 19]. Our data does indicate that at one 
time-point (without normalization to the mean lifespan), 
the prevalence of frailty was greater in females (Figure 
2A). However, when assessing mortality risk of frail 
mice across sex, we did not observe that frail female 
mice lived any longer. In fact, regardless of sex, frail 
mice died at a similar rate following the frailty 
assessment at 23 and 20 months for male and female 
mice, respectively (Figure 3A & 3B). Approximately 
50% of the frail male and female mice died within six 
months after being identified as frail (Figure 3B). Our 
data suggest frail male and female C57BL/6 mice die at 
a similar rate when frailty cut-off values are adjusted to 
reflect variability in sex and lifespan. Overall, in our 
cohort of aging C57BL/6 mice, it appears frail females 
do not paradoxically live longer than frail males; and 
therefore, does not support the second component of the 
sex-frailty paradox observed in humans.  
 
After determining the prevalence of frailty and overall 
mortality risk did not appear to have prominent sex 
differences, we turned to examining sex-specific 
characteristics used in the frailty assessment tool. Kane 
et al. [29] recently articulated the concept that, “there 
are different ways to become frail and each of them is 
valid for the person or mouse who becomes frail in that 
way,” a concept we explored further and assessed 
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whether it was also sex-specific. Our results indicate 
that although some frailty markers were similar between 
sex, others appeared to be dependent on being male or 
female. For instance, non-frail female mice were more 
physically active than non-frail males, a common sex 
difference observed in mice [30, 31]. It is therefore 
important to acknowledge that some sex differences 
will be present when determining frailty criteria and 
cut-off values. The observation that non-frail females 
ran ~65% further on the voluntary wheels than non-frail 
males is a prime example of a functional sex difference 
(Figure 4F & 5F), and solid justification that frailty cut-
off values cannot simply be applied across sex. Fried’s 
human phenotype [5] acknowledged this by using cut-
off percentiles according to gender and Antoch et al. 
[24] alluded to this in mice, by reporting parameters of 
their physiological frailty assessment, which only 
showed partial overlap between males and females. We 
suggest that sex differences be considered when 
assessing frailty, and emphasize that there are different 
ways to become frail – one of which may be sex. 
 
In closing, using a longitudinal lifespan study design we 
characterized sex differences in frail C57BL/6 mice via 
a validated frailty phenotype, and compared our 
findings to that of the sex-frailty paradox observed in 
humans. Our results suggest phenotypic sex differences 
exist in C57BL/6 mice and that males live longer than 
females. Researchers should therefore be cognizant of 
the anthropometrical, functional and lifespan 
differences between males and females, and adjust 
frailty criteria based on sex and mean lifespan – as done 
in the present study. Despite these sex differences, the 
prevalence of frailty was generally the same between 
sexes, with the exception of a single age when frailty 
was greater in females.  Moreover, after a mouse was 
identified as frail, male and female mice died at a 
similar rate. Together, these results (i.e., in C57BL/6 
mice) do not fully support the sex-frailty paradox 
observed in humans. In closing, these data indicate that 
sex differences exist in aging C57BL/6 mice and if the 
frailty criteria are adjusted accordingly, the prevalence 
of frailty increases across age with frail mice dying 
early in life [12, 13], regardless of sex. 
 
METHODS 
 
Ethical approval and animals 
 
Male (n=29) [12] and female (n=27) [13] C57BL/6 
mice were purchased from Jackson Laboratory (Bar 
Harbor, ME, USA) at 13 and 5 months, respectively. 
Mice were housed under a 12 hour light:dark cycle at 
20-23oC in specific pathogen-free facilities, supplied 
with food and water ad libitum, and allowed to age and 
die of natural causes. All animal procedures were in 

accordance with the standards set by the Institutional 
Animal Care and Use Committees at the University of 
Minnesota and Boston University. 
 
