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Abstract

While regular physical activity is a cornerstone of health, wellness, and vitality, the impact of endurance exercise training
on molecular signaling within and across tissues remains to be delineated. The Molecular Transducers of Physical Activity
Consortium (MoTrPAC) was established to characterize molecular networks underlying the adaptive response to exercise.
Here, we describe the endurance exercise training studies undertaken by the Preclinical Animal Sites Studies component of
MoTrPAC, in which we sought to develop and implement a standardized endurance exercise protocol in a large cohort of
rats. To this end, Adult (6-mo) and Aged (18-mo) female (n = 151) and male (n = 143) Fischer 344 rats were subjected to
progressive treadmill training (5 d/wk, ~70%-75% VO,max) for 1, 2, 4, or 8 wk; sedentary rats were studied as the control
group. A total of 18 solid tissues, as well as blood, plasma, and feces, were collected to establish a publicly accessible
biorepository and for extensive omics-based analyses by MoTrPAC. Treadmill training was highly effective, with robust
improvements in skeletal muscle citrate synthase activity in as little as 1-2 wk and improvements in maximum run speed
and maximal oxygen uptake by 4-8 wk. For body mass and composition, notable age- and sex-dependent responses were
observed. This work in mature, treadmill-trained rats represents the most comprehensive and publicly accessible tissue
biorepository, to date, and provides an unprecedented resource for studying temporal-, sex-, and age-specific responses to
endurance exercise training in a preclinical rat model.
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Abbreviations SED: sedentary (controls)
SOL: soleus

CoDA: compositional data analysis TD-NMR: time-domain NMR
cs: citrate synthase VO,max: maximal oxygen consumption
CSA: cross-sectional area WLS: weighted least squares
F344: Fischer 344
GLM: generalized linear model
QLS: generah.zed least. squares Introduction
ilr: isometric log-ratio
LG: lateral gastrocnemius Endurance exercise training and habitual physical activity are
LMM: linear mixed-effects model cornerstones for improving or maintaining health and quality
MG: medial gastrocnemius of life.> Among its many benefits, regular exercise helps main-
MoTrPAC: Molecular Transducers of Physical Activity Consor- tain independence later in life,> reduces morbidity risk for over

tium 26 chronic lifestyle-related diseases,®® and decreases all-cause
MRS: maximum run speed mortality.®-1® While the beneficial effects of exercise are believed
NEFA: nonesterified fatty acids to extend across organ systems, only a few tissues, usually skele-
NIA: National Institute on Aging tal muscle and heart, have been studied in detail.>**> Thus,
NMR: nuclear magnetic resonance remarkably, the collective impact of exercise training on molec-
OCT: optimal cutting temperature ular signaling across a broad range of tissues and, by exten-
PASS: Preclinical Animal Studies Sites sion, how regular exercise promotes health and reduces disease
PL: plantaris risk, is not well-defined.'®'” To address these gaps, through sup-
RT: room temperature port from the National Institutes of Health Common Fund, the
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Molecular Transducers of Physical Activity Consortium (MoTr-
PAC) was established to develop an integrated molecular map
of the adaptive response to exercise training across the lifes-
pan. The primary goal is to provide a publicly available tissue
biobank and multiomics data resource to support hypothesis-
driven research.®

To better define the impact of exercise throughout the body,
the Preclinical Animal Studies Sites (PASS) were established as
one of the two exercise testing arms of MoTrPAC*® to comple-
ment its clinical study sites. Specifically, the objectives of the
PASS were to (1) develop a standardized exercise protocol for the
characterization of physiological adaptation to exercise and (2)
collect an expansive group of tissues/organs for the creation of a
publicly accessible tissue biorepository and multiomic analysis
database. To meet these objectives, the Fischer 344 (F344) rat was
chosen as the model organism. The rat has long been utilized to
study the impact of endurance exercise training on biology and
health.'® By way of its size, the rat also provides the capability
to study a broad range of tissues, which have sufficient mass to
allow molecular phenotyping on multiple platforms thus maxi-
mizing quality control and integration capabilities. Finally, given
the genetic, physiological, and metabolic similarities between
rats and humans,? rats are a useful model of human phenotypic
responses. To this point, rats have skeletal muscle fiber type
distributions and glycogen utilization patterns more similar to
humans than mice.?:?2 The F344 rat strain is translationally rel-
evant as it displays a proclivity toward insulin resistance and
ectopic lipid deposition that increases with age,?*?*> mimicking
common aging phenotypes in humans impacted by endurance
training.

Here, we describe the study design, physiological adapta-
tions, and tissue acquisition after 1, 2, 4, or 8 wk of endurance
exercise treadmill training at ~70%-75% VO,max in a large
cohort (n = 294) of male and female F344 rats that were 6 or 18
mo of age at the initiation of the study. Results from this study
are designed to be used as a readily accessible database and
biorepository resource for the scientific community to couple
with current?®?° and future molecular profiling, thereby facili-
tating development of an integrative map of systemic adapta-
tions to endurance training. Demonstrating the utility of this
resource to the research community, we have recently under-
taken multiomic analyses on 18 different tissues and the blood
from a subset of the 6 month-old cohort of rats,?® including gen-
erating detailed insight into the molecular response in white
adipose tissue,?® and the mitochondrial?® and nuclear transcrip-
tion factor?” response across tissues.

Methods
Animals

Male and female Fischer 344 (F344) inbred rats were obtained
from the National Institute on Aging (NIA) rodent colony in
cohorts of 20-30 rats. A total of 160 adult (3-5 mo of age) and
160 middle-aged (15-17 mo of age) rats were received at the ani-
mal test site (University of Iowa). There were five experimental
groups for each age: sedentary control (SED) or 1, 2, 4, or 8 wk
of treadmill training (1, 2, 4, and 8 W). To account for a potential
effect of aging on outcome variables, an additional SED group
was matched to the 1 W 18 mo group. The overall experimental
design is outlined in Figure 1(A). The experiment was designed
so that rats began exercise training at either 6 or 18 mo of age
and were all housed at the test site for similar amounts of time
(~12 wk). We examined the response to training in these age
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groups because they represent adult rats with mature sexual and
musculoskeletal organ systems and late middle-aged rats that
have a low incidence of cancer and sarcopenia. Consequently,
to meet the experimental design requirements, rats were deliv-
ered to the test site at different ages (Figure 1A; Table S1). Upon
arrival, rats were placed into a reverse dark-light cycle housing
with lights off at 9:00 Am and lights on at 9:00 M for a minimum
of 10 d prior to familiarization to the treadmill. This allowed
for training of the rats during their normal active period (dark
phase), while also allowing for training to occur during normal
working hours. This period of time was designed to provide suf-
ficient time for the intrinsic circadian clocks across all tissues to
entrain with the new light cycle. During this time, the rats were
handled daily by the research staff to minimize stress. Rats of
the same sex were housed two per cage (146.4 in? of floor space)
in ventilated racks (Thoren Maxi-Miser IVC Caging System) with
Tekland 7093 Shredded Aspen bedding. Rats were fed a stan-
dardized pellet diet (Lab Diet 5L79) consisting of 64% carbohy-
drates, 21% protein, and 15% fat and given ad libitum access to
food and water. Both the bedding and diet used are standard for
this NIA rodent colony. Daily cage activity and food consumption
were not measured. The animal housing room was monitored
daily and maintained at 68°F-77°F and 25%-55% humidity. Red
lights were used during the dark cycle to provide adequate light-
ing for staff to perform routine housing tasks, rodent handling,
and exercise training; no standard lighting was used during the
dark phase. All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee at the University of
Iowa.

