GeroScience (2021) 43:423-432
https://doi.org/10.1007/s11357-020-00212-1

ORIGINAL ARTICLE

Late-life voluntary wheel running reverses age-related

®

Check for
updates

aortic stiffness in mice: a translational model for studying
mechanisms of exercise-mediated arterial de-stiffening

Rachel A. Gioscia-Ryan - Zachary S. Clayton - Bradley S. Fleenor - Jason S. Eng -
Lawrence C. Johnson - Matthew J. Rossman - Melanie C. Zigler - Trent D. Evans -

Douglas R. Seals

Received: 22 April 2020 / Accepted: 2 June 2020 /Published online: 11 June 2020

© American Aging Association 2020

Abstract Aortic stiffening, assessed as pulse-wave ve-
locity (PWYV), increases with age and is an important
antecedent to, and independent predictor of, cardiovas-
cular diseases (CVD) and other clinical disorders of
aging. Aerobic exercise promotes lower levels of aortic
stiffness in older adults, but the underlying mechanisms
are incompletely understood, largely due to inherent
challenges of mechanistic studies of large elastic arteries
in humans. Voluntary wheel running (VWR) is distinct
among experimental animal exercise paradigms in that it
allows investigation of the physiologic effects of aerobic
training without potential confounding influences of
aversive molecular signaling related to forced exercise.
In this study, we investigated whether VWR in mice
may be a suitable model for mechanistic studies (i.e.,
“reverse translation”) of the beneficial effects of exer-
cise on arterial stiffness in humans. We found that
10 weeks of VWR in old mice (~28 months) reversed
age-related elevations in aortic PWV assessed in vivo
(Old VWR: 369 + 19 vs. old sedentary: 439 £20 cm/s,
P <0.05). The de-stiffening effects of VWR were ac-
companied by normalization of age-related increases in
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ex vivo mechanical stiffness of aortic segments and
aortic accumulation of collagen-I and advanced
glycation end products, as well as lower levels of aortic
superoxide and nitrotyrosine. Our results suggest that
late-life VWR in mice recapitulates the aortic de-
stiffening effects of exercise in humans and indicates
important mechanistic roles for decreased oxidative
stress and extracellular matrix remodeling. Therefore,
VWR is a suitable model for further study of the mech-
anisms underlying beneficial effects of exercise on arte-
rial stiffness.
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Introduction

Age-related stiffening of the large elastic arteries is an
important antecedent to, and independent risk factor for,
the development of cardiovascular diseases (CVD),
which remain the leading cause of death in developed
nations (Virani et al. 2020; Timmis et al. 2020;
Heidenreich et al. 2011; Lakatta and Levy 2003;
Sutton-Tyrrell et al. 2005). Aortic pulse-wave velocity
(PWYV), most commonly assessed as carotid-femoral
PWYV, is the gold-standard clinical measure for
assessing arterial stiffness in humans and increases with
aging independent of other CVD risk factors (Ben-
Shlomo et al. 2014; Mitchell et al. 2004; Mitchell et al.
2010; Sutton-Tyrrell et al. 2005). Higher aortic PWV is
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also associated with many other age-related clinical
disorders including renal and cognitive dysfunction
(Waldstein et al. 2008; Elias et al. 2009; Scuteri et al.
2005; Mitchell 2008; Safar et al. 2004). Importantly,
interventions which decrease or preserve arterial stiff-
ness at lower levels have the potential to lower the risk
of CVD and other diseases of aging, as well as associ-
ated morbidity and health care costs (Heidenreich et al.
2011).

Age-associated arterial stiffening is mediated largely
by structural changes to the arterial wall including ex-
cess deposition of collagen and its cross-linking by
advanced glycation end-products (AGEs), though age-
related changes in functional influences such as in-
creased vasomotor tone and vascular endothelial dys-
function also contribute (Fleenor 2015; Lakatta and
Levy 2003; Seals 2014; Soucy et al. 2006; McEniery
et al. 2006). A primary underlying molecular mecha-
nism driving these age-related structural changes in
arteries is oxidative stress, characterized by excessive
superoxide production and associated oxidant damage
(Fleenor 2015; Zieman et al. 2005; Lakatta 2003; Seals
2014).