Experimental design 
 
Testing was initiated at 17 months of age and continued 
every 3 months (20, 23,... 32 or death) making this 
study a repeated measures research design, which 
allowed us to determine the lifespan of each individual 
mouse. For each performance testing period, mice were 
subjected to a battery of assessments over a one-week 
period during every three-month interval, as previously 
used by Thompson and colleagues [12, 13]. All testing 
procedures followed the same protocol during each 
assessment, and to ensure testing reliability, all 
assessments were completed by the same testers. 
 
Body weight and body fat percentage 
 
Body weights were obtained on an electronic scale (CS-
200, Ohaus, Parsippany, NJ, USA), while body fat 
percentage was evaluated using a Lunar PIXImus 
densitometer (GE Lunar Corporation, Madison, WI, 
USA). Briefly, a phantom mouse was first used as a 
calibration standard for quality control prior to each 
testing day. Mice were then anesthetized with 
isoflurane, placed on an adhesive specimen tray, and 
scanned with the skull excluded and tail included. 
 
Walking speed 
 
Walking speed was evaluated using a rotarod (Rota-Rod 
R/S; LSi Letica, Cornella, Spain). Mice were first 
warmed-up on the rotarod by walking at 4 rpm for 30 
seconds, at which point rotarod speed increased 1 rpm 
every 8 seconds up to 40 rpm over a 5 min period. 
Walking speed was recorded when the mouse was 
unable to sustain the rotation speed of the rotarod. Each 
mouse performed three trials with a 10-minute rest 
period in-between each trial. The best score of these 
trials, recorded as seconds, was used as walking speed. 
 
Strength 
 
Strength was evaluated using a grip meter test 
(P/N760483, Coulbourn Instruments, Whitehall PA). 
Mice were gently lowered over the top of a wire grid so 
that the front and hind paws gripped the grid. Once 
gripped, the tail of each mouse was pulled back 
steadily, keeping the mouse’s torso in a horizontal 
position. When the mouse was unable to maintain its 
grip, the trial was over and the grip strength, in grams, 
was recorded. Each mouse performed two trials with a 
10-minute rest period in-between each trial. The best 
score of these trials was used as peak grip strength. 
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Endurance 
 
Endurance was evaluated using a time to fatigue test on 
a motorized treadmill (Exer 3/6 Treadmill; Columbus 
Instruments, Columbus, OH). After a brief warm-up (5 
m/min for 5 min), mice remained on the treadmill and 
time to fatigue began with speed increasing 1 m/min 
every minute. Motivation was provided by gently 
tapping the mouse’s rear [12, 13, 32]. Time to fatigue 
was recorded following the third time the mouse could 
no longer keep pace with the speed of the treadmill. 
Endurance was determined to be the total amount of 
time, in seconds, the mouse remained on the treadmill. 
 
Physical activity 
 
Physical activity was evaluated by assessing voluntary 
distance ran using a running wheel (Model number: 
80820F, Lafayette Instruments, Lafayette, IN). Briefly, 
mice were individually housed in the wheel running 
cages for four days. The running distance, in 
revolutions, was recorded and converted to kilometer. 
The average distance ran per day was used to score 
physical activity. 
 
Frailty criteria 
 
Following the percentiles used by Fried et al. [5], mice 
that fell in the bottom 20% for walking speed, strength, 
endurance and physical activity were considered to have 
a positive frailty marker (i.e., for that give criteria) [12, 
13]. However, rather than unintentional weight loss, we 
determined that mice with a high body weight, in which 
they weighed in the top 20% to be positive for this 
frailty criterion (i.e., body weight). A detailed rationale 
for selecting heavy or overweight mice as a positive 
marker for frailty can be found in Baumann et al. [12]. 
Criteria were used to identify frailty cut-off values at 23 
and 20 months of age for male and female mice, 
respectively. These ages were selected for several 
reasons. First, male mice lived 3.7 months longer than 
female mice (Figure 1). Second, these ages represent a 
high survival rate; meaning they are near the maximal 
age before mice begin dying, making it an optimal age to 
predict frailty. Third, 20 to 23 months for a mouse are 
equal to approximately 60 to 75 human years [5, 10], 
which correspond to the initial age brackets assessed by 
Fried et al. [5]. Lastly, because frailty is thought to be 
reversible [33, 34], this age provides adequate time to 
implement possible life changing interventions. 
 