Treadmill Familiarization and Training

Treadmill exercise was performed on a Panlab 5-lane rat tread-
mill (Harvard Instruments, Model LE8710RTS). All animal han-
dling and exercise was performed during the active phase
(dark cycle) for nocturnal rodents. Following the initial accli-
mation period, rats went through a 12-d treadmill familiariza-
tion protocol (outlined in Table 1) to expose them to the tread-
mill and to identify noncompliant rats. Those rats that suc-
cessfully completed the 12-d familiarization protocol and were
judged to be compliant (score of 2-4) were entered into the
MoTrPAC database and randomized into an experimental group.
Noncompliant rats (score of 1) were removed from the study.
The number of rats received, randomized into an experimen-
tal group, and completed the exercise training are provided in
Table S1.

Exercise training began at 6 or 18 mo of age and lasted for a
duration of 1, 2, 4, or 8 wk. Rats were exercised on a motorized
treadmill 5 d/wk using a progressive training protocol designed
to elicit an intensity of ~70%-75% of VO,max,* The starting
treadmill speed was based on VO,max measurements obtained
following familiarization and 7-8 d prior to training in the com-
pliant rats. Training was performed under red lights during the
dark cycle and started no earlier than 10:00 aM and no later than
5:00 pm over 5 consecutive days per week followed by 2 d of rest.
Training was initiated with the treadmill set at a grade of 5° and
a duration of 20 min. As illustrated in Figure 1(A), the duration of
exercise was increased by 1 min each day until day 31 of train-
ing (start of week 7) when a final duration of 50 min was reached.
The treadmill grade was increased from 5° to 10° at the start of
week 3 and stayed at 10° for the remainder of the training. The
starting treadmill speed varied as a function of sex and age and
increased at the start of weeks 2 and 4-7. At the start of week 7,
speed, grade, and duration were fixed and maintained for the


https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae014#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae014#supplementary-data

4 | Function, 2024, Vol. 5, No. 4
A Age (months) Age (months)
3 5 6 7 8
Ar Treadmill
Familiarization
=T Erern ah sl ,’, i m|u\-’-|u\mJ_nl:_s.Lz_-Ll:_sp_aLjau_sl_;z_nLuJ_uh_»Ls.aﬁsLm B o s )
= Week 1 5 ] 7 8
g Training Day 28 48 vx!m uuulu n:lum n.nuzs 27[28]29(30 [Bi[32[33[3a ]33] 37/38/ 39/ 40|
= ncli e 3 o w
< :mﬂn ion {min) umnha\z- ¥ (s z) 2a2s| ¥ [0[afaafaals| B [353e 37 3839 § [wafeala) § ([seafein] § lsu ] 50 £
E 2 i) 'i' n % u u
o mimin) u 1) n = %
[week 1
( o 2[ 3] a]'8] . Ll l\ 9|u huuuu .u:uum
Incline 5
-'g - STRmmEDD | DoEnD | Dnong | omems
] 15 ET] 1 2
E = 5-10 min [speed o (m/min) 13 15 15 18
< 10 m/min [Week
Training 2 3 4 S| 7 l‘ 910
Incl
— 'luu:lon fmim) _|20[21 zz 23[2) B [25]2] zv 22 §
miminl] 16
.§ & fmimin] 3
g 3
= z -
< 80 | [ouration (o) [20[21[2223]2a| §
= Q 16
— £ [speed & (m/min)_ 13
=T ‘
Week 1
Q. | [Training Day h 2[ 3[ a[ 5]
= | [inciin 5
Tg Bl (oursien o (im0 B
= T | Brecd Qimimn| 13 |
E % 'l"l‘“’W\'“ n
S “llnin‘Dw || z]
L € |2 | finine
- &l Duration (mn) _120]:
% : =
5-10 min I
10 m/min o ErEr ELET | Coe nulgxg'
:.d:;nn {min) m\nE:z 32| § [25[8 :; 05| § (o[ lag 3303a] § [3s[3s] 37 EE
[speed 9 (m/min] 1 15 15
[speed & (m/min) 1 1 1
3 e PP TR h,. e e
= Indine 5 100 107 10°
= Duration (min) ZJn\u 23[2a] § [5[6l27]28[2s] § [303132[33]34] E 3536373”9 § [so[ai[a2[aa[aa] § [s5[ac]a7[aslan] & ] H
= 1 T ’I 3 % u
Speed o (mjmin) 1 1 T n 16 1 16 16
3 1 s
Treadmill Week 1
Familiarization Sedentary Day 2 3[al 5| 7 [] post-exercise blood lactate] | NMR [] VO:max [H body weight [llsacrifice
Age (months) Age (months)
15 16 17 18 19 20
Food
Removed
Light Cycle Dark Cycle
2100 0900 1130 1430 2100
Lights on Lights off Lights on

Figure 1. MoTrPAC PASS1B Study Overview and Design. (A) Overview of cohort intake, testing, and progressive endurance training protocol in male and female Adult
and Aged F344 rats. Schematic displays pretraining acclimation and familiarization protocol for all rat cohorts. Note, postexercise blood lactate concentration was also
measured on the first of each training week. Also, in the 18 mo cohort, an additional SED control group (for both sexes) was age-matched to 1 W training group; this
group was included to account for potential aging effects. (B) Overview of the timeline of events on the day of sacrifice. This figure was created with BioRender.com
(www.biorender.com) and confirmation of publication and licensing rights was obtained.

final 10 d of the training intervention. If a rat was unable to
perform at least 4 d of training per week, it was removed from
the study and euthanized. Rats assigned to the Sedentary (SED)
control group were placed on the treadmill for 15 min/d at
0 m/min for 5 d/wk and followed a schedule like the 8-wk train-
ing group. For insight into changes in body mass over time, at
the beginning of each training week (including the first train-
ing session), body mass was measured in each rat immediately
prior to beginning the treadmill session; rats were not fasted.
Also, immediately after completing the first and fifth training
session of each week, blood lactate concentration was measured
via the tail vein (Lactate Plus meter). For each cohort, rats were

exercised in groups of 5-6 animals per day, with the start day
being staggered over 3-5 d.

Body Composition

The minispec LF90II Body Composition Rat and Mice Ana-
lyzer (Bruker; 6.2 MHz Time-Domain Nuclear Magnetic Reso-
nance [TD-NMR] system) was used for in vivo measurement of
body fat, lean tissue (ie, fat-free mass, which includes skeletal
muscle), and fluid in conscious animals. Pretraining body com-
position was determined 13 d prior to the start of training in all
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Table 1. Treadmill Familiarization Protocol

Days

Protocol

1-2

3-5

6-12

Rat was placed on the treadmill at a speed of 0 m/min for 10 min to familiarize it to the treadmill. The shock grid was blocked to
prevent the rat from sitting on the grid.

Rat was placed on the treadmill with the shock grid blocked and ran at a speed of 6 m/min for 10 min. A pen with a dull point was
used to gently prod the rat or turn its head to make it walk forward.

