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Abstract

Background: Older men frequently develop lower urinary tract symptoms attributed to benign prostatic hyperplasia (LUTS/BPH). Risk factors
for LUTS/BPH include sedentary lifestyle, anxiety/depression, obesity, and frailty, which all increase with age. Although physical exercise may
reduce the progression and/or severity of LUTS/BPH, the age-related mechanisms responsible remain unknown.

Methods: Voiding symptoms, body mass, and frailty were assessed after 4-weeks of voluntary wheel running in 2-month (n = 10) and 24-month
(n = 8) old C57BI/6J male mice. In addition, various social and individual behaviors were examined in these cohorts. Finally, cellular and molecular
markers of inflammation and mitochondrial protein expression were assessed in prostate tissue and systemically.

Results: Despite running less (aged vs young X = 12.3 vs 30.6 km/week; p = .04), aged mice had reduced voiding symptoms (X = 67.3 vs 23.7;
p < .0001) after 1 week of exercise, which was sustained through week 4 (X = 67.3 vs 21.5; p < .0001). Exercise did not affect voiding symptoms
in young mice. Exercise also increased mobility and decreased anxiety in both young and aged mice (p < .05). Exercise decreased expression of
a key mitochondrial protein (PINK1; p < .05) and inflammation within the prostate (CD68; p < .05 and plasminogen activator inhibitor1; p < .05)
and in the serum (p < .05). However, a frailty index (X = 0.17 vs 0.15; p = .46) and grip strength (X = 1.10 vs 1.19; p = .24) were unchanged after

4 weeks of exercise in aged mice.

Conclusions: Voluntary aerobic exercise improves voiding behavior and mobility, and decreases prostatic mitochondrial protein expression
and inflammation in aged mice. This promising model could be used to evaluate molecular mechanisms of aerobic exercise as a novel lifestyle
intervention for older men with LUTS/BPH.
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Benign prostatic hyperplasia (BPH) is a pathological condi-
tion affecting the male accessory sex gland, the prostate. The
single most significant risk factor for BPH is age with steady
increases in incidence as men age. Thus, although 50% of men
between 50 and 60 years of age exhibit histological BPH (eg,
prostate proliferation, smooth muscle dysfunction, increased
prostatic, and periurethral fibrosis), the incidence increases to
60%-80% for men aged 61-69 (1,2). The clinical manifes-
tation of BPH in many men is lower urinary tract symptoms
(LUTS) including frequent urination, urinary urgency, and
nocturia, which can be debilitating and disruptive to quality
of life (3). In addition to older age, metabolic and inflam-
matory conditions (eg, diabetes, obesity), depression/anxiety
disorders, and frailty are risk factors for LUTS/BPH (4-8).
Treatment for LUTS/BPH includes behavioral and lifestyle
changes, medication, and/or surgery (9-11).

Exercise has been postulated as a potential first-line inter-
vention for urinary symptoms caused by BPH, and several
studies have shown that exercise is inversely associated with
LUTS as well as several LUTS risk factors (eg, metabolic
syndrome, depression, frailty, and so on) (11-15). Exercise
interventions are varied and range from aerobic activity to
strength training. Although results in human studies have
been mixed, the efficacy of exercise to resolve preclinical
models of frailty in rats has been well-characterized in the
Molecular Transducers of Physical Activity Consortium (16).
Other studies in mice have shown significant changes in rele-
vant metabolic, inflammatory, and hormonal pathways upon
both forced treadmill and voluntary wheel running (17-19).
Additionally, aerobic exercise decreases anxiety-like behaviors
in young mice provided with voluntary running wheels (20).
However, the effect and potential mechanisms of an exercise
intervention on lower urinary tract function and related uri-
nary symptoms and voiding behavior in both humans and
mouse models remain unknown.

Increased age in rodents is associated with lower urinary
tract dysfunction and related voiding behaviors consistent
with LUTS/BPH in humans, such as increased prostate vol-
ume/mass, prostate hyperplasia surrounding the prostatic
urethra, and periurethral fibrosis (21). Although the pros-
tates between human and murine are anatomically different,

the human prostate is a solid organ surrounding the pros-
tatic urethra, while the murine prostate is composed of lobes
(eg, anterior, ventral, dorsolateral), histological alterations
that lead to voiding dysfunction are well conserved (22).
Collectively, the age-related lower urinary tract dysfunction
and voiding behavior observed in mice makes them an ideal
model to study the nexus of aging and voiding dysfunction
with an exercise intervention in a controlled setting with the
ability to eliminate the many confounding factors contribut-
ing to LUTS in older men (22,23).