In our previous publications [12, 13], mice were 
categorized into three distinct groups (e.g., non-frail, 
pre-frail and frail) based on the number of positive 
frailty markers they possessed. However, because we 
did not detect differences in the lifespan of pre-frail and 

frail female mice, we combined these two groups in the 
study by Kwak et al. [13]. Therefore, for the purpose of 
this study, male and female mice were categorized into 
two distinct groups: mice with two or more positive 
frailty markers were identified as frail while mice with 
one or no positive frailty marker were considered non-
frail. Table 1 lists cut-off values and the ages (23 and 20 
months for male and female mice, respectively) that 
were used to quantify the prevalence of frailty for all 
other age groups (i.e., from 17 months until death). 
 
Statistical analysis 
 
A Kaplan-Meier analysis was performed to assess the 
sex differences in lifespan. In order to account for 
variability in lifespan between male and female mice 
(Figure 1), the prevalence of frailty was also assessed 
relative to the mean lifespan for each respective sex. 
Differences in prevalence of frailty, and 
anthropometrical and functional sex characteristics were 
examined using an independent t-test. Values are 
presented as mean ± standard error. Statistical 
significance was defined as p≤0.05. Data analyses were 
completed using SPSS 24.0 (IBM Corp, Armonk, NY) 
or SigmaPlot 14.0 (Systat Software Inc., Point 
Richmond, CA).  
 
CONFLICTS OF INTEREST 
 
The authors declare no conflicts of interests. 
 
FUNDING 
 
This work supported by the Travis Roy Endowed 
Professorship (to L.V.T.) and the National Institutes of 
Health (T32-AG029796 to L.V.T & C.W.B and T32-
AR007612 to C.W.B). 
 
REFERENCES 
 

1. López-Otín C, Blasco MA, Partridge L, Serrano M, 
Kroemer G. The hallmarks of aging. Cell. 2013; 
153:1194–217. 
https://doi.org/10.1016/j.cell.2013.05.039 
PMID:23746838 

2. Collard RM, Boter H, Schoevers RA, Oude Voshaar 
RC. Prevalence of frailty in community-dwelling older 
persons: a systematic review. J Am Geriatr Soc. 
2012; 60:1487–92. https://doi.org/10.1111/j.1532-
5415.2012.04054.x PMID:22881367 

3. 3. Morley JE, Vellas B, van Kan GA, Anker SD, Bauer 
JM, Bernabei R, Cesari M, Chumlea WC, Doehner W, 
Evans J, Fried LP, Guralnik JM, Katz PR, et al. Frailty 
consensus: a call to action. J Am Med Dir Assoc. 2013;  

https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23746838&dopt=Abstract
https://doi.org/10.1111/j.1532-5415.2012.04054.x
https://doi.org/10.1111/j.1532-5415.2012.04054.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22881367&dopt=Abstract


www.aging-us.com 5213 AGING 

14:392–97.  
https://doi.org/10.1016/j.jamda.2013.03.022 
PMID:23764209 

4. Fried LP, Ferrucci L, Darer J, Williamson JD, Anderson 
G. Untangling the concepts of disability, frailty, and 
comorbidity: implications for improved targeting and 
care. J Gerontol A Biol Sci Med Sci. 2004; 59:255–63. 
https://doi.org/10.1093/gerona/59.3.M255 
PMID:15031310 

5. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch 
C, Gottdiener J, Seeman T, Tracy R, Kop WJ, Burke G, 
McBurnie MA, and Cardiovascular Health Study 
Collaborative Research Group. Frailty in older adults: 
evidence for a phenotype. J Gerontol A Biol Sci Med 
Sci. 2001; 56:M146–56.  
https://doi.org/10.1093/gerona/56.3.M146 
PMID:11253156 