Rat was placed on the treadmill with the shock grid blocked and run at 10 m/min for 10 min. If the rat was unable to run at

10 m/min, the speed was reduced to 6 m/min and then increased to 8 mm/min for 5 min once the rat was able to run forward
properly. On the next day the treadmill speed was set to 10 m/min. If the rat was unable to run at 10 m/min, the speed was

reduced to 8 m/min.

For those rats that were not able to run continuously at 10 m/min, a light shock was used to entice them to run. Rats were not
allowed to sit on the shock grid. For those rats that liked to walk backwards, a pen was used to turn their head and prod them to

run forward.

11 After the 10 min familiarization session, the rats were run for 2 min at a treadmill grade of 10° and a speed of 12 m/min.
12 Each rat was run on the treadmill at 0° incline and 10 m/min for 5 min after which the grade was increased to 10° and speed to
12 m/min for 5 min. Upon completion of the run, each rat was assigned a score ranging from 1 to 4, with 4 being the highest score.

Scoring criteria:

4: rat is active on the treadmill the entire activity session without assistance.

3: rat required minimal assistance, defined as assistance for less than 25% of the time of the activity session.

2: rat required much assistance, defined as assistance for greater than 25% of the time of the activity session.

1: rat was noncompliant and failed to complete an activity session. Those rats that were unable to run on the treadmill for 5 min
at a speed of 10 m/min and grade of 0° were classified as noncompliant and removed from the study.

rats. Post-training body composition was determined for rats in
the 4- and 8-wk training groups, and in the and 8-wk control
(SED) group 5 d prior to tissue harvesting.

Maximum Oxygen Consumption (VO,max)

VO, max testing was performed 7-8 d prior to the onset of train-
ingin all rats and during the last week of training for the 4- and 8-
wk exercise groups. Maximum running speed (MRS), which was
defined as the highest recorded speed, was recorded in all rats
during the VO,max test. After completing the treadmill famil-
iarization period, rats were acclimated to a single-lane enclosed
treadmill (Columbus Instruments Metabolic Modular Treadmill)
2 d prior to testing. On the first day of acclimation, each rat was
placed in the enclosed treadmill for 10 min at 0 m/min to accli-
mate them to the environment. On the second day of acclima-
tion, the rat was placed in the enclosed treadmill for 10 min and
ran at a speed of 10 m/min. On the test day, the rat was placed in
the treadmill, and testing began once oxygen consumption had
stabilized. Testing began with a warm-up for 15 min with the
treadmill set at a speed of 9 m/min and 0° incline. Following the
warm-up period, the incline was increased to 10° and treadmill
speed was increased by 1.8 m/min every 2 min*; the protocol
used differed by sex and training duration, with each protocol
overviewed in Figure S1(A)-(F). During the test, shock was used
sparingly, and only when the rat stopped running and sat on
the shock area. Testing stopped when the rat sat on the shock
area three consecutive times and did not respond to increased
shock. Upon cessation of the test, the rat was removed from the
enclosure and blood drawn from the tail vein to measure lactate.
Criteria for reaching VO,max during this graded treadmill test
was a plateau in oxygen uptake despite increased workload, a
respiratory exchange ratio > 1.05, and/or a nonhemolyzed blood
lactate concentration > 6 mmol/L (Lactate Plus).?° In Adult rats,
VO, max and MRS was calculated at baseline for SED and 1, 2, 4,
and 8 W training groups and post-training only in the SED and 4-
and 8-wk training groups. In Aged rats, VO,max and MRS testing
was performed at baseline and after training in the SED, 4 and
8 W training groups. Due to an equipment issue, the VO,max

test was not performed in the 1 and 2 W groups, and only the
MRS was recorded in the 4 W group pre- and post-training. A
lactate of > 6 mmol/L was recorded in 98% of the Adult rats and
85% of the Aged rats. An RER > 1.0 was measured in 96% of the
Adult rats and 83% of the Aged rats.

Tissue Collection

Tissues were collected from all rats 48 h following the last
training session. The duration between the last training ses-
sion and tissue collection was chosen to focus on the cumula-
tive effects of steady state treadmill training and to limit poten-
tially confounding effects of the last acute exercise bout. On
the day of collection, food was removed at 8:30 am, 3 h prior
to the start of dissections, which occurred between 11:30 AM
and 2:30 pM (in the dark cycle) (Figure 1B). For each experimen-
tal cohort, dissections occurred during this 3 h window in 5-6
animals per day and over a period of 3-5 d. This design was
chosen to limit potential effects of time-of-day and circadian
oscillations.

An overview of the workflow for tissue dissection is provided
in Figure 2(A). Specifically, body weight was measured and then
rats were placed in an induction box and sedated with inhaled
isoflurane (3%—4%); rats were maintained in the dark until they
were anesthetized, after which they were exposed to standard
lighting. Once sedated, the rat was moved to a nose cone and
continuously sedated with isoflurane (1%-2%). Blood was drawn
via cardiac puncture followed by dissection of the right soleus
(SOL), gastrocnemius, and plantaris (PL) muscles, right lateral
subcutaneous (inguinal) white adipose tissue, right lobe of the
liver, vena cava, and finally the heart and lungs. Removal of
the heart was recorded as time of death. Immediately follow-
ing removal of the heart, a guillotine was used for decapita-
tion. The brain was removed from the skull and the hypotha-
lamus, right and left hippocampus, and right and left cerebral
cortex were collected, in order. Following decapitation, specific
organs were removed from the body in the following order: right
kidney, right and left adrenal, spleen, brown adipose (between
shoulder blades), small intestine (jejunum), colon (transverse
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Figure 2. Dissection. (A) Tissue dissection workflow. Time elapsed from tissue collection (gastrocnemius, white adipose, liver, vena cava, lung, heart) or death to freezing
for, (B) Adult females, (C) Adult males, (D) Aged females, and (E) Aged males. Boxes are mean + 2 SD (calculated from the log-transformed times and back-transformed).

and descending) and feces, right testes or ovaries, right vastus
lateralis, left SOL, gastrocnemius, and PL muscles, right tibia,
and right femur. All tissues, except the left hindlimb muscles
and femur, were flash frozen in liquid nitrogen immediately
upon removal, placed in cryovials, and stored at —80°C. The left
SOL, PL, medial gastrocnemius (MG), and lateral gastrocnemius
(LG) muscles were removed, weighed, pinned to cork, frozen in
chilled isopentane, and stored at —80°C for histological analy-
sis. The femur was placed in 70% ethanol and stored at 4°C.
The time of removal and freezing was recorded for all tissues.

The average time between tissue removal and freezing or death
(heart removal) and freezing are provided for each tissue in
Figure 2(B)-(E). All tissues were subsequently shipped in dry ice
to the biorepository at the University of Vermont for long-term
storage and distribution.