Regular aerobic exercise is associated with preserva-
tion of arterial stiffness at lower, more healthy levels
with aging (Tanaka et al. 1998; Gando et al. 2010;
Laurent et al. 2011; Vaitkevicius et al. 1993; Tanaka
et al. 2018), and some data suggest late-life aerobic
exercise interventions in healthy older adults may de-
crease arterial stiffness (Tanaka et al. 2000; Moreau
et al. 2003), including when assessed as PWV (Nowak
et al. 2018; Yoshizawa et al. 2009; Fujie et al. 2020;
Okamoto et al. 2019). An understanding of the cellular
mechanisms responsible for the de-stiffening effects of
aerobic exercise has important clinical potential to in-
form novel interventional strategies to prevent or atten-
uate arterial stiffening, but these mechanisms are pres-
ently incompletely characterized. Given the challenges
inherent to mechanistic studies of large elastic artery
stiffening in older humans, particularly the infeasibility
of sampling central arterial tissue, a model system to
investigate the de-stiffening effects of exercise could
have great utility (Seals 2014).

There are several established rodent aerobic exercise
paradigms, including both forced (e.g., swimming,
treadmill) and voluntary (primarily wheel running) mo-
dalities (Goh and Ladiges 2015; Manzanares et al.
2018). Voluntary wheel running (VWR) has been ad-
vanced as a translational model of aerobic endurance
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training in humans (Goh and Ladiges 2015; Manzanares
et al. 2018; Durrant et al. 2009; Fleenor et al. 2010) and
is distinct from forced exercise in that it allows for
investigation of the physiologic effects of acrobic train-
ing without the potential confounding influences of
aversive molecular signaling related to the stress of
forced exercise (Goh and Ladiges 2015; Manzanares
et al. 2018).

We have previously reported that late-life voluntary
wheel running in mice is associated with lower (versus a
sedentary cage-control group) stiffness of carotid arter-
ies assessed ex vivo (Fleenor et al. 2010), but the effects
of late-life voluntary aerobic exercise (wheel running)
on aortic PWV, assessed in vivo, have never been
established. Therefore, the purpose of this study was to
investigate the effects of a late-life voluntary wheel
running intervention on arterial stiffening, as assessed
by aortic PWV, and to determine whether this exercise
paradigm may be a suitable model for mechanistic stud-
ies (i.e., “reverse translation”) seeking to elucidate the
beneficial effects of exercise on arterial stiffness in
humans.

We performed a 10-week late-life voluntary wheel
running intervention in old mice (aged ~26 months at
start of intervention period), with young (6 months) and
old (28 months) sedentary cage-control mice serving as
reference groups. Our primary outcome was aortic stiff-
ening as assessed in vivo by aortic PWV, but we also
assessed intrinsic mechanical stiffness via ex vivo
stress-strain testing of aortic segments, aortic abundance
of collagen and key cross-linking compound AGEs, and
markers of oxidative stress.

Methods
Ethical and institutional approval

This study was approved by the Animal Care and Use
Committee at the University of Colorado Boulder and
adhered to all standards as set forth the in Guide for
Care and Use of Laboratory Animals (National Re-
search Council, 2011).

Mice
Male C57BL/6 mice, a model of age-related arterial

stiffening (Donato et al. 2013; LaRocca et al. 2014;
Gioscia-Ryan et al. 2018; Fleenor et al. 2012; Sindler
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et al. 2011), were obtained from Charles River at ap-
proximately 4 (young, n=15) and 24 months (old, n =
25) of age and allowed to acclimate to our facilities for at
least 2 weeks. Mice were singly housed in our facility
with a 12-h light:dark cycle and consumed normal chow
(Harlan 7917) and water ad libitum.

Voluntary wheel running intervention

Old mice (n=10) were transferred to cages equipped
with running wheels at approximately 26 months of age
and were permitted to run ad libitum for 10 weeks, a
duration we have previously shown to be effective for
improving arterial function and decreasing ex vivo stift-
ness in old mice (Fleenor et al. 2012; Lesniewski et al.
2013; Durrant et al. 2009; Gioscia-Ryan et al. 2016).
Running distance was recorded for 72 continuous hours
once weekly during the final 8 weeks of the intervention
and is reported as average distance covered per 24 h.
Three mice whose daily running distance was < 10% of
the group mean were excluded from analysis.