6. Kane AE, Hilmer SN, Mach J, Mitchell SJ, de Cabo R, 
Howlett SE. Animal models of frailty: current 
applications in clinical research. Clin Interv Aging. 
2016; 11:1519–29.  
https://doi.org/10.2147/CIA.S105714 
PMID:27822024 

7. Parks RJ, Fares E, Macdonald JK, Ernst MC, Sinal CJ, 
Rockwood K, Howlett SE. A procedure for creating a 
frailty index based on deficit accumulation in aging 
mice. J Gerontol A Biol Sci Med Sci. 2012; 67:217–27. 
https://doi.org/10.1093/gerona/glr193 
PMID:22021390 

8. Liu H, Graber TG, Ferguson-Stegall L, Thompson LV. 
Clinically relevant frailty index for mice. J Gerontol A 
Biol Sci Med Sci. 2014; 69:1485–91.  
https://doi.org/10.1093/gerona/glt188 
PMID:24336799 

9. Searle SD, Mitnitski A, Gahbauer EA, Gill TM, 
Rockwood K. A standard procedure for creating a 
frailty index. BMC Geriatr. 2008; 8:24.  
https://doi.org/10.1186/1471-2318-8-24 
PMID:18826625 

10. Mitnitski AB, Mogilner AJ, Rockwood K. 
Accumulation of deficits as a proxy measure of 
aging. Sci World J. 2001; 1:323–36.  
https://doi.org/10.1100/tsw.2001.58 
PMID:12806071 

11. Whitehead JC, Hildebrand BA, Sun M, Rockwood MR, 
Rose RA, Rockwood K, Howlett SE. A clinical frailty 
index in aging mice: comparisons with frailty index 
data in humans. J Gerontol A Biol Sci Med Sci. 2014; 
69:621–32. https://doi.org/10.1093/gerona/glt136 
PMID:24051346 

12. Baumann CW, Kwak D, Thompson LV. Assessing 
onset, prevalence and survival in mice using a frailty 
phenotype. Aging (Albany NY). 2018; 10:4042–53. 
https://doi.org/10.18632/aging.101692 
PMID:30562163 

13. Kwak D, Baumann CW, Thompson LV. Identifying 
characteristics of frailty in female mice using a 
phenotype assessment tool. J Gerontol A Biol Sci 
Med Sci. 2019. [Epub ahead of print]  
https://doi.org/10.1093/gerona/glz092 
PMID:30958526 

14. Pardue ML, Wizemann TM, eds. 2001. Exploring the 
biological contributions to human health: Does sex 
matter? (Washington (DC).  
https://doi.org/10.17226/10028 
PMID: 25057540 

15. Pomatto LC, Tower J, Davies KJ. Sexual dimorphism 
and aging differentially regulate adaptive 
homeostasis. J Gerontol A Biol Sci Med Sci. 2018; 
73:141–49. https://doi.org/10.1093/gerona/glx083 
PMID:28525535 

16. Le Couteur DG, Anderson RM, de Cabo R. Sex and 
Aging. J Gerontol A Biol Sci Med Sci. 2018; 73:139–
40. https://doi.org/10.1093/gerona/glx221 
PMID:29136099 

17. Roberts BM, Lavin KM, Many GM, Thalacker-Mercer 
A, Merritt EK, Bickel CS, Mayhew DL, Tuggle SC, 
Cross JM, Kosek DJ, Petrella JK, Brown CJ, Hunter GR, 
et al. Human neuromuscular aging: sex differences 
revealed at the myocellular level. Exp Gerontol. 
2018; 106:116–24.  
https://doi.org/10.1016/j.exger.2018.02.023 
PMID:29481967 

18. Gordon EH, Peel NM, Samanta M, Theou O, Howlett 
SE, Hubbard RE. Sex differences in frailty: A 
systematic review and meta-analysis. Exp Gerontol. 
2017; 89:30–40.  
https://doi.org/10.1016/j.exger.2016.12.021 
PMID:28043934 

