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Abstract

Aerobic exercise is a promising intervention to attenuate frailty, but preclinical studies have used only male animals. We investigated the impact
of voluntary aerobic exercise on frailty, biological age (FRailty Inferred Geriatric Health Timeline [FRIGHT] clock), predicted life expectancy
(Analysis of FRAIlty and Death [AFRAID] clock), and mortality in both sexes and determined whether exercise was associated with changes in
inflammation. Older (21-23 months) male (7 = 12) and female (7 = 22) C57Bl/6 mice matched for baseline frailty scores were randomized into
exercise (running wheel) and sedentary (no wheel) groups. Frailty index scores were measured biweekly (13 weeks), and 23 serum cytokines
were measured at midpoint and end point. Exercise levels varied between mice but not between the sexes. Exercise had no effect on mortality,
but it attenuated the development of frailty in both sexes (female = 0.32 = 0.04 vs 0.21 = 0.01; p = .005; male = 0.30 = 0.02 vs 0.22 = 0.02;
p =.042) and reduced frailty in older females after 10 weeks. FRIGHT scores were unaffected by exercise but increased with time in sedentary
males indicating increased biological age. Exercise prevented the age-associated decline in AFRAID scores in older females such that exercised
females had a longer life expectancy. We investigated whether aerobic exercise was associated with changes in systemic inflammation. Cytokine
levels were not affected by exercise in males, but levels of pro-inflammatory cytokines were positively correlated with the frequency of exercise
in females. Despite increases in systemic inflammation, exercise reduced frailty and increased life span in older females. Thus, voluntary aerobic
exercise, even late in life, has beneficial effects on health in both sexes but may be especially helpful in older females.
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Frailty is a state of elevated risk for negative health outcomes that
can be quantified in many ways (1). One common clinical approach
creates a frailty index (FI) that measures health-deficit accumulation
(2). This concept has been reverse-translated for use in preclinical
models (3), where scores from mice and humans exhibit similar-
ities including higher FI scores in females than males (4,5). Mouse
FI data have been used to create FRailty Inferred Geriatric Health
Timeline (FRIGHT) and Analysis of FRAIlty and Death (AFRAID)
clocks to estimate biological age and life expectancy, respectively (6).
Together, this provides a powerful translational approach to explore
the biology of frailty.

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America.

The FI can evaluate the efficacy of interventions, like aerobic
exercise, on the degree of frailty. The limited data from older hu-
mans suggest aerobic exercise can reverse frailty (7-9). Still, little
is known about effects of exercise on frailty, especially in women
who are underrepresented in exercise research (10). This sex bias
has translated to preclinical work. Studies of aerobic exercise and
frailty in aging rodents have typically used only males (11,12), al-
though short-term higher intensity exercise has benefits in both sexes
(13-15). Thus, effects of aerobic exercise on frailty in older females
are unclear; whether exercise can affect FRIGHT or AFRAID scores
has not been investigated in either sex.
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Chronic inflammation is implicated in the pathogenesis of frailty
(16). Indeed, serum levels of pro-inflammatory cytokines increase
with frailty in mice and this differs between the sexes (5). Regular
exercise can positively affect chronic inflammation, although its im-
pact varies based on age, sex, exercise intensity, and intervention
length (17-19). Whether aerobic exercise may reduce frailty, in part
by modifying age-related inflammation, is unclear.

Our objectives were to determine, in both sexes, whether: (i)
voluntary aerobic exercise attenuated frailty in older mice; (ii) aer-
obic exercise affected biological age and predicted life expectancy
assessed with FRIGHT and AFRAID clocks; (iii) effects of exercise
were associated with changes in inflammation.

Method

Animals and Exercise

Male (n = 12) and female (7 = 22) C57Bl/6 mice (Charles River, St.
Constant, QC, Canada) were aged in individually ventilated cages in the
Dalhousie Animal Care Facility (12-hour light-dark cycle, 21°C, 35%
humidity) until ages 21-23 months. They were then transferred to in-
dividual cages with or without a running wheel (Clocklab, ActiMetrics,
model: ACT-551-MS-SS: circumference 34.56 ¢cm) and voluntary run-
ning was tracked as wheel rotations. Twenty-four-hour activity data
were collected on a computer and analyzed with Clocklab Analysis soft-
ware version 6. Animals had free access to food (ProLab RMH3000,
LabDiet, St. Louis, MO) and water throughout. Experiments were ap-
proved by the Dalhousie University Committee on Laboratory Animals
and followed Canadian Council on Animal Care guidelines.