Here, we report our findings regarding the impact of aging
and voluntary exercise in male mice on voiding behavior as
well as potential age-related mechanisms including body mass,
grip strength, mobility, frailty, anxiety, and social behavior.
Additionally, we examined the association of increased exer-
cise with well-established molecular hallmarks of aging (eg,
mitochondrial dysfunction) and BPH (eg, inflammation) in
both prostate tissue and serum.

Method

Mice

Male C57Bl/6] mice were obtained from The Jackson
Laboratory (JAX Stock# 000664, Bar Harbor, ME) at 6
weeks of age or directly from the National Institute of
Aging’s Division of Aging Biology colony housed at Charles
River Laboratories (Wilmington, MA) at 22 months of age.
Although young and aged mice were obtained from 2 sep-
arate facilities, the C57Bl6/] NIA colony are derived from
the C57Bl6/] mice from the Jackson Laboratory and rede-
rived every 6-7 years, minimizing genetic drift between the
colonies. Animals were singly housed at the beginning of
the behavioral experiments under standard laboratory con-
ditions with 12:12 light/dark cycle and provided with food
and water ad libitum. Mice were euthanized with CO,, fol-
lowed by cardiac puncture. Urogenital tracts were carefully
dissected, and mass of tissue was determined as previously
described (24). Young mice (7 = 10) were 2 months of age,
while aged mice (7 = 8) were 24 months of age at the ini-
tiation of the exercise intervention. A corresponding group
of young (7 = 10) and aged (7 = 9) mice were singly housed
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but sedentary. All mice included survived the duration of the
study. Upon euthanasia with CO,, 3 caliper measurements
(x, v, 2) were taken of each bladder to calculate volume
(4/3-7((xy-2)/8)) as our group has done previously (22).
Residual urine was removed from the bladder, and the dried
bladder was weighed. The prostate lobes (anterior, ventral,
and dorsolateral prostate) were dissected, and the mass of
prostate lobes and bladder was measured. No gross cancer-
ous growths were observed within the urogenital tract or
throughout the body in any mice.

Void Spot Assays

Void spot assays were performed as previously described to
assess voiding behavior (22,25). Briefly, mice were individu-
ally placed in cages lined with chromatography filter paper
(Ahlstrom, Kaukauna, WI) for 4 hours with free access to
food, but water restricted. Void spot assays were performed
once a week throughout the duration of the study with 2
baseline void spot assays performed prior to exposure to
exercise. Filter paper was imaged under UV light and ana-
lyzed with VoidWhizzard (25). VoidWhizzard outputs spot
counts binned by size as well as area of voided spots.

Frailty Index and Grip Strength

The noninvasive 31-item frailty index, based on established
clinical signs of decline, was performed in young and old mice
(26). Briefly, the assessment included an evaluation of the
integument, musculoskeletal system, vestibulocochlear/audi-
tory systems, ocular and nasal systems, digestive system, uro-
genital system, respiratory system, signs of discomfort, body
weight (g), and body surface temperature (°C). Each variable
was assessed as none, mild, or severe, and all values were
averaged to give a frailty index score. Using a force meter,
grip strength was measured 5 times per mouse by recording
the maximum force measurement for each test. This testing
was conducted during the second half of the circadian light
phase. All 5 observed values were averaged to get the final
force reading.

Voluntary Wheel Running

Young and aged mice were given free access to voluntary
running wheels (Lafayette Instrument, Lafayette, IN). Each
wheel was individually monitored throughout the duration of
the study. Mice were run on a standard running wheel with
evenly spaced rungs for week 1, 3, and 4. For week 2, the mice
were given a complex wheel with random missing rungs to
assess motor skill and cognitive function (27,28).

Open Field Testing

Mice were brought into the open field-testing room in their
home cages and allowed to acclimate to the room for a min-
imum of 30 minutes prior to the start of testing. Mice were
placed into a polycarbonate arena (42 x 42 x 42 cm) and
their spatial position was monitored for 30 minutes using a
16 x 16 photobeam array, which included one set of vertical
photobeams (Omnitech Electronics, Columbus, OH). This
occurred during the second half of the circadian light phase.
Mice were tested prior to the introduction of the exercise
wheels and after 4 weeks of exercise intervention. Fusion soft-
ware (v6.5) was used to quantify the position of the mouse
(center vs periphery), distance traveled, and “sterotypy” (ie,
increased grooming and sniffing). These assessments measure
both locomotor function and anxiety-like behavior (29).