19. Shi J, Yang Z, Song X, Yu P, Fang X, Tang Z, Peng D, 
Mitnitski A, Rockwood K. Sex differences in the limit 
to deficit accumulation in late middle-aged and older 
Chinese people: results from the Beijing Longitudinal 
Study of Aging. J Gerontol A Biol Sci Med Sci. 2014; 
69:702–09. https://doi.org/10.1093/gerona/glt143 
PMID:24127426 

20. Mascitelli L, Pezzetta F, Sullivan JL. Why women live 
longer than men: sex differences in longevity. Gend 
Med. 2006; 3:341. https://doi.org/10.1016/S1550-
8579(06)80221-4 PMID:17582374 

https://doi.org/10.1016/j.jamda.2013.03.022
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23764209&dopt=Abstract
https://doi.org/10.1093/gerona/59.3.M255
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15031310&dopt=Abstract
https://doi.org/10.1093/gerona/56.3.M146
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11253156&dopt=Abstract
https://doi.org/10.2147/CIA.S105714
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27822024&dopt=Abstract
https://doi.org/10.1093/gerona/glr193
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22021390&dopt=Abstract
https://doi.org/10.1093/gerona/glt188
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24336799&dopt=Abstract
https://doi.org/10.1186/1471-2318-8-24
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18826625&dopt=Abstract
https://doi.org/10.1100/tsw.2001.58
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12806071&dopt=Abstract
https://doi.org/10.1093/gerona/glt136
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24051346&dopt=Abstract
https://doi.org/10.18632/aging.101692
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30562163&dopt=Abstract
https://doi.org/10.1093/gerona/glz092
https://www.ncbi.nlm.nih.gov/pubmed/30958526
https://doi.org/10.17226/10028
https://www.ncbi.nlm.nih.gov/pubmed/?term=25057540
https://doi.org/10.1093/gerona/glx083
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28525535&dopt=Abstract
https://doi.org/10.1093/gerona/glx221
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29136099&dopt=Abstract
https://doi.org/10.1016/j.exger.2018.02.023
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29481967&dopt=Abstract
https://doi.org/10.1016/j.exger.2016.12.021
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28043934&dopt=Abstract
https://doi.org/10.1093/gerona/glt143
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24127426&dopt=Abstract
https://doi.org/10.1016/S1550-8579(06)80221-4
https://doi.org/10.1016/S1550-8579(06)80221-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17582374&dopt=Abstract


www.aging-us.com 5214 AGING 

21. Oksuzyan A, Juel K, Vaupel JW, Christensen K. Men: 
good health and high mortality. Sex differences in 
health and aging. Aging Clin Exp Res. 2008; 20:91–
102. https://doi.org/10.1007/BF03324754 
PMID:18431075 

22. Gordon EH, Hubbard RE. The Pathophysiology of 
Frailty: why sex is so important. J Am Med Dir Assoc. 
2018; 19:4–5.  
https://doi.org/10.1016/j.jamda.2017.10.009 
PMID:29133018 

23. Kane AE, Hilmer SN, Boyer D, Gavin K, Nines D, 
Howlett SE, de Cabo R, Mitchell SJ. Impact of 
longevity interventions on a validated mouse clinical 
Frailty Index. J Gerontol A Biol Sci Med Sci. 2016; 
71:333–39. https://doi.org/10.1093/gerona/glu315 
PMID:25711530 

24. Antoch MP, Wrobel M, Kuropatwinski KK, Gitlin I, 
Leonova KI, Toshkov I, Gleiberman AS, Hutson AD, 
Chernova OB, Gudkov AV. Physiological frailty index 
(PFI): quantitative in-life estimate of individual 
biological age in mice. Aging (Albany NY). 2017; 
9:615–26. https://doi.org/10.18632/aging.101206 
PMID:28325885 