Aortic pulse-wave velocity

Aortic pulse-wave velocity was assessed in the Old
VWR mice both prior to (Pre, ~26 months of age) and
following (Post, ~28 months of age) the 10-week exer-
cise intervention period, using the Doppler ultrasound
procedure previously described by our laboratory
(Sindler et al. 2011; Fleenor et al. 2012; LaRocca et al.
2014). Briefly, mice were maintained under light anes-
thesia with inhaled isoflurane (1.5-2%) and positioned
supine on a warmed platform with paws secured to ECG
leads. Pulse waves were detected by Doppler probes
placed at the transverse aortic arch and abdominal aorta.
Three consecutive 2-s recordings were used to deter-
mine time delay between the ECG R-wave and the foot
of the Doppler signal at each site (timeapgomina and
tiMEansverse). Aortic PWV was calculated as (physical
distance between the two probes)/(timeapgominal-
tiMEyansverse) and reported in cm/s. Measurements in
young and old sedentary reference groups were per-
formed at approximately 6 months of age (Young Sed)
and 28 months of age (Old Sed). Heart rate was main-
tained between ~400 and 500 beats per minute for all
assessments of PWV to minimize the potential modula-
tory influence of that factor (Lantelme et al. 2002).

Intrinsic mechanical wall stiffness

At the end of the intervention period, mice were
euthanized via cardiac puncture under inhaled
isoflurane anesthesia. Aorta were harvested, rinsed
in cold physiological saline solution, and cleared
of perivascular connective tissue. Two ~1-mm
segments of the thoracic aorta were used for de-
termination of intrinsic mechanical stiffness by
incremental stress-strain testing via wire
myography, as described previously by our labora-
tory (Fleenor et al. 2012; LaRocca et al. 2014,
Gioscia-Ryan et al. 2018). Briefly, aortic segments
were loaded into a warmed (37 °C) wire myograph
chamber (DMT, Arhaus, Denmark) filled with
calcium-free phosphate-buffered saline. Following
three cycles of pre-stretching, ring diameter was
increased to achieve 1 mN force and then incre-
mentally stretched by ~10% every 3 min until
failure. The force corresponding to each stretching
interval was recorded and used to calculate stress
and strain, defined as follows:

Strain (\) = Ad/d(i)
d = diameter; d(i) = initial diameter
Stress (¢) = A\L/2HD

L = one-dimensional load; H =wall thickness deter-
mined by histology; D = vessel length

The slope of the stress-strain curve was used to
determine the elastic modulus (collagen-dominant
region) as the slope of the linear regression fit to the
final four points of the stress-strain curve, as reported
previously (Fleenor et al. 2012; Gioscia-Ryan et al.
2018; LaRocca et al. 2014).

Aortic superoxide

One 1-mm segment of thoracic aorta was used for
determination of aortic superoxide bioactivity via elec-
tron paramagnetic resonance spectroscopy using the
spin probe CMH, as reported previously (Fleenor et al.
2012; LaRocca et al. 2014).

Aortic Western blotting

The remaining length of each aorta was snap frozen in
liquid nitrogen and stored at —80 C. A subset (n~ 8/
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group) of the aorta preserved in this fashion were used
for determination of protein abundance via standard
Western blotting techniques. Aorta were lysed in ice-
cold RIPA buffer containing protease and phosphatase
inhibitors, and protein concentration was determined
using the Pierce BCA method (ThermoFisher, Wal-
tham, MA). Approximately 15 pg of protein were load-
ed into 4-12% gradient gels and separated by electro-
phoresis. Separated proteins were transferred to nitro-
cellulose membranes using the TransBlot Turbo system
(Bio-Rad) and blocked in 5% nonfat milk in TBS-T
overnight at 4 °C. Membranes were incubated overnight
at 4 °C with the following primary antibodies: Collagen-
1(1:1000, #PA1-26204, ThermoFisher), 3-Nitrotyrosine
(1:1000, #ab7048, Abcam, Cambridge, UK), Advanced
glycation end-products (AGEs; 1:2000, #GTX20055,
Gene Tex, Irvine, CA), and GAPDH (normalizer;
1:2000, #5174, Cell Signaling, Danvers, MA). Mem-
branes were incubated with secondary antibodies (Jack-
son Laboratory, Bar Harbor, ME) for 1 h at room
temperature, developed with Pierce ECL substrate
(ThermoFisher), and imaged using the Chemi-Doclt
system. Images were analyzed using ImagelJ. To control
for differences in protein loading, protein abundance in
each sample was normalized to expression of GAPDH
assessed on the same blot. Data are presented relative to
the mean of the young sedentary reference group. For
Collagen-I, the band from one sample in the Old Sed
group was not resolvable and was therefore not included
in the analysis.

Additional experiments were performed using the
carotid arteries and aortic lysates from a subset of these
same mice, and the results are reported in a previous
publication from our laboratory (Gioscia-Ryan et al.
2016). All aortic stiffness and biochemistry data report-
ed herein have not been published previously.