Social Investigation and Ultrasonic Vocalizations

Social investigation (SI) and ultrasonic vocalizations were
assayed as previously (30). Mice were assessed prior to and
immediately after exercise intervention. Twenty-four hours
prior to testing, male “test” mice were placed individually
into a clean home cage. Ten minutes prior to testing, the cage
top was replaced with a thin sheet of transparent Plexiglas
containing a central 2.5-cm hole. Five minutes before testing,
the cage was placed under a Sony 4K Handycam camcorder
(FDR-AX43) mounted on a tripod, and an ultrasound record-
ing microphone was positioned over the hole. Testing began
when a female C57Bl/6] “stimulus” mouse (2-3 months old)
was placed inside the cage of the test mouse. Females from the
same home cage were always equally represented in young
and aged groups of male mice. The total duration of SI that a
test mouse directed toward a stimulus mouse was assessed for
a 5-minute period using Stopwatch + (v1.6) software. The SI
phenotype entails all aspects of social approach and interac-
tion, including pursuit of the stimulus mouse within one body
length, sniffing at any part of its body, and allo-grooming. SI
was calculated by summing the duration that the test mouse
engaged in each of these behavioral elements.

Ultrasonic vocalizations emission was monitored with an
UltraSoundGate CM16 microphone (2-250 kHz flat fre-
quency range) that was connected to an UltraSoundGate
416H A/D converter (Avisoft Bioacoustics, Glienicke,
Germany). Signals were recorded at a 300 kHz (16-bit) sam-
pling rate and saved as.wav files with Avisoft-Recorder soft-
ware (v4.2.31). Spectrograms were generated in SASLab Pro
(v4.52) using a fast Fourier transform (Hamming window,
length = 256, frame size = 100%). Specific settings for the
ultrasonic vocalization segmentation using the “whistle track-
ing” algorithm in SASLab Pro were max change = 6 pixels,
hold time = 8 ms, minimum duration = 3 ms, and high-band
pass filter = 40 kH.

Histopathology and Immunohistochemistry

Tissues for immunohistochemistry (IHC) were fixed in
10% normal buffered formalin and paraffin embedded.
All immunostaining procedures were performed as previ-
ously described (31). Sections were stained with anti-PINK1
(1:100; NBP1-49678, Novus Biologicals, Centennial, CO),
anti-CD68 (KP1, CM033, BioCare Medical), and anti-PAI-1
(1:1 000; ab66705, Abcam, Cambridge, UK). PINKI1, a
protein involved in mitophagy whose altered expression is
an established marker for mitochondrial dysfunction, was
detected by indirect immunofluorescence using the OPAL620
fluorophore (Akoya Biosciences, Marlborough, MA) (32).
CD68, a marker for macrophages, and plasminogen activator
inhibitor-1 (PAI-1), a component of the fibrinolysis pathway
whose dysregulation is associated with tissue fibrosis, detected
by immunohistochemistry using a 3,3’-diaminobenzidine
(DAB; Cell Signaling, Danvers, MA) detection system (33).
Images were captured using Mantra 2 (Akoya Biosciences)
and quantified using InForm (Akoya Biosciences).

Serum Protein Preparation

Serum was diluted in 6M urea in 50 mM Tris-HCl buf-
fer pH8 with 1X protease inhibitor (Roche). Proteins were
reduced using 5 mM dithiothreitol for 1 hour. Alkylation was
performed using 15-mM iodoacetamide incubation for 30
minutes. Samples were diluted to 1.5 M urea using 50 mM
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Tris-HCI. Proteins were trypsin (Promega) digested at a 50:1
ratio for 16 hours at 37°C and quenched using 20% trifluoro-
acetic acid to 1% concentration. Peptides were desalted using
Sep-Pak C18 cartridges (Waters Corporation), concentrated
via SpeedVac concentrator (Thermo Scientific), and concen-
trations determined by peptide assay prior to instrumental
analysis.

Liquid Chromatography WithTandem Mass
Spectrometry Acquisition

Tryptic peptides were suspended in 0.1% formic acid (Sigma)
at 0.5 mg/mL. Samples were analyzed using a Waters nano-
ACQUITY UPLC coupled with Thermo Orbitrap Elite mass
spectrometer. Capillary column (15 cm length, 75 pm inner
diameter) was self-fabricated and packed using Bridged
Ethylene Hybrid C18 materials (1.7 pm, 130 A, Waters
Corporation). Solvents consisted of 0.1% formic acid in
water (buffer A) and 0.1% formic acid in 80% acetonitrile
(buffer B). Liquid chromatography (LC) gradients include:
trapping phase from 0 to 18 minutes at 5% B, moving to
30% at 100 minutes, 95% B from minutes 100.5 to 110, and
0% B from minutes 110.5 to 125. Survey scans from 360 to
1 600 m/z were performed using a resolving power of 60 000
and automatic gain control (AGC) target of 1 x 106 and max-
imum injection time of 150 ms. The top 20 precursors were
selected for higher energy collisional dissociation fragmen-
tation with normalized collision energy of 35, an isolation
width of 1.0 Da, 15 000 resolving power, 5 x 10* AGC tar-
get, maximum 150 ms injection time, and lower mass limit of
120.0 m/z. Precursors were subject to dynamic exclusion for
15 seconds with a 10-ppm mass tolerance. Each sample was
acquired in technical duplicate.