Muscle Fiber-Type Distributions and Fiber Size

Fiber-type percentages (based on myosin heavy chain expres-
sion) and fiber-type specific cross-sectional area (CSA) were
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determined in the SOL, PL, LG, and MG muscles for the SED
and 8 wk training groups of both sexes and ages (48 animals
per muscle). The SOL is a predominantly slow muscle in the rat
with > 85% type I fibers, while the PL, MG, and LG are muscles
that express all four fiber types with a predominance of fast
(type 1I) fibers.31:32 Specifically, a portion of each frozen mus-
cle was cut from the mid-belly, mounted on cork in embedding
medium (OCT), and frozen. Care was taken during the block-
ing of the tissue to ensure that the muscle remained frozen.
Serial sections (10 um) were cut from the frozen tissue block
using a rotary microtome in a cryostat (Leica CM1850 Cryostat,
Germany) at —20°C and placed on glass slides. Sections were
fixed for 5 min in cold acetone at —20°C. After the fixation step,
sections were allowed to warm to room temperature (RT) for
5 min and then washed one time for 5 min in PBST (PBS + 0.1%
Tween 20). Next, sections were incubated in blocking solution
(BS) (5% Normal Horse Serum PBST) for 30 min at RT and then
incubated at 4°C overnight with a cocktail containing antibod-
ies against myosin heavy chains (MHC) and laminin: anti-MHC
I (BA-F8), anti-MHC 2A (SC-71 s), anti-MHC 2B (BF-F3s) (Develop-
mental Studies Hybridoma Bank, Iowa City, IA, USA), and antil-
aminin (L9393 Sigma). Antibodies were diluted in BS at 1:250
(MHC) and 1:500 (laminin). Following the overnight incubation,
samples were washed 3 times for 5 min with PBST and then
incubated in BS for 30 min at RT with fluorescently conjugated
secondary antibodies (Alexa Fluor™ ThermoFisher): goat anti-
mouse IgG2B (A21242) to MHCI (1:250 dilation, excitation 647),
goat antimouse IgG1 (A21127) to MHCIIa (1:500 dilation, excita-
tion 555), goat antimouse IgM (A21042) to MHCIIb (1:500 dilation,
excitation 488), and antirabbit IgG (H + L) (A31556B) to laminin
(1:250 dilation, excitation 405). Samples were then washed 3
times for 5 min in PBST and covered with ProLong™ Diamond
Antifade Mountant (P36930; Thermo Fisher Scientific). For each
muscle, the entire cross-section was digitally scanned at 10X
objective on a Zeiss LSM710 confocal microscope using the Tile
Scan tool. Images were collected within 5 d of staining. Fiber size
and fiber type (MHC composition) of all fibers in the section was
measured using Myovision 2.0 analysis software (Myovision 2.0
software, University of Kentucky).*?

CD31/PECAM 1—Capillary Contacts

Capillary contacts, the number of capillaries surrounding a sin-
gle fiber, were determined in the SOL, PL, LG, and MG muscles for
the SED and 8 wk training groups of both sexes and ages (48 ani-
mals per muscle). Serial cross-sections were cut and processed
as described above. For each muscle, all slides were processed
on the same day. Following the initial blocking step, samples
were incubated with CD31/PECAM1 (R&D System AF3628) and
dystrophin (HS) primary antibodies conjugated with Alexa Fluor
488 (Santa Cruz sc-365954, 1:80), diluted in BS, and incubated
at 4°C overnight. On the following day, samples were washed
3 times for 5 min with PBST and then incubated for 50 min in
BS at RT with the secondary antibody (555 IgG donkey antigoat
(A21432, 1:500). Samples were then washed 3 times for 5 min in
PBST and covered with ProLong™ Diamond Antifade Mountant
(P36930; Thermo Fisher Scientific).

For each muscle, the entire cross-section was digitally
scanned at 10X objective using a Zeiss LSM710 confocal micro-
scope using the Tile Scan tool. Images were collected within 5 d
of staining. Images were quantified using ImageJ analysis soft-
ware version 1.53r (National Institutes of Health, USA).>* Mus-
cle fibers were analyzed from 2 to 3 regions of the cross-section:
3 regions from the LG, and 2 regions from the MG, PL, and SOL
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(scaling). Regions (0.83 um x 0.83 um) were selected to capture a
diverse set of fiber types within each muscle. The number of cap-
illaries surrounding each fiber (capillary contacts) was counted
manually by a single individual who was blinded to the age, sex,
and group of the sample. The mean + SD number of fibers sam-
pled per muscle was 367 + 72 for the SOL, 390 + 67 for the PL,
815 + 89 for the MG and 1110 =+ 184 for the LG.

Citrate Synthase

Citrate Synthase (CS) activity was assayed using a modified
protocol from Srere et al.3® The assay buffer (200 pL final vol-
ume) contained monobasic and dibasic potassium phosphate
buffers (36.5 mm and 63.5 mm, respectively), EDTA (10 mm), DTNB
(0.1 mwm), acetyl-CoA (0.1 mm), and Triton X-100 (0.1% v/v). The
reaction was initiated by the addition of 4 uL of muscle lysate
(8 ng) and 5 pL of oxaloacetate (10 mm). Absorbance at 412 nm
(25°C) was measured at 5 min. Values were then normalized to
protein content and compared to a standard curve made with
purified CS (Sigma, C3260).

Glycogen

Glycogen was assessed using Glycogen Assay kit (Sigma,
MAKO16). Briefly, muscles were homogenized in 100 uL of water,
boiled for 5 min, and centrifuged at 13000 g for 5 min to remove
debris. A volumef 10 pL of the supernatant were used in the
assay following the kit protocol. An endpoint absorbance was
measured at 570 nm. Results were analyzed by doing a back-
ground correction and normalized to milligram of tissue.

Plasma Clinical Analytes

Using all Adult samples and only those Aged samples that were
selected for multiomic analysis,?*?° a set of nine common clini-
cal analytes was measured in plasma: glucose, lactate, glycerol,
total ketones, nonesterified fatty acids (NEFA), glucagon, insulin,
leptin, and corticosterone. The first five were measured using
a Beckman DxC 600 clinical analyzer with reagents from Beck-
man (Brea, CA) and Fujifilm Wako (Osaka, Japan; total ketones
and NEFA), while the others were measured in immunoassays
using commercial kits from Meso Scale Discovery (Rockville, MD)
and Alpco (Salem, NH; corticosterone). Catalog numbers are pro-
vided in Table S2.

Statistical Analyses

The R programming language® (v4.3.1) was used to perform all
statistical analyses and generate most figures. The emmeans®
(v1.8.8), nlme® (v3.1.163), and tidyverse®® (v2.0.0) R packages
formed the core of what was used.

Body Composition and Maximal Oxygen Consumption

(Post-Pre) Training Differences

For measures that were recorded both pre- and post-training—
body mass recorded on the same day as the NMR body compo-
sition measures, NMR lean mass, NMR fat mass, and absolute
and relative VO,max—we fit ordinary or weighted least squares
(WLS) regression models with age, sex, group, and their interac-
tions as predictors of the (post-pre) differences. Reciprocal group
variances (calculated from each combination of age, sex, and
group) were used as weights in the WLS models to account for
observed heteroscedasticity. A few influential observations were
removed and noted in the results. Then, two-sided t-tests were
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performed to determine whether the mean of the (post-pre) dif-
ferences from each group was different from 0. That is, if there
was a change from pre- to post-training measures. Since maxi-
mum run speed was recorded in 1.8 m/min intervals and could
only take on a few distinct values, we instead performed non-
parametric Mann-Whitney U tests*° separately for each combi-
nation of age, sex, and group. For all measures, P-values were
adjusted across groups within each age and sex combination
using the Holm procedure*! to control the family-wise error rate.
Results of these analyses are provided in Table S3.