Statistical approach

Data were assessed for outliers using the Grubb’s test
(GraphPad online calculator) prior to statistical analysis,
with an exclusion threshold of 0.05. Outliers were iden-
tified for the following parameters: PWV (1 Old Sed),
aortic superoxide (1 Young Sed, 1 Old Sed), aortic
collagen-I expression (1 Old Sed, 1 Old VWR), and
aortic nitrotyrosine (1 Young Sed, 1 Old VWR). All
analyses were performed using SPSS Version 26 (IBM).
After confirming normality, data were analyzed using
one-way analysis of variance (cross-sectional
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comparisons) and paired ¢ tests (pre-intervention/post-
intervention comparison). When appropriate following
one-way analysis of variance, pair-wise post-hoc com-
parisons between groups were performed using the
least-significant-difference method. P <0.05 was con-
sidered statistically significant, and P <0.10 was con-
sidered a trend.

Results
Morphologic characteristics

Select morphological characteristics and daily running dis-
tance are presented in Table 1. Body mass did not differ
among groups. There were expected age-related differences
in heart mass (higher) and skeletal muscle mass (lower),
which were not affected by the exercise intervention (no
difference between old sedentary and old voluntary wheel
running). Fat mass was lower with aging and further de-
creased by the voluntary wheel running intervention. The
average daily running volume for the Old VWR group was
consistent with prior studies in old mice (Fleenor et al. 2010;
Durrant et al. 2009; Gioscia-Ryan et al. 2016; Lesniewski
et al. 2013; Goh and Ladiges 2015).

Late-life voluntary wheel running reverses age-related
arterial stiffening assessed in vivo as aortic pulse-wave
velocity

Aortic pulse-wave velocity was ~30% higher in old
versus young sedentary mice, consistent with age-
associated aortic stiffening. The 10-week late-life vol-
untary wheel running intervention ameliorated ~ 70% of
the mean age-related difference in aortic stiffening, such
that aortic PWV was significantly lower post-
intervention in Old VWR mice compared to age-
matched sedentary controls (Fig. 1a). The exercise me-
diated de-stiffening effect was consistent, as evidenced
by 6 of the 7 individual Old VWR mice demonstrating
pronounced decreases in aortic PWYV after versus before
the 10-week exercise intervention (Fig. 1b).

Late-life voluntary wheel running normalizes intrinsic
aortic stiffness and aortic abundance of collagen-I
and AGEs

Intrinsic mechanical stiffhess, assessed via ex vivo stress-
strain testing of aortic segments, was ~ 2-fold higher with
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Table 1 Select morphological characteristics and voluntary wheel running distance. Data are presented as the mean (standard deviation).
3P <0.05 vs. young sedentary; °P < 0.05 vs. young sedentary and old sedentary

Young Sed Old Sed Old VWR

Body mass (g) 30.1(1.9) 31.6 (2.0) 29.8 (2.3)
Heart mass (mg) 155.1 (19.6) 187.7 27.4) 219.1 (66.3)*
Liver mass (g) 1.63 (0.24) 2.14 (0.79) 1.89 (0.38)
Visceral adipose mass (mg) 597.0 (163.2) 450.0 (137.2)* 181.1 (85.2)b
Subcutaneous adipose mass (mg) 273.7 (59.6) 189.1 (51.1)* 132.9 (55.0)b
Quadriceps mass (mg) 348.2 (42.8) 284.4 (24.2)* 252.3 (47.5)*
Gastrocnemius mass (mg) 314.1 (25.1) 250.5 (22.5)% 2224 (51.4)7°
Soleus mass (mg) 18.9 (4.8) 14.5 3.2)° 143 (7.1)*
Average wheel n/a n/a 2935.9 (1642)

running
distance (m/24 h)

n/a not applicable

aging, accompanied by 1.7-2.0-fold increases in aortic
abundance of collagen-I and AGEs in old versus young
sedentary mice. Late-life voluntary wheel running normal-
ized intrinsic mechanical stiffness and aortic collagen-I and
AGE:s such that levels in Old VWR mice were similar to
those of young sedentary mice (Fig. 2).

Late-life voluntary wheel running decreases aortic
markers of oxidative stress

Aortic superoxide assessed via electron paramagnetic
resonance spectroscopy, and protein abundance of 3-
nitrotyrosine, a marker of oxidative protein modifica-
tion, was elevated 2—4-fold in aortic tissue from old
compared to young sedentary mice (both P <0.05).
Aortic superoxide and nitrotyrosine levels were ~50%
lower in the old VWR versus old sedentary mice (P =
0.06 and 0.07, respectively), such that there were no
significant differences in these markers of oxidative
stress between the old VWR group and the young
sedentary reference group (Fig. 3).