Spectral Processing and Analysis

Serum peptides were identified using Proteome Discoverer
(version 2.5, Thermo Scientific) and searched against
UniProt-reviewed mouse proteome with SequestHT
with trypsin as the enzyme allowing for 2 missed cleav-
ages. Precursor mass tolerance of 20 ppm and a fragment
mass tolerance of 0.02 Da were set for the searching.
Carbamidomethylation of cysteine residues (+57.021 Da)
was chosen as a static modification, while dynamic mod-
ifications selected consisted of oxidation of methionine
residues (+15.995 Da). Search results were filtered to 1%
FDR at both peptide and protein levels. The INFERYS 1.0
rescoring algorithm (MSAID) was used after initial search
to increase peptide identifications and scoring confidence

(34).

Statistics and Pathway Analysis

Comparisons between young and aged mice were analyzed
using a Student’s # test in instances of one comparison and
2-way ANOVA with the Sidak’s multiple comparison post
hoc test. All pre- and postexercise measurements taken in
young and aged mice were analyzed using a repeated mea-
sures 2-way ANOVA with the Sidak’s multiple comparison
post hoc test. Pathway analysis on significant serum proteins
was performed using DAVID (Database for Annotation,
Visualization, and Integrated Discovery) (35,36). Proteins
were clustered using average linkage and Euclidean distance
measure.

Study Approval

All animal experiments were conducted under the protocols
approved by the University of Wisconsin and University of
Pittsburgh Animal Care and Use Committee.

Results

Aging Increases Urinary Frequency and Frailty in
Mice

We observed a significantly increased bladder mass (p
value <.001) and bladder volume (p value <.05) in aged
(24-month-old) compared to young adult (2-month-old) male
mice (Figure 1A and B; Supplementary Figure 1A and B).
Additionally, aged mice had a significantly increased anterior,
ventral, and dorsolateral prostate mass compared to young
mice (Figure 1C-E; Supplementary Figure 1C-E). Aged mice
also exhibited a significant increase in the number of voiding
spots (Figure 1F) (22). Using established paradigms to mea-
sure skeletal muscle strength and relevant frailty outcomes in
mice, aged mice had a significantly higher frailty index score
and a lower grip strength compared to young mice (Figure
1G and H) (26).

Aging Alters Social Behavior and Anxiety in Mice

Aged mice spent a greater amount of time within the center of
an open field when compared to young mice, which increases
over the duration of testing, consistent with decreased anxi-
ety (Figure 2A and B) (29). Additionally, aged mice showed
lower stereotypic behaviors such as grooming and sniffing,
another measure of decreased anxiety (Figure 2C). Aged mice
also showed overall less exploratory movement in the first 10
minutes, suggesting a decrease in mobility (Figure 2D). We
also examined the social behavior of male mice when placed
in proximity to female mice by measuring both proximity-
based SI and ultrasonic vocalizations. Aged mice showed sig-
nificantly lower SI and ultrasonic vocalizations compared to
young mice (Figure 2E and F).

Aging Alters Ability to Exercise and Cognition in
Mice

We used voluntary wheel running to elicit aerobic exercise in
young and aged mice. Running was monitored in individual
animals, and all mice ran daily irrespective of age. However,
aged mice ran significantly less per week than young mice
(Figure 3A). To provide an additional enhancement of this aer-
obic exercise paradigm, after 1 week of running on a normal
wheel, mice were switched to a complex wheel for a week and
then switched back to a normal wheel for the duration of the
study. Although we observed a slight decrease in running with
the complex wheel in young mice, there was no significant
difference in running distance between the different wheels
(Figure 3B). In contrast, in aged mice, there was a significant
decrease in running distance with the altered wheel, suggest-
ing that aged mice have altered motor skills and/or cognition
relative to their younger cohorts; aging mice resumed running
activity upon return to a normal wheel (Figure 3C) (27,28).