Baseline (Pretraining) Differences:
For all measures except maximum run speed, we fit log-link
Gaussian, quasi-Poisson (% fat mass), or gamma (absolute and
relative VO,max) generalized linear models*? (GLMs) with age,
sex, group, and their interactions as predictors of the baseline
(pretraining) values. GLMs can address nonconstant variance
observed in strictly positive data, like VO,max. If data was not
recorded for some age and group combinations, as with 4 W
VO,;max in the Aged animals, we instead concatenated age and
group to form a single factor (age_group) and fit a model with pre-
dictors age_group, sex, and their interaction to avoid inestimable
regression coefficients. For each Gaussian GLM, reciprocal group
variances (calculated from the untransformed response values
within each combination of age, sex, and group) were included
as weights to account for any residual heteroscedasticity. Model
parsimony was achieved through ANOVA F-tests and examina-
tion of regression diagnostic plots. Then, each of the trained
timepoints were compared against their age- and sex-matched
SED controls using the Dunnett multiple comparison proce-
dure.*® If age_group was included as a predictor, comparisons
were manually specified, and P-values were instead adjusted
within each age and sex combination using the Holm proce-
dure.*! Since the log link was used for all models, results are
presented as ratios of trained to SED group means (fold-change).
Since maximum run speed was recorded in 1.8 m/min inter-
vals and could only take on a few distinct values, we instead
performed nonparametric Mann-Whitney U tests* to compare
each trained group to their matching control group. P-values
were adjusted across comparisons within each sex and age com-
bination using the Holm procedure.*! Results of these analyses
are provided in Table S4 (“NMR & VO,max” tab).

Weekly Body Mass

Weekly body mass was recorded prior to the beginning of each
week from weeks 1 to 8. We filtered the data to only those
observations collected from the SED and 8 W groups, since this
allowed for the most weekly comparisons. Since there are longi-
tudinal measures from each rat, we used the nlme:: gls* R func-
tion to fit a generalized least squares (GLS) model* with age,
sex, group, week (categorical: 1-8), and their interactions as pre-
dictors of log(body mass). Since the correlations between mea-
surements from the same rat decrease as the time lag (num-
ber of weeks between the measurements) increases, the corre-
lation structure was specified with nlme: corAR1(form = ~ 1 | pid),
where pid is a unique identifier for each rat. Model parsimony
was achieved via likelihood-ratio tests. Then, we tested whether
the mean of the 8 W group was different from the mean of the
SED group at each week. P-values were adjusted across weeks
1-8 within each combination of age, sex, and group (SED or 8 W)
using the Holm procedure.*! Results of this analysis are provided
in Table S4 (“Weekly Body Mass” tab).

Fiber-Type-Specific Measures

Cross-sectional area: Since the SOL only consists of two of the
four fiber types (types I and Ila), we first created a new cate-
gorical variable called muscle_type by concatenating muscle and
fiber type to avoid inestimable regression coefficients. Since
there are repeated measures from each animal, we fit a lin-
ear mixed-effects model (LMM) with age, sex, group (SED or
8 W), muscle_type, and their interactions as predictors of the log-
transformed fiber type-specific CSA with a random intercept
for each rat. Precision weights were specified with nlme:: varl-
dent(form = ~ 1 | muscle_type) to account for heteroscedasticity.
Then, we tested whether the mean of the 8-wk-trained group
was different from that of the SED control group for each combi-
nation of age, sex, group, and muscle_type. P-values were Holm-
adjusted®! across all 2 (SOL only) or 4 fiber types within each
age, sex, and muscle combination. Since the response was log-
transformed, results are presented as ratios of 8 W to SED group
means (fold-changes) in Table S4 (“Mean Fiber Area” tab).

Fiber-type distribution: We performed compositional data anal-
ysis (CoDA)*# of the fiber counts, which we believe is more
appropriate than common statistical methods for assessing
fiber-type distribution. CoDA is appropriate for positive data car-
rying relative, rather than absolute, information, and it is used
extensively in the geosciences (eg, analysis of mineral compo-
sitions).*® Additionally, since each set of fiber-type proportions
are derived from the same animal and must necessarily sum to
1, a change in one fiber-type proportion would affect the remain-
ing proportions. This violates the independence of observations
assumption of classic analysis approaches like ANOVA, necessi-
tating a different approach—CoDA.

Data preparation began by converting the fiber counts from
each rat to proportions using the total number of fibers per mus-
cle. Then, we applied the isometric log-ratio (ilr) transforma-
tion,* which uses the sequential binary partitions {I ||| Ila || IIx
| IIb} to generate balances b1, b2, and b3.%” (Pp107-108),50

1. bl= %Iog(W) orlog(li—a) (soL)

2. b2 = /3log( 5oy )

3. b3= Iog(ﬁ—’g)

where g() denotes the geometric mean (the nth root of the
product of n values: a measure of centrality) of the subcomposi-
tion. These partitions were chosen for the following interpreta-
tions of their balances:

1. bl =type I compared to {Ila, IIx, IIb} fibers
2. b2 = type Ila compared to {IIx, IIb} fibers
3. b3 = type IIx compared to type IIb fibers

Reducing the compositions in the simplex .#* to ilr coordi-
nates in R? and the two-component composition (SOL) in .72
to values along the real number line R avoids singularity of the
variance-covariance matrix, which would present problems for
the statistical analyses that we will describe, though we neces-
sarily sacrifice some interpretability of the results. The matrix
of column vectors (the balances) follow a multivariate Normal
distribution, so, for each muscle, we fit a multivariate multiple
regression model with categorical variables age, sex, group, and
their interactions as predictors of the 1 (SOL) or 3 (LG, MG, and
PL) dependent variables.

For all muscles, we utilized t-tests to compare the mean of
each balance from the 8 W group to the corresponding mean
from the SED group (eg, blgy — blgrp). The resulting P-values
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were Holm-adjusted*! across the muscles within each combi-
nation of age and sex. The differences between balances are not
easily interpretable, so results are presented as a shift between
specific fiber types (Muscle Fiber Type Distribution Results). Results
of these analyses are provided in Table S4 (“Fiber Count” tab).

Muscle Morphology and Biochemistry

For each muscle-specific measure—capillary contacts, CS activ-
ity, glycogen, mean CSA, and terminal mass—we examined their
mean-variance relationship. Informed by these relationships,
we fit LMMs with log-transformed or square-root-transformed
(glycogen only) dependent variables. Variables age, sex, group,
muscle, and their interactions were included as predictors with a
random intercept for each rat. LMMs were utilized because there
are repeated measures for each rat, which violates the indepen-
dence assumption of ordinary linear regression, while an appro-
priate variance-stabilizing transformation was applied to each
response to address heteroscedasticity. If heterogeneity of the
residuals was still observed, weights were included with nlme::
varldent. Finally, model parsimony was achieved through ANOVA
F-tests and examination of regression diagnostic plots. Next, we
compared each of the trained timepoints against their age- and
sex-matched SED controls using the Dunnett multiple compari-
son procedure*? within each muscle. Since glycogen did not use
a log-transform, we instead estimated the marginal means on
the square-root scale, back-transformed to the original glyco-
gen concentration scale while adjusting for bias, and then log-
transformed these values before setting up the contrasts. In
doing so, we are able to present results as ratios of trained to
SED group means (fold-changes), as with the other muscle mea-
sures. Results of these analyses are provided in Table S4 (“Muscle
Measures” tab).