Frailty Scoring

Frailty was assessed weekly with the mouse FI, as described (3).
Briefly, mice were placed in a clean cage in a quiet room to accli-
matize (5 minutes) and then weighed and body surface temperature
was measured. They were scored for health deficits, where 0 = no
deficit, 0.5 = mild deficit, and 1 = severe deficit. For body weight
and body surface temperature, deficits were scored between 0 and
1 based on deviation from group means (3). Values for each def-
icit were summed and divided by 31 to produce an FI score. Mice
were randomly assigned to exercise or sedentary groups based on
similar FI scores. FRIGHT and AFRAID scores were calculated from
FI items as described (6).

Cytokines

Mice were moved to cages without running wheels for at least 2 hours
before blood was collected (facial vein at midpoint or the aorta at end
point). After blood clotted (30 minutes, room temperature), it was cen-
trifuged (211 G, 4°C, 12 minutes) and the supernatant (serum) collected
and frozen (-20°C). Serum cytokines were analyzed with a bead-based
multiplex assay (BioRad, M60009RDPD, Hercules, CA). Cytokine
concentrations below the limit of detection (LOD) were replaced with
LOD/2 as this imparts a smaller bias than the LOD (20). Of note, 16 of
23 cytokines (70%) required no substitutions, 5 required 1 substitution,
and 2 (interleukin [IL]-2, IL-1pB) required slightly more.

Statistics

Data were expressed as mean = SEM unless otherwise stated.
Analyses were done with SigmaPlot (version 14, Systat Software,
Erkrath, Germany) or Prism (version 8.3, GraphPad Software, San
Diego, CA). Frailty data were analyzed with a mixed-effects model
comparing sedentary and exercised mice by sex over time (Fisher’s

least significant difference post hoc test); this model accounts for
missing data due to mortality. The proportion of mice with deficits
was analyzed with Fisher’s Exact Test. Frailty data from only those
mice that survived the entire study were also analyzed separately.
Mortality data were analyzed with a Log-rank test. “Bouts” of exer-
cise represent >5 wheel rotations separated by less than a 5-minute
gap and were analyzed with a # test. Relationships between cytokines
and exercise were analyzed with Pearson’s correlation; in these cor-
relations, each data point represents an individual mouse. P < .05
was considered statistically significant.

Results

Exercise

Exercise levels in aged male and female mice demonstrated marked
interindividual variation in cumulative distance run (Figure 1A
and B) with no sex differences (p = .34). We also compared peri-
odic stretches of exercise (“bouts”) in exercised mice. The number
of bouts/day (Figure 1C, p = .14), mean bout duration (Figure 1D,
p = .63), and average peak speed (Figure 1E, p = .47) were similar in
both sexes. Thus, exercise levels were similar in both sexes in these
older mice.

Mortality and Frailty

We investigated whether voluntary exercise affected mortality.
Interestingly, mortality was similar in sedentary and exercised mice
(females: p = .77; males: p = .95). Mortality was also similar when all
4 groups were considered together (Figure 1F, p = .38). We next ex-
plored whether voluntary exercise modified frailty in aging mice. FI
scores increased over time in sedentary mice in both sexes and exer-
cise prevented this increase (Figure 1G and H); this became statistic-
ally significant after 10 weeks in females and 12 weeks in males. In
addition, exercise reduced frailty in females, as FI scores were lower
than baseline after 10 weeks (Figure 1G). This effect was not seen in
males (Figure 1H). Baseline frailty scores also were higher in females
than males (p = .03). However, this sex difference did not persist as
there were no end point sex differences for either sedentary or exer-
cised mice (Figure 1G and H). As some mice died during this study,
we completed a separate analysis of only mice that survived and
found similar effects of exercise on frailty (Supplementary Figure 1).
FI scores were not correlated with exercise volume (Supplementary
Table 1). Thus, although voluntary exercise did not affect mortality,
it attenuated the development of frailty in both sexes, and reduced
frailty in older females.