Short-Term Exercise Did Not Improve Body Mass,
Frailty, or Grip Strength in Mice

While all mice exercised daily, there was no significant change
in body mass after exercise (Figure 3D). In our 4-week aero-
bic exercise paradigm, there was no statistical decrease in FI
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Figure 1. Impact of aging on bladder voiding and frailty. (A) Bladder mass
was significantly increased in aged mice compared to young. (B) Bladder
volume was increased in aged mice compared to young. (C) Anterior
prostate mass was increased in aged mice compared to young. (D)
Ventral prostate mass was increased in aged mice compared to young.
(E) Dorsolateral prostate mass was increased in aged mice compared

to young. (F) Aged, male mice had significantly more urination spots as
measured by void spot assays compared to young. (G) Aged, male mice
had an increased frailty index compared to young mice as measured by
the clinical frailty assessment survey (27). (H) Aged, male mice had a
decrease in grip strength as measured by a hand-held force meter. *, p
value < .05; *** pvalue < .001; **** pvalue < .0001.

score in aged mice after exercise (Figure 3E). In addition, we
did not observe a change in grip strength in aged mice after
exercise, although there was a significant decrease in grip
strength in young mice after exercise (Figure 3F).
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Figure 2. Aging adversely affects movement, anxiety, and social
behavior. (A) Aged mice spend a significant amount of time in the center
of the open field test compared to young mice in the last 10-minute
testing interval. (B) Aged mice also spend a longer duration of sedentary
time in the center of the open field test compared to young mice in

the second- and third 10-minute testing interval. (C) Aged mice have
significantly less stereotypic movements compared to young mice in

all testing intervals. (D) Overall movement as measured by distance
traveled through the open field apparatus was significantly decreased in
aged mice compared to young within the first 10-minute testing interval.
(E) Aged, male mice investigated unfamiliar female mice significantly less
than young, male mice. (F) Aged, male mice produced significantly less
ultrasonic vocalizations than young, male mice when placed in vicinity of
female mice. **, p value < .01; ***, p value < .001; **** p value < .0001.

Exercise Decreases Urinary Frequency in Aged
Mice

Examination of urinary frequency using a void spot assay
revealed a significant decrease in the number of void spot
counts (indicating improved function) in aging mice after
exposure to voluntary wheel running (Figure 3G). Despite the
decrease in distance run on the altered wheel, there remained
a significant decrease in urinary frequency in week 2 (Figure
3C and G). The bladder volume remained unchanged in aged
mice (Figure 3H; Supplementary Figure 2A). Urinary fre-
quency for young mice was low (void spot count X = 7.8)
at baseline and there was no change following voluntary
wheel running. Although voiding behavior as measured by
void spot assay was not altered by exercise in young mice,
bladder mass increased slightly following exercise (Figure
31; Supplementary Figure 2B). Examination of the prostate
lobes showed a slight increase in anterior prostate mass (p
value = .06) but no change in ventral prostate mass follow-
ing exercise in both young and aged mice (Figure 3] and
K; Supplementary Figure 2C and D). However, there was a
significant increase in dorsolateral prostate mass following
exercise in the aged animals compared to both the sedentary
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Figure 3. Aerobic exercise alters voiding function in aging male mice. (A)
Given free access to a voluntary running, both young and aged mice ran
daily. Aged mice on average ran significantly less than young mice. (B)
Young mice given access to normal and complex running wheels showed
no significant decrease in running with the complex wheel. Regardless
of running wheel modality, young mice ran on average the same
amount weekly showing no alterations in cognitive function. (C) Aged
mice showed a significant decrease in running when given a complex
wheel compared to a normal running wheel, suggesting cognitive
alterations in the aged mice. Upon reintroduction of a normal wheel,
aged mice resume their running with no significant decrease compared
to initial running behavior. (D) Body mass was monitored throughout

the exercise period, and there was no change in mass with exercise. (E)
Frailty index score was unchanged in both young and aged mice upon
exercise. (F) Grip strength was significantly decreased in young mice
following exercise intervention. There was no change in grip strength

in aged mice following exercise. (G) Urinary frequency as measured

by void spot assay was significantly decreased in aged mice upon 1
week of exercise and remained low throughout the study. There was no
dysfunction in the young mice, and the voiding function remained the
same throughout the study. (H) Bladder volume was not significantly
different between sedentary and exercised mice regardless of age. (I)
Bladder mass was significantly increased in aged mice with and without
exercise intervention compared to young, sedentary mice. Although

the bladder mass remained unchanged in aged mice with exercise,
young mice with exercise showed a significant increase in bladder mass
compared to young, sedentary mice. (J) Anterior prostate mass was
slightly increased after exercise in both young and aged mice. (K) Ventral
prostate mass was unchanged after exercise in both young and aged
mice. (L) Dorsolateral prostate mass was increased in aged mice after
exercise compared to sedentary aged mice and exercised young mice.
Solid data points—sedentary/preexercise; open data points—exercise/
postexercise; *, p value < .05; **, p value < .01; ***, p value < .001; **** p
value < .0001.

aged and the exercised young mice (Figure 3L; Supplementary
Figure 2E).