Clinical Analytes

For each of the plasma clinical analytes, we first examined their
mean-variance relationship and fit an appropriate log-link GLM
assuming the data followed a Gaussian (corticosterone, glucose,
insulin, lactate, and leptin), quasi-Poisson (glucagon), gamma
(glycerol and total ketones), or inverse Gaussian (NEFA) distribu-
tion. GLMs can address the issue of nonconstant variance typ-
ically observed in strictly positive data. Reciprocal group vari-
ances (calculated from each combination of age, sex, and group)
were included as weights in the Gaussian GLMs to account for
remaining heteroscedasticity. Age, sex, group, and their inter-
actions were included as predictors, and model parsimony was
achieved through ANOVA F-tests and examination of regression
diagnostic plots. Then, we compared each of the trained time-
points against their age- and sex-matched SED controls using
the Dunnett multiple comparison procedure.*® Since the log link
was used for all models, results are presented as ratios of trained
to SED group means (fold-changes) in Table S4 (“Plasma Ana-
lytes” tab).

Calculation of Percent Change

We do not perform regression analyses on the post/pre values
for each rat, the results of which could easily be converted to
% change with (post/pre-1) x 100, because the use of a ratio in
regression analyses can lead to incorrect or misleading infer-
ences.” Instead, % change from pre- to post-training was calcu-
lated by dividing the differences in means (“(Post-Pre) Training
Differences” Methods) by the corresponding pretraining means
(“Baseline (Pretraining) Differences” Methods) and multiplying
by 100%. For the trained vs. SED comparisons, % change from
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SED to trained was calculated by subtracting 1 from the ratios
and multiplying by 100.

Results

Baseline Phenotypes Across Cohorts: Given the scale of this
study, rats arrived at the facility in different shipments. For
insight into cohort matching, we first confirmed that the rats
within each age, group, and sex were well-matched by compar-
ing baseline (ie, pretraining) phenotypic parameters for VO,max
and/or MRS, and body composition between the four training
groups (1, 2, 4, and 8 W) and the SED controls.

Baseline VO,max and MRS: In Adult female rats, absolute
VO,max was the same between all groups (Figure S2A). Relative
VO,max was not different between the SED and trained groups,
with the exception of an 8% lower relative VO,max in 1 W rela-
tive to SED Adult females (Figure S2B). Further, baseline MRS was
similar across all groups (Figure S2C). In Adult male rats, abso-
lute VO,max was 8% higher in 1 W compared to SED rats, with no
significant differences in the other trained groups. The mean rel-
ative VO,max was 6% higher in 2 W relative to SED, but the other
groups were not significantly different from SED (Figure S2D-E).
Relative to SED, Adult male rat MRS was modestly higher in the
1 W and 2 W groups (Figure S2F). In Aged rats, VO,max was
measured in the SED and 8-wk-trained groups, only (see “Meth-
ods”). In Aged female rats, the mean relative pretraining VO,max
was 7% higher in the 8 W group relative to SED, though neither
absolute VO,max nor MRS were different between the SED and
8 W groups at baseline (Figure S2G-I). In Aged male rats, no dif-
ferences were observed in absolute or relative VO,max or MRS
(Figure S2J-L). Together these findings suggest the cohorts of rats
were well-matched.

Body Mass and Composition: Overall, body mass and body com-
position were well-matched across all cohorts upon arrival and
prior to the beginning of training (Figure S3). In female and
male Adult rats (Figure S3A-]), the greatest differences were
found between the 1 and 2 W groups (which arrived as a sin-
gle cohort) and the SED group, with total body mass in males
and females being significantly higher in the 1 and 2 W groups
relative to SED (6% and 5%, respectively) (Figure S3A). In Adult
females, the greater body mass was due to increases in both
whole-body fat and lean mass (Figure S3B-E). In Adult males,
the greater body mass was largely due to an increase in fat mass
(Figure S3F-J) at the beginning of the study. In Aged females
and males (Figure S3K-T), body mass was modestly, but signif-
icantly, lower in female and male 1 W (—8% and 4%, respec-
tively) and 2 W (both, —4%), which arrived as a single cohort,
and 4 W (—6% and 4%, respectively), which arrived as a sepa-
rate cohort, as compared to SED. The lower body mass in 1, 2,
and 4 W Aged females was accompanied by a significantly lower
lean mass (Figure S3M) and % lean mass (Figure S30); there were
no differences in fat mass (except for 1 W [-19%)]; Figure S3L)
or % fat mass (except for 4 W [-9%)]; Figure S3N) in the trained
groups, as compared to SED. Despite the changes in body mass,
in Aged males, there were modest statistical differences in body
composition between the five trained groups and SED; fat mass
(Figure S3Q) and % fat mass (Figure S3S) were lower in 4 W
(—=7% and —5%, respectively), while % lean mass (Figure S3T) was
higher in 1 W (+2%) and 2 W (+3%), as compared to SED.

Overall, these data show that while rats of both sexes arrived
in separate cohorts, at different ages and across a period of 6 mo
within each age, the major phenotypic physiological parameters
were very well-matched across all groups prior to beginning the
treadmill training intervention.
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Phenotypic Responses to Training

Progressive Endurance Exercise Training Protocol

To estimate running intensity during training, which was
designed to target an exercise intensity of ~70-75% VO,max,
blood lactate concentration was measured from the tail vein
at the completion of the first training bout each week. The
week 4 values for the 4 W training group animals are the end-
of-week postexercise blood lactate (day 20), since the VO,max
testing was performed at the start of that week. In line with
a targeted intensity of 70%-75% VO,max, the mean + SD
of the blood lactate concentration was 4.5 + 1.6 mm and
3.4 + 1.4 mmMm for Adult females and males and around 4.7 +
2mM and 3.5 + 1.7 mm in Aged females and males, respectively
(Figure S4A-D).

Effects of Training on VO,max and MRS

Treadmill testing was performed in pre- and post-training in the
SED, 4 W, and 8 W groups of Adult and Aged rats to assess the
adaptation to the progressive treadmill training.

Adult group. In the SED groups of female and male rats, abso-
lute VO,max did not change over the 8-wk training period,
though relative VO,max decreased by a mean of 6.9 (—9%)
and 2.7 (-6%) mL/kg/min in females (Figure 3A and B) and
males (Figure 3D and E), respectively. MRS also decreased signif-
icantly in the SED females and males (Figure 3C and F, respec-
tively). In females in response to training, absolute VO,max was
higher only in 8 W (+20%,; (Figure 3A), while relative VO,max
increased in both 4 W (1.8 mL/kg/min, +2%) and 8 W groups
(10.2 mL/kg/min, +14%) (Figure 3B). MRS also increased in 4 and
8 W females (Figure 3C). Male rats displayed similar improve-
ments in absolute (Figure 3D) and relative (Figure 3E) VO,max
at 4 wk (absolute: +4%, relative: +4%) and 8 wk (absolute:
+11%, relative: +17%), as well as a robust improvement in MRS
(Figure 3F).

Aged group. In Aged rats, neither absolute nor relative
VO,max changed significantly in the SED groups of either
females (Figure 3G and H) or males (Figure 3] and K). Fol-
lowing 8 wk of training, both absolute and relative VO,max
increased in Aged female (absolute: +15%, relative: +18%;
Figure 3G and H, respectively) and male rats (absolute: +6%, rel-
ative: +18%; Figure 3] and K, respectively). MRS was measured at
both 4 and 8 wk of training and increased significantly in both
females (Figure 3I) and males (Figure 3L).