We assessed whether the impact of exercise on frailty was dom-
inated by effects on a few deficits, or whether it was apparent across
many deficits. Supplementary Figure 2 shows the proportion of mice
with specific deficits at baseline and at end point for all mice in this
study. Only a few deficits showed significant differences between
groups, and only in females (Supplementary Figure 2). There were no
significant differences in individual deficits in males (Supplementary
Figure 2). When we considered only mice that survived, we found
virtually identical results (Supplementary Figure 3). Thus, cumu-
lative effects of many small changes in a range of health deficits
resulted in lower frailty scores in the exercised animals when com-
pared to sedentary controls.

Frailty Clocks

In aging mice of both sexes, we explored effects of voluntary exercise
on biological age (FRIGHT clock; Figure 2A and B) and predicted
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Figure 1. Voluntary exercise had no impact on mortality but reduced frailty in aging male and female mice. Cumulative distance run for females (A, n = 11)
and males (B, n = 6) illustrates heterogeneity in the total distance run over the course of the study in both sexes. Mean + SEM exercise parameters including
bouts/day (C), bout duration (D), and peak rate (E) were similar in both sexes (n = 6 female and 5 male mice; analyzed with a Student’s t test). Exercise did not
affect the probability of survival assessed with a Log-rank test regardless of sex (F). Voluntary aerobic exercise attenuated the development of frailty in females
(G, exercise n = 11-6, sedentary n = 11-5) and males (H, exercise n = 6-5, sedentary n = 6-5). Group differences were evaluated with a mixed-effects model.
(F = female, M = male, EP = end point; * denotes significant difference between sedentary and exercise groups; # denotes significant effect of time; p < .05).
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Figure 2. Impact of voluntary exercise on FRailty Inferred Geriatric Health Timeline (FRIGHT) and Analysis of FRAIIty and Death (AFRAID) scores in aging male
and female mice. FRIGHT scores (predicted biological age) declined over time in exercised compared to sedentary females, although this was not statistically
significant (A). By contrast, FRIGHT scores increased with time in males and this effect was statistically significant for sedentary mice at the end point (B).
AFRAID scores (estimated life expectancy) showed a significant decline with age in females (C), an effect that was not seen in males (D). Group differences
were evaluated with a mixed-effects model. EP = end point. (* denotes significant difference between sedentary and exercise groups; # denotes significant effect
of time; p <.05).

life span (AFRAID clock; Figure 2C and D). FRIGHT scores de- and AFRAID scores were not correlated with exercise volume

clined over time in exercised females compared to sedentary females, (Supplementary Table 1). Together these findings indicate both that
although this was not statistically significant (Figure 2A). In con- exercise increased predicted life expectancy in aging females but not
trast, FRIGHT scores increased with time in males, and this was stat- in males and that biological age increased in sedentary males.

istically significant for sedentary mice at the end point (Figure 2B).
AFRAID scores declined in sedentary but not exercised females, with Cytokines
sedentary females exhibiting a shorter life expectancy than exercised
mice at end point (Figure 2C). In contrast, AFRAID scores were not
affected by time or by exercise in aging males (Figure 2D). FRIGHT

We next investigated whether there was a relationship between
serum cytokines and volume of exercise performed. Cytokine con-
centrations were plotted as a function of bouts/day and fitted with


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glab297#supplementary-data

44 Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 1

linear regression. Figure 3 shows a clear positive linear relation- cytokines (IL-2, IL-3, IL-5, IL-6, IL-9, interferon ) and a chemokine
ship between many cytokine levels and the volume of exercise per- (KC) increased as the volume of exercise increased in females (Figure
formed in aging females (Figure 3A-W). Levels of pro-inflammatory 3). By contrast, there was no relationship between serum cytokines
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Figure 3. Cytokine levels were graded by exercise volume in aging female mice. Serum cytokines (n = 14) were categorized into pro-inflammatory cytokines
(A-N), chemokines (0O-T), and anti-inflammatory cytokines (Q-W). Values were plotted as a function of exercise (bouts/day), using the average bouts/day for the
5 previous days before serum collection. Data were analyzed with a Pearson’s correlation and a linear regression line was drawn only if p <.05.
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and exercise volume in aging male mice (Supplementary Figure
4A-W). Thus, aerobic exercise was associated with high levels of
pro-inflammatory cytokines in aging females, a relationship that was
not seen in males.