Exercise Alters Social Behavior, Mobility, and
Anxiety in Mice

Unlike the differences observed between young and aged
mice, we observed the most significant changes in the open
field apparatus within the first 10 minutes of testing, mice
were also assessed for 30 minutes (Supplementary Table 1).
Thus, when we restricted our assessment to the first 10 min-
utes of testing, we observed a trend toward increased entries
into the center with young mice (p value =.08). In contrast,
aged mice made significantly more entries into the center fol-
lowing exercise (Figure 4A). Additionally, the duration and

rest time in the center were also significantly increased after
exercise in aged mice but remained unchanged in young mice
(Figure 4B and C).

Total distance traveled in the open field was significantly
increased in both young and aged mice after exercise (Figure
4D). Overall, aged mice explored less than young mice, prior
to and after 4 weeks of voluntary wheel running (Figure
4D). Examination of stereotypic activity revealed a signif-
icant increase in both young and aged mice after exercise
with aged mice exhibiting overall less stereotypic behavior
than young mice (Figure 4E). Total vertical activity, mea-
suring mobility, trended toward an increase in both young
mice and aged mice after exercise (p value = .052; Figure 4F).
Assessment of SI and ultrasonic vocalization showed no sig-
nificant change with exercise in either young or aged mice
(Figure 4G and H).

Exercise Increases Expression of a Key
Mitochondrial Protein and Inflammation Markers in
Serum and ProstaticTissue

Aged mice showed a significant increase in PINK1
expression, which is a measure of mitochondrial dys-
function, after exposure to voluntary wheel running in
all prostate lobes (Figure SA; Supplementary Figure 1).
Additionally, the greater accumulation of macrophages
(ie, CD68 + staining by IHC) within the prostate stroma
of all 3 lobes in aged mice was decreased following expo-
sure to voluntary wheel running (Figure 5B). Furthermore,
PAI-1, an important contributor to collagen accumulation
in fibrotic tissue, was also decreased following exercise in
aged mice (Figure 5C) (37). Serum proteomics was used
to provide a more comprehensive and unbiased assessment
of exercise effects on systemic changes in circulating pro-
teins in young versus aged mice. This analysis identified
273 proteins significantly altered in aged mice compared to
young (p value < .05; Figure 5D; Supplementary Table 2).
Of these, 127 proteins were differentially regulated in aged
mice with exercise compared to sedentary. Pathway analy-
sis of these showed a significant enrichment of KEGG path-
ways including extracellular matrix-receptor interaction (p
value = 7.8e-5), complement and coagulation cascades (p
value = 1.0e-4), and PI3K-Akt signaling (p value = 1.4e-2).

Discussion

The key findings of this study are that exposure to volun-
tary wheel running in male mice alleviates aging-related
voiding behavior and improves mobility and behavioral defi-
cits. These improvements occur alongside a restoration of
age-related declines in a key mitochondrial protein involved
in mitophagy (ie, PINK1) and markers of inflammation (ie,
CD638, PAI-1) in the prostate.

Many of the cellular, organ-based, and systemic hallmarks
of aging can be improved by a variety of exercise interven-
tions in humans and other mammals (20,38-40). However,
the heterogeneous responses of individual organ systems in
aged organisms to exercise are likely due to a combination of
both shared and distinct mechanisms. The decrease in voiding
frequency in response to exercise could prove to be insightful
for both identifying novel LUTS/BPH mechanisms and tar-
gets as well as providing translational evidence to support the
development of a structured exercise intervention for older
men suffering from LUTS/BPH.


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data

The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024,Vol. 79, No. 6 7

A. Entries into Center B. Duration in Center

100 -° Pre-exercise

o Post-exercise 150
80 Kkek fek
e %0 100 e
E 60 o ? % o
= o [a]
3 40 g% ° © 3 o &
o = 2 50 e e OO
20] &z & e v
o v =
0 0 L

Young Aged Young Aged

C. Rest Time in Center D. Distance Traveled

80 5000 e
w* *kkk
60 0 4000 |
« i
e o 3000
£40 = o *
P ° 2000 { 2, B
2 T @
P 1000 | o 4
o
0 : T
Young Aged Young Aged
E. Stereotypic Activity F. Vertical Activity
400 e s 600 Kk
*kk *
300 aaal Kkkk - 400
< i = H
52004 o % Eﬁl 2 o
© o0 s 5 © 200 - }% %
o
P e° ¥
0 0

Young Aged Young Aged

G. Social Investigation H. yitrasonic Vocalization

250 s 2000 o

200 @ o 1500 | o3 “hs
-
= 150 o = e O
g % o S 1000 oo
S 100 = B S

[ ] [ 1]
50 1 ® 500 Op °
of v of o : %
0 : . 0 Lee

Young Aged

Young Aged

Figure 4. Aerobic exercise improves anxiety, movement, and social
behavior. (A) Aged mice following exercise significantly increased the
number of entries into the center of the open field test. (B) Aerobic
exercise increased the amount of time male mice (young and aged)
spent in the center portion of the open field test. (C) Aged mice following
exercise spent more sedentary time in the center of the open field

test. (D) Overall distance traversed by mice as measured by the open
field test increased upon exercise regardless of age. (E) Stereotypic
activity was significantly increased with exercise in young and aged mice
following voluntary running wheel. (F) Vertical activity was significantly
increased in male mice after exercise in both young and aged groups.