Discussion

Overall, the results of this study demonstrate that late-
life voluntary wheel running in mice reverses age-
related aortic stiffening as assessed in vivo via aortic
PWYV and that this is mediated at least in part by nor-
malization of the intrinsic stiffness of the aortic wall,
accompanied by amelioration of the age-associated

increase in aortic collagen-I (e.g., the main structural
protein conferring stiffness in the arterial wall) and
AGEs. These effects of late-life voluntary aerobic exer-
cise training are further associated with lower aortic
superoxide and less oxidative protein modification com-
pared with the sedentary state. Therefore, our results
suggest that voluntary wheel running may be a suitable
translational model for studying the mechanistic under-
pinnings of the aortic de-stiffening effects of regular
aerobic exercise.

The primary objective of this study was to provide
proof of concept that late-life voluntary wheel running
in mice is an appropriate model for reverse translation of
exercise-mediated de-stiffening of arteries in humans.
To our knowledge this is the first study to demonstrate
voluntary wheel running-mediated reversal of age-
related aortic stiffening, as assessed in vivo by aortic
PWV. A prior study from our laboratory showed lower
carotid artery incremental stiffness following late-life
voluntary wheel running in B6D2F1 mice (Fleenor
et al. 2010), and previous investigations employing
late-life forced exercise interventions with aging in ro-
dents have primarily reported reductions in ex vivo
metrics of large elastic artery stiffness (Nosaka et al.
2003; Matsuda et al. 1993), with one study (Gu et al.
2014) showing lower aortic PWV following forced
treadmill exercise. Our results provide important confir-
mation that voluntary wheel running decreases this in-
tegrative, in vivo, measure of arterial stiffness that re-
flects the clinical gold-standard measurement and inde-
pendent predictor of CVD risk in humans, further
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Fig. 1 Late-life voluntary wheel running reverses age-related
arterial stiffening assessed in vivo as aortic pulse-wave velocity.
a Aortic pulse-wave velocity (aPWV) in young (6 months, n = 14)
and old (28 months, n=11) sedentary (Sed) mice and old mice

reinforcing the promise of voluntary wheel running as a
translational model.

The decrease in aortic PWV following 10 weeks of
voluntary wheel running in old mice appears to be at
least partially mediated by reversal of age-associated
mechanical aortic stiffness as evidenced by
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VWR. b aPWYV before (Pre) and after (Post) 10 weeks of VWR in
old mice. “P<0.05 Pre vs. Post. Data are the mean + SEM

normalization of intrinsic stiffness of aortic segments
in the old exercising group. Our results further suggest
that the de-stiffening effects of VWR may be due to
suppression of oxidative stress-mediated aortic collagen
deposition and cross-linking by AGEs (e.g., key mech-
anisms underlying age-associated arterial stiffening in
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Fig. 2 Late-life voluntary wheel running normalizes age-related
increases in intrinsic aortic stiffness and aortic abundance of
collagen-I and advanced glycation end-products. a Aortic elastic
modulus (intrinsic mechanical stiffness) in young (6 months, n=
13) and old (28 months, n = 11) sedentary (Sed) mice and old mice
following 10 weeks of voluntary wheel running (Old VWR, n=
8). b and ¢ Aortic protein abundance of collagen-I and advanced
glycation end-products (AGEs) in Young and Old Sed and Old
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N ==
VWR mice, normalized to GAPDH. Representative images of
each protein are from the same blot under identical exposure
conditions, with images of GAPDH corresponding to the same
samples from the same blot. N=5 Young Sed; 5 Old Sed; 6 Old
VWR for collagen-I and 8/group for AGEs. Data are the mean +
SEM. "P < 0.05 Old Sed vs. Young Sed. "P < 0.05 Old Sed vs. Old
VWR
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Fig.3 Late-life voluntary wheel running decreases aortic markers
of oxidative stress. a Aortic superoxide in young (6 months, n = 8)
and old (28 months) sedentary (Sed, n="7) mice and old mice
following 10 weeks of voluntary wheel running (Old VWR, n =
7). Representative spectra from electron paramagnetic resonance
spectroscopy shown below mean data. b Aortic protein abundance