The mean change in absolute (mL/min) and relative
(mL/kg/min) VO,max as the result of training are plotted for all
groups in Figure 4 and demonstrates that increases in both abso-
lute and relative VO,max with training were similar across age
and sex. Descriptive statistics (mean, SD, minimum, maximum,
range, and coefficient of variation) for all groups for pre- and
post-training are provided in Table S5 (absolute VO,max) and
Table S6 (relative VO,max).

Changes in Body Mass and Composition With Training

In both Adult and Aged rats, pre- and post-training measures of
body composition by NMR were taken in SED, 4 W, and 8 W rats.
In addition, body mass was assessed at the beginning of each
training week in all cohorts.

Adult group. In female rats, total body mass increased sig-
nificantly in SED and the 4 W and 8 W training groups (Figure
SA). In SED females, such changes were accompanied by an
increase in lean (+5%) and fat (+39%) mass (Figure 5B and C,
respectively); accounting for changes in body mass, this trans-
lated to a decrease in % lean mass (—5%) and an increase in

% fat mass (+11.5%; Figure S5A and S5B, respectively). With
training, lean mass (Figure 5B) and % lean mass (Figure S5B)
increased significantly in 4 W (+6% and +2%, respectively) and
8 W females (+7% and +2%, respectively). No training-induced
changes in fat mass were observed in females (Figure 5C;
Figure S5A). In SED males, body mass (Figure 5D), lean mass
(Figure 5E), and fat mass (Figure 5F) were increased (+7%, +6%,
and +17%, respectively). Accounting for changes in body mass,
% fat mass increased by 9% (Figure S5D), though there were
no changes in percentage lean mass (Figure SS5E). In trained
males, % lean mass increased by 5% at both 4 W and 8 W
timepoints (Figure SSE), though there was no statistically sig-
nificant change in absolute lean mass (Figure 5E). Overall,
males decreased total fat mass (Figure 5D) and % fat mass
(Figure S5D) at 4 W (total: —18%; %: —16%) and 8 W (total:
—38%; %: —36%), whilst total body mass only decreased in 8 W
(Figure 5D). Though we did not assess changes in body com-
position in the 1 W and 2 W groups, we did assess changes
in body mass. In both 1 and 2 W females (Figure S5C) and
males (Figure S5F), the terminal body mass was 1%-4% lower
than pretraining body mass (which was measured on the
NMR day).

Aged group. In Aged SED female rats, total body mass
(Figure 5G) did not change, though lean mass (—6%,; Figure 5H)
and fat mass (—6%; Figure 5I) were both significantly decreased
(Figure 5G-I). In trained Aged females, body mass decreased in
4 W (-2%) and 8 W (—3%) (Figure 5G). These changes paired
with decreases in total lean mass (4W: —3%, 8W: —6%,; Figure
SH), total fat mass (4W: —11%, 8W: —14%; Figure 5I), % fat mass
(4W: —9%, 8W: —14%; Figure 5G), and % lean mass (4W: —1%,
8W: —3%; Figure S5H), in trained females. In males, total body
mass decreased in 4 W (—6%), 8 W (—11%), and the SED group
(—5%) (Figure S5]). The decrease in body mass in SED males was
accompanied by a decrease in lean mass (—4%; Figure 5K) and fat
mass (—12%; Figure 5L); these changes in total lean and fat mass
resulted in a significant decrease in % fat mass (—8%,; Figure S5J),
while % lean mass was unchanged (Figure S5K). Decreases in
body mass in the 4 and 8 W training groups were driven by
decreases in total lean mass (4W: —3%; 8W: —7%; Figure 5K) and
total fat mass (4W: —20%; 8W: —33%,; Figure 5L), which resulted
in a substantial decrease in % fat mass (4W: —15%; 8W: —25%;
Figure S5]) and a modest, but significant, increase in % lean mass
(4W: +3%; 8W: +5%; Figure S5K). In 1 and 2 W training groups,
both males and females displayed a decrease in terminal body
mass as compared to pretraining body mass (which was mea-
sured on the NMR day) (females: —3% and —5%, males: —5% and
—6%) (Figure S5I).

The absolute changes in body mass, fat mass, and lean mass
as the result of training are plotted for all groups in Figure 6. The
data highlight differential responses of Adult males and females
to exercise training, with males losing total body and fat mass;
in contrast, trained females maintained a constant total body
and fat mass and did not gain body mass like the SED group. In
Aged rats, in contrast to Adults, trained males and females both
display decreases in total body and fat mass. Descriptive statis-
tics (mean, SD, minimum, maximum, range, and coefficient of
variation) for all groups for pre- and post-training are provided
in Table S7 (body mass), Table S8 (lean mass), and Table S9 (fat
mass).

Weekly Monitoring of Body Mass

Adult group. In Adult females, body mass increased over time
in the SED group and remained fairly constant in the 8 W
group (Figure S6A). Conversely, the body mass of SED males
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Figure 3. VO,max and MRS. Pre- and post-training measures of absolute VO,max, VO, max relative to total body mass, and MRS in Adult females (A)-(C), Adult males
(D)-(F), Aged females (G)—(I), and Aged males (J)-(L). Each arrow or point represents a single rat, and they span from pre- to post-training values. Arrows are colored
according to the direction of change from pre to post, and individual rats are arranged in ascending order by their pretraining value within each group. P-values were
obtained from two-sided one sample t-tests of the (post-pre) differences, and they were Holm adjusted within each combination of age and sex.
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remained constant and decreased over time in the 8 W group
(Figure S6B). Compared to their age-matched SED counterparts
at each week, the mean body mass of 8 W females was ~4%
lower starting at week 5 and remained ~4% lower through week
8 (Figure S6E). In males, mean body mass of the 8 W animals
was 5% lower than their age-matched SED counterparts start-
ing at week 4; body mass continued to decrease with training
duration until the difference in body mass was ~9% at week 8;
(Figure S6E).

Aged group. In Aged females, body mass remained constant
over 8-wk in the SED group (Figure S6C). In the 8 W group, body
mass decreased initially at the start of training before returning
to week 1 values at the beginning of week 8 (Figure S6C). In SED
males, there was an initial decrease in body mass followed by
a plateau from weeks 3 to 8 (Figure S6D). In 8 W males, how-
ever, there was an immediate and consistent decrease in body
mass that stabilized starting at week 7 (Figure S6D). Compared
to their age-matched SED counterparts at each week, the mean
body mass of 8 W males was lower at the beginning of week 4,
with similar decreases in body mass in Aged and Adult males in
response to training (Figure S6E). In Aged females, while not sta-
tistically significant, there was a 4% decrease at the start of week
4 that persisted through week 8, much like what was observed
in the Adult females (Figure S6E).

Endpoint Measures

Terminal Muscle Mass
Terminal masses for the four collected muscles are presented in
Figure S7(A)-(P).

Adult group. In females, PL (Figure S7C) and SOL (Figure S7D)
masses were significantly higher in the 1 W (SOL only: 8%), 2 and
4 W groups relative to the SED controls (PL: 4W: +8%, 8W: +6%;
SOL: 2 W and 4W: +9%); this may relate to the fact that baseline
body mass and lean mass of the 1 and 2 W cohorts were higher

than the SED group (Figure S4A and S4C ; this could be because
the 1 and 2 W rats were from a different cohort than the SED
rats). In trained males, the LG (Figure S7E), PL (Figure S7G), and
SOL (Figure S7H) were not different from SED at any timepoint.
In the MG, muscle mass was lower (—7%) than SED at 4 W, only
(Figure S7F).