(G) Social investigation was unchanged in male mice following exercise
but slightly improved in aged mice following exercise. (H) Ultrasonic
vocalizations were unchanged in young mice following exercise. Aged
mice following exercise showed a slight increase in vocalizations. One
young mouse was excluded from social investigation and ultrasonic
vocalization analysis due to significant aggression toward female mouse.
Solid data points—sedentary/preexercise; open data points—exercise/
postexercise; *, p value < .05; **, p value < .01; ***, p value < .001; **** p
value < .0001.

In older men, who are likely to have some degree of histo-
logic BPH, physical inactivity, anxiety/depression, and frailty
are risk factors for LUTS development and progression,
with increasing frailty associated with concurrent worsening
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Figure 5. Local and systemic alterations in mitochondrial function and
inflammation are modulated with exercise. (A) PINK1 was significantly
increased upon exercise intervention in aged mice in anterior, ventral,
and dorsolateral prostate. (B) Stromal CD68 showed a significant
decrease in anterior, ventral, and dorsolateral prostate in aged mice
following exercise intervention. (C) PAI-1 expression in aged anterior,
ventral, and dorsolateral prostate was decreased upon exercise
compared to sedentary control. (D) Heat map of 287 statistically
significant proteins (p value < .05) identified by serum proteomics in
aged mice compared to young and aged exercise compared to aged
sedentary. *, p value < .05; **, p value < .01.

LUTS (5,41,42). We have previously shown that aged mice
have increased urinary frequency and decreased urinary vol-
ume per void that correlate with an increase in periurethral
prostatic tissue (eg, duct number), prostate enlargement,
increased bladder mass, and increased bladder, urethral, and
prostate fibrosis (22). These age-related changes may give
insight into the underlying etiology of voiding behavior and
voiding dysfunction in mouse models of LUTS/BPH (43). The
current study is consistent with prior studies demonstrat-
ing that aged mice also have greater frailty, lower mobility
and anxiety, and lower interest in female mice (22,26,29).
Importantly, our study demonstrated that aerobic exercise
reversed urinary frequency in aged male mice within a week
of treatment. Interestingly, bladder mass and volume exhib-
ited no significant difference when compared to age-matched
sedentary animals with no access to exercise. Although blad-
der volume measured at time of euthanasia cannot be con-
sidered maximal bladder volume, the changes in the bladder
correlate between mass and volume, even when normal-
ized to body mass (Supplementary Figures 1 and 2). Thus,
exercise-induced urinary improvements may precede mea-
surable changes in bladder pathology or may be driven by
central or systemic adaptations (ie, central nervous system,
kidney function) in the regulation of voiding behavior that
overcome age-related changes in organ pathology. Although
longer exercise interventions may lead to improvements
in age-related bladder pathology, clinical improvements in
bothersome urinary symptoms are most relevant for patient
well-being and are likely to lead to greater patient compli-
ance with prescribed exercise regimens. Future studies with
longitudinal assessments of voiding behavior, voiding func-
tion, and bladder pathology following prolonged or variable
exercise interventions in aged mice are needed. Examination
of the prostate lobes showed no change in ventral prostate


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glae007#supplementary-data

8 The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024, Vol. 79, No. 6

mass but a slight increase in anterior prostate mass; exercise
significantly increased the mass of the dorsolateral prostate.
Patients with urinary symptoms attributed to BPH often
experience greater anxiety, depression, and sexual dysfunc-
tion, which are major determinants of their quality of life
(4,44). Exercise in the aged mice led to increased mobility,
decreased anxiety-like behaviors assessed by open field test-
ing, and increased SI and ultrasonic vocalization suggesting
that the psychological symptoms that frequently co-occur
with urinary symptoms attributed to LUTS/BPH may also
improve with exercise intervention (29,30).

Although other exercise paradigms achieve a consistent
intensity (ie, VO,Max) between animals, studies have shown
that voluntary wheel running decreases overall stress with
little loss of efficacy (17,45-47). In addition to lower stress
levels, which could adversely affect urinary symptom assess-
ments and mask the positive effects of exercise, an addi-
tional benefit of using the voluntary running wheel over a
treadmill is the ability to use a complex wheel to assess for
motor skill and cognition alterations (27,28). In young mice,
there was no significant decrease in distance run regardless
of wheel modality. However, in the aged mice, there was a
significant decrease in distance run upon switching to the
complex wheel, which was recovered upon switching back
to the normal wheels. This suggests that there are potential
motor and cognition deficits with age that could be linked to
symptoms and voiding dysfunction. Interestingly, the decrease
in distance run on the complex wheel was not associated with
a recurrence of urinary frequency in aged mice. These findings
suggest that high-intensity, long-term, or constant exercise
may not be required for the alleviation of urinary symptoms.