25. Austad SN, Bartke A. Sex differences in longevity and 
in responses to anti-aging interventions: A mini-
review. Gerontology. 2015; 62:40–46.  
https://doi.org/10.1159/000381472 PMID:25968226 

26. Miller RA, Harper JM, Dysko RC, Durkee SJ, Austad 
SN. Longer life spans and delayed maturation in 
wild-derived mice. Exp Biol Med (Maywood). 2002; 
227:500–08. 
https://doi.org/10.1177/153537020222700715 
PMID:12094015 

27. Ali SS, Xiong C, Lucero J, Behrens MM, Dugan LL, 
Quick KL. Gender differences in free radical 
homeostasis during aging: shorter-lived female 
C57BL6 mice have increased oxidative stress. Aging 
Cell. 2006; 5:565–74.  

https://doi.org/10.1111/j.1474-9726.2006.00252.x 
PMID:17129217 

28. Austad SN, Fischer KE. Sex differences in lifespan. 
Cell Metab. 2016; 23:1022–33.  
https://doi.org/10.1016/j.cmet.2016.05.019 
PMID:27304504 

29. Kane AE, Shin S, Wong AA, Fertan E, Faustova NS, 
Howlett SE, Brown RE. Sex differences in healthspan 
predict lifespan in the 3xTg-AD mouse model of 
Alzheimer’s Disease. Front Aging Neurosci. 2018; 
10:172. https://doi.org/10.3389/fnagi.2018.00172 
PMID:29946252 

30. Lightfoot JT. Sex hormones’ regulation of rodent 
physical activity: a review. Int J Biol Sci. 2008; 4:126–
32. https://doi.org/10.7150/ijbs.4.126 
PMID:18449357 

31. Rosenfeld CS. Sex-dependent differences in 
voluntary physical activity. J Neurosci Res. 2017; 
95:279–90. https://doi.org/10.1002/jnr.23896 
PMID:27870424 

32. Baumann CW, Kwak D, Ferrington DA, Thompson LV. 
Downhill exercise alters immunoproteasome 
content in mouse skeletal muscle. Cell Stress 
Chaperones. 2018; 23:507–17.  
https://doi.org/10.1007/s12192-017-0857-y 
PMID:29124664 

33. Graber TG, Ferguson-Stegall L, Liu H, Thompson LV. 
Voluntary aerobic exercise reverses frailty in old 
mice. J Gerontol A Biol Sci Med Sci. 2015; 70:1045–
58. https://doi.org/10.1093/gerona/glu163 
PMID:25271307 

34. Laosa O, Alonso C, Castro M, Rodriguez-Manas L. 
Pharmaceutical interventions for frailty and 
sarcopenia. Curr Pharm Des. 2014; 20:3068–82. 
https://doi.org/10.2174/13816128113196660705 
PMID:24079768 

 
 

https://doi.org/10.1007/BF03324754
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18431075&dopt=Abstract
https://doi.org/10.1016/j.jamda.2017.10.009
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29133018&dopt=Abstract
https://doi.org/10.1093/gerona/glu315
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25711530&dopt=Abstract
https://doi.org/10.18632/aging.101206
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28325885&dopt=Abstract
https://doi.org/10.1159/000381472
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25968226&dopt=Abstract
https://doi.org/10.1177/153537020222700715
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12094015&dopt=Abstract
https://doi.org/10.1111/j.1474-9726.2006.00252.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17129217&dopt=Abstract
https://doi.org/10.1016/j.cmet.2016.05.019
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27304504&dopt=Abstract
https://doi.org/10.3389/fnagi.2018.00172
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29946252&dopt=Abstract
https://doi.org/10.7150/ijbs.4.126
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18449357&dopt=Abstract
https://doi.org/10.1002/jnr.23896
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27870424&dopt=Abstract
https://doi.org/10.1007/s12192-017-0857-y
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29124664&dopt=Abstract
https://doi.org/10.1093/gerona/glu163
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25271307&dopt=Abstract
https://doi.org/10.2174/13816128113196660705
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24079768&dopt=Abstract