Aged group. In Aged females, the MG (Figure S7]), PL
(Figure S7K), and SOL (Figure S7L) mass in the 8 W group was
significantly greater than SED, while there was no difference in
the LG (Figure S7I); the mean % difference, as compared to SED,
was 7%, 8%, and 11% for the MG, PL, and SOL, respectively. In
Aged males, there were no significant differences in the termi-
nal muscle masses of any trained groups, as compared to SED
(Figure S7M-P).

Muscle Fiber Types and Flber Type Specific CSA

Fiber type distributions. In Adult females, there was a shift from
type IIb to type IIx fibers in the LG with 8 wk of training
(Figure 7A), and an increase in type Ila fibers relative to the type
IIb and IIx fibers in the PL (Figure 7C), with no training-related
differences in fiber type composition in the MG (Figure 7B) or
SOL (Figure 7D). In Adult males, there were no training-related
differences in fiber type composition in the LG (Figure 7E) or SOL
(Figure 7H). In contrast, the ratio of type I fibers relative to type II
fibers was lower in 8 W versus SED in the MG, with no change in
the relative proportions of type II fibers (Figure 7F). Additionally,
there was an increase of type Ila relative to the other type II fibers
in 8 W versus SED, in the PL only (Figure 7G). In Aged females,
there was an increase in type IIx relative to type IIb fibers in the
LG with 8 wk of training (Figure 7I), and an increase of type Ila
relative to other type II fibers in both the MG (Figure 7J) and PL
(Figure 7K). There was no change in the SOL fiber type compo-
sition in Aged females (Figure 7L) or males (Figure 7P). In 8 W
versus SED Aged males, there was a higher proportion of type
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Figure 5. Body composition. Pre- and post-training measures of body composition (body mass, lean mass, and fat mass) in Adult females (A)-(C), Adult males (D)—(F),
Aged females (G)—(I), and Aged males (J)-(L). Each arrow or point represents a single rat, and they span from pre- to post-training values. Arrows are colored according
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from two-sided one sample t-tests of the (post-pre) differences, and they were Holm adjusted within each combination of age and sex.

IIa fibers, relative to the other type II fibers, in the MG (Figure
7N) and PL (Figure 70), and an additional shift from type IIb to
type IIx fibers in the PL (Figure 70); there were no fiber type dis-
tribution changes in the LG (Figure 7M).

Fiber type-specific CSA. In the Adult female rats, the mean CSA
of type IIx and type IIb fibers in the MG (Figure 8B) and type Ila
fibers in the PL (Figure 8C) increased significantly (MG IIx and IIb:
+20%; PL1Ia: +21%) in 8 W relative to SED. There were no changes

in the CSA of fibers in the LG (Figure 8A) or SOL (Figure 8D) of
females. In Adult males, there was no effect of treadmill training
on fiber type-specific CSA in any of the four skeletal muscles
(Figure 8E-H). In Aged female rats, the mean CSA of the type
IIa fibers in the PL (Figure 8K) increased by + 20% at 8 W relative
to SED, with no changes in the CSA of fibers in the LG, MG, or
SOL (Figure 8M, Figure 8N, and Figure 8L, respectively). In Aged
males, the mean CSA of type I fibers increased at 8 W relative to
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SED in the LG (+25%; Figure 8M), MG (+34%; Figure 8N), and SOL
(+24%; (Figure 8P), but not the PL (Figure 80).

Mean Muscle Fiber CSA

In Adult rats, no differences were observed in the mean muscle
fiber CSA of the 8 W and SED groups of any muscles of female
(Figure S8A) or male rats (Figure S8B). In Aged female rats, no
changes in mean muscle fiber CSA were observed between the
8 W and SED (Figure S8C). In Aged males, 8 W SOL mean mus-
cle fiber CSA was higher (+23%), as compared to the SED group
(Figure S8D). In contrast, there were no differences in mean mus-
cle fiber CSA in LG, MG, or PL (Figure S8D).

Capillary Contacts Per Muscle Fiber

Treadmill training for 8 wk had no effect on the mean number
of capillary contacts per fiber in any muscle in Adult (Females:
Figure S9A; males: Figure S9B) or Aged rats (Females: Figure S9C;
males: Figure S9D).

Muscle CS Activity

Adult group. In Adult female rats, CS activity increased in all
muscles with progressive endurance training (Figure 9A-D) and
was most pronounced at 4 W. At 8 W in Adult females, CS
activity increased relative to SED in the LG (+67%; Figure 9A),

PL (+58%; Figure 9C), and SOL (450%; Figure 9D), but not the
MG (Figure 9B). In females, the mean fold-increase in CS activ-
ity between SED rats and apex levels in the 4 W group was—
LG: +5.73, MG: +4.55, PL: +3.24, and SOL: +5.67. The impact
of training on CS activity followed a similar temporal pattern
in males, with significant increases in CS activity in the LG
(Figure 9E), PL (Figure 9G), and SOL (Figure 9H) in all train-
ing groups, whilst in the MG the increase was evident in 1,
2, and 4 W only (Figure 9F). In the LG, PL, and SOL, the aver-
age increase in CS activity in the 8 W group relative to SED
was + 43%, +65%, and + 54%, respectively (Figure 9E and G-H). In
males, average fold-increases in CS activity between the SED and
peak activity at 4 W was—LG: +4.52, MG: +3.72, PL: +3.56, and
SOL: +3.25.

Aged group. In Aged female rats, CS activity was elevated
by 42%-90% in all muscle groups at 8 W relative to SED
(Figure 9I-L). The MG (Figure 9]) and SOL (Figure 9L) of females
displayed increases in CS activity in the 2, 4, and 8 W groups
relative to SED (SOL: +50% at 2 W, +66% at 4 W, +90% at
8 W; MG: +70% at all timepoints), while CS activity in the PL
(Figure 9K) was only elevated at 8 W (+47%). Interestingly, in
the LG of females (Figure 9I), mean CS activity was lower in
the 1, 2, and 4 W groups (—58%, —52%, and —35%, respec-
tively), but was higher at 8 W (+42%) (Figure 7I). In Aged males,
temporal changes in LG CS activity were similar to females,
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Figure 8. Fiber-type-specific CSA. Mean CSA of each fiber type for the LG, MG, PL, and SOL muscles from Adult females (A)-(D), Adult males (E)-(H), Aged females (I)-(L),
and Aged males (M)-(P). Boxes are 95% confidence intervals for the mean CSA of each group. For each muscle and fiber type, the 8 W trained group was compared
to SED, and P-values were Holm-adjusted across all fiber types for a given combination of age, sex, and muscle. Brackets indicate a statistically significant difference

between groups (Holm P < .05).

decreasing significantly in the 1 W group (—31%), followed by
an increase at 8 W (+59%) (Figure 9M). In the MG, CS activity
was higher compared to SED in the 2 W (+43%), 4 W (+46%), and
8 W (+71%) groups (Figure 9N). In the PL (Figure 90) and SOL
(Figure 9P) of males, increases in CS activity were statistically
different from SED in the 8 W group, only (+82% and + 48%,
respectively).

Muscle Glycogen

Adult group. In female rats, muscle glycogen content was sig-
nificantly