Discussion

This study investigated whether aerobic exercise affected frailty, bio-
logical age, and/or life expectancy in older mice of both sexes, and
whether effects of exercise were associated with changes in inflam-
mation. We found that, despite interindividual variation in overall
distances, there were no sex differences in the volume of exercise per-
formed. Exercise had no impact on mortality, but it attenuated the
development of frailty in both sexes and reduced FI scores in older
females. FRIGHT scores (biological age) were not affected by exer-
cise although they increased over time in sedentary males. AFRAID
scores showed that exercised females, but not males, had a higher
life expectancy than sedentary controls. Cytokine levels were not af-
fected by aerobic exercise in males, but levels of pro-inflammatory
cytokines increased as exercise volume increased in females. These
findings suggest that aerobic exercise is beneficial in both sexes, even
when started late in life, and may be particularly beneficial in older
females. Despite increased chronic inflammation in older exercised
females, frailty was substantially lower in this group than in seden-
tary controls.

Prior studies of the influence of voluntary exercise on frailty in
preclinical models reported beneficial effects of exercise on frailty/
health span, but have used only male animals (11,12,21). A major
novel finding in our study is that voluntary exercise, even when
introduced late in life, prevented the development of frailty in both
sexes and reduced frailty in older females with no impact on mor-
tality. This observation suggests that exercised mice in our study died
healthier than sedentary controls, an attractive idea that is gaining
traction in the clinical literature (22). We also demonstrated that
aerobic exercise reduced frailty levels in females, an effect not seen
in males. As human and animal studies (including this study) show
that females have higher frailty levels than males (4,5,23), it is crit-
ically important to investigate strategies to mitigate frailty in older
women. Our data strongly suggest that aerobic exercise is a powerful
intervention to prevent the development of frailty and even reduce
preexisting frailty in older females and it can be initiated in late life
to great benefit.

FI scores from male mice have been used to create FRIGHT and
AFRAID clocks to estimate biological age and life expectancy, re-
spectively (6). These clocks are responsive to pharmacological and
dietary interventions in aging male mice (6). Here we show, for the
first time, that these clocks can detect important effects in females
and they can be used to assess effects of an exercise intervention
in both sexes. Indeed, we found that FRIGHT and AFRAID clocks
can identify sex-specific differences in effects of exercise, with exer-
cise increasing life expectancy in females and sedentary behavior
increasing biological age in males. It is now clear that these clocks can
add value to studies of interventions to modify frailty in both sexes.

Chronic systemic inflammation plays a key role in the pathogen-
esis of frailty (16). As aerobic exercise can reduce pro-inflammatory
cytokines in younger humans and animals (24), a new clinical trial
is exploring whether exercise reduces inflammation associated with
frailty (25). Conversely, while aerobic exercise reduces circulating
tumor necrosis factor o (TNFa) in young male rats, levels are un-
affected by exercise in older animals (18). Here, we show that levels

of 23 different serum cytokines (including TNFa) did not change
in response to exercise in aging male mice. Further, many pro-
inflammatory cytokines increased in proportion to exercise volume
in aging females. Interestingly, we found that exercise reduced frailty
in older females even though it increased IL-6, IL-9, and IFNy,
cytokines that are associated with higher FI scores in aging female
mice (5). Whether aerobic exercise increases serum cytokines in
older women has not yet been investigated, although levels of pro-
inflammatory cytokines are increased by exercise in skeletal muscle
from older women (19). Additional studies of the relationship be-
tween systemic inflammation, exercise, and frailty in older women
are warranted.

There are limitations to this work. The beneficial effects we ob-
served reflect a 13-week voluntary exercise program that was initiated
late in life. Other interventions (eg, lifelong exercise) may produce
different results. The survival analysis also was initiated at older ages,
and we saw no significant differences within the study time frame. It
is possible that differences in exercise effects on survival, including
sex differences, might emerge if a longer time frame was investigated.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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