humans). This is consistent with prior studies showing
attenuation of age-related vascular oxidative stress (Durrant
et al. 2009; Lesniewski et al. 2013; Fleenor et al. 2010; Gu
etal. 2014) and age- and disease-associated arterial collagen
deposition and/or AGEs cross-linking (Fleenor et al. 2010;
Gu et al. 2014; Guers et al. 2019; Hotta et al. 2017; Steppan
et al. 2012; Wright et al. 2014) by exercise in rodents.
Importantly, our results here indicate that voluntary wheel
running is an experimental exercise intervention capable of
recapitulating the key physiological changes that occur in
arteries in response to aerobic exercise training,
underscoring the utility of this model for further mechanistic
investigations. Understanding the cellular mechanisms un-
derlying the de-stiffening effects of aerobic exercise could
have great potential to inform the development of novel
intervention strategies to prevent or attenuate arterial stiffen-
ing in humans.

Our data indicate that reversal of age-related aortic
stiffness may have been at least partially mediated by
attenuation of aortic oxidative stress, but this proof of
concept study did not identify the potential source(s) of
this oxidative stress. Vascular mitochondria are gaining
increasing recognition as an important source of
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of 3-nitrotyrosine in Young (n=5) and Old Sed (n=5) and Old
VWR (n =5) mice, normalized to GAPDH. Representative images
are from the same blot under identical exposure conditions, with
images of GAPDH corresponding to the same samples from the
same blot. Data are the mean + SEM. P < 0.05 Old Sed vs. Young
Sed. "P<0.10 Old Sed vs. Old VWR Sed (one-tailed)

oxidative stress contributing to age-related vascular dys-
function, including arterial stiffening (Zhou et al. 2012),
and appear to adapt to exercise training interventions
(Keller et al. 2015; Knaub et al. 2013). A previous study
in our laboratory showed that aortic levels of
mitochondria-specific superoxide were elevated with
aging in sedentary mice but normalized (to levels not
different from young mice) by 10 weeks of late-life
voluntary wheel running, and this was accompanied
by favorable changes in aortic protein content of markers
of mitochondrial health (Gioscia-Ryan et al. 2016). Con-
sistent with this, a study of late-life forced treadmill exer-
cise in old rats (Gu et al. 2014) demonstrated that decreases
in aortic PWV following the exercise intervention were
associated with attenuation of oxidative stress and im-
provements (versus age-matched controls) in several indi-
ces of mitochondrial function in aortic tissue. These data
suggest the possibility that vascular mitochondrial adapta-
tions, including attenuation of mitochondrial oxidative
stress, may underlie the de-stiffening effects of voluntary
wheel running, but future studies are needed to more fully
elucidate the specific mechanisms and causal relationships
involved.

@ Springer



430

GeroScience (2021) 43:423-432

Limitations and future directions

We attempted to assess aortic elastin—a key structural
protein whose degradation contributes to age-related
arterial stiffening—but were unsuccessful due to tech-
nical issues and limited quantity of tissue. However, a
previous study in our laboratory showed that elastin
content in carotid arteries was unchanged following
late-life voluntary wheel running intervention of similar
duration to the present study (Fleenor et al. 2010).

Our results suggest that the aortic de-stiffening ef-
fects of voluntary wheel running in old mice were at
least partially mediated by beneficial changes to arterial
structural factors. However, functional influences such
as vasomotor tone and vascular endothelial function also
affect aortic stiffness in vivo, and changes in aortic
stiffness, in turn, have the potential to affect other vas-
cular beds and the downstream organs they supply
(Fleenor 2015; Lakatta and Levy 2003; Seals 2014;
Soucy et al. 2006; McEniery et al. 2006). Exercise is
well established as beneficial in ameliorating many do-
mains of age-related physiological dysfunction, and
these effects appear to be transduced via effects on well
known (e.g., oxidative stress and inflammation) as well
as emerging (e.g., preservation of motor neurons, mi-
crovascular IGF-1 signaling, aortic microRNA expres-
sion) underlying mechanisms (Gillon et al. 2018;
Norling et al. 2020; Kiss et al. 2019). Future work is
warranted to better understand the potential interaction
among these and other mechanisms in the context of
exercise-mediated aortic de-stiffening.

Conclusions

In summary, we show for the first time that late-life
voluntary wheel running in mice ameliorates age-
related aortic stiffness as assessed in vivo via aortic
PWYV, reflecting the aortic de-stiffening effects of aero-
bic exercise in humans. Voluntary wheel running in
mice may therefore be a reverse translational exercise
intervention model for investigating the mechanisms
underlying beneficial effects of exercise on arterial stiff-
ness in humans.
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