Although our exercise intervention was effective in
modifying urination, social behavior, and mobility, grip
strength and frailty were unchanged. Unlike measurement
of frailty in humans, which can be defined using a clini-
cal phenotype (eg, physical frailty) or an index (eg, cumu-
lative deficit frailty) (48), frailty assessment in rodents
is currently limited to indices such as the clinical frailty
index. This frailty index evaluates a wide range of param-
eters including physical ability, integument alterations,
auditory and ocular assessments, and overall discomfort
(26). Although it has the sensitivity to assess alterations
in a variety of disease processes and with aging, assess-
ment of frailty-related voiding behavior and voiding
dysfunction may require additional urogenital-focused
measurements. In a similar previous study of the impact
of exercise on frailty, a 2-month aerobic exercise interven-
tion significantly increased grip strength (17,46,47). Four
weeks of voluntary exercise might not significantly increase
grip strength in aged mice even though it was sufficient
to decrease urinary frequency. In human aging, biological
aging or molecular mechanisms that underlie normal organ
homeostasis begin to decline well before phenotypic and
functional aging manifests (49). This suggests that the bio-
logical changes within the tissues (ie, mitochondrial dys-
function, inflammation) that drive urination may change
with exercise before phenotypic and functional changes
are measurable. The heterogeneity in these aging measures
in an inbred strain of mice subjected to tightly controlled
living conditions could provide useful insight into how life-
long exposure to even minor fluctuations in environmental
and social stresses could affect organ-specific individual
responses to aging in humans.

The ability of exercise to mitigate or prevent urinary symp-
toms suggests an underlying mechanism that contributes to
the broad development of anxiety, cellular stress, and void-
ing dysfunction. BPH is often associated with a variety of
metabolic and inflammatory conditions (eg, diabetes, obe-
sity), that along with age, can be triggered at the cellular
level by mitochondrial dysfunction in multiple tissue types.
Exercise has been shown to produce organ-specific and sys-
temic “exerkines” that reverse the inflammatory effects of
disease and aging (50). With exercise in aged mice, there is
both a systemic decrease in serum and prostate proinflam-
matory and profibrotic factors. Within the serum, 2 path-
ways significantly altered by exercise and aging were the
complement/coagulation and the PI3K-Akt pathways. Both
significantly affect inflammation, and the proteomics data
suggest that components of these pathways are altered with
age but restored with exercise. Additionally, components of
fibrosis were found to be increased with age but alleviated
with exercise. Within the prostate tissue, there is an increase
in PINK1, a protein essential for the mitophagy pathway,
CD68, a marker of macrophages, and PAI-1, a proinflam-
matory mediator of fibrosis. This suggests that inflamma-
tion and accumulation of dysfunctional mitochondria, due
in part to reduced mitophagy, accumulated through normal
aging could promote the development of LUTS/BPH, and the
reduction of these factors through exercise could effectively
improve urinary symptoms.

Although this study examines both the physiological and
molecular outcomes upon exercise intervention, there are
some limitations to the study. For example, we only assessed
mice at 2 and 24 months of age, and our results may reflect
changes in maturation as well as aging alone. Furthermore,
young and aged mice were generated in 2 different facilities,
which may introduce genetic and behavioral differences.
Additionally, while gross tumors throughout the body were
not observed during prostate necropsy, we did not perform
detailed histological analyses on nonprostate tissues. Thus,
the complex behaviors we assessed could be affected by
benign or metaplastic dysfunction in other organ systems.
With voluntary wheel running, we are unable to control and
normalize exercise intensity throughout the cohort. This study
was also limited to 4 weeks in duration. Future studies would
benefit from examination of more regimented exercise that
could be translated to patient care. Finally, we only assessed
a handful of markers important to aging-mediated mitochon-
drial dysfunction and inflammaging and utilized void spot
assays as our sole measure of voiding behavior rather than
other direct measures of voiding function such as cystometry.
Nonetheless, the results obtained support a conclusion that
voluntary exercise intervention can concurrently improve
voiding behavior as well as mobility and behavioral deficits
in mice. Furthermore, our results support the use of mice as
a model to explore detailed metabolic and systemic physio-
logical responses resulting from structured exercise that can
delay, prevent, or reverse age-related voiding behavior and
voiding dysfunction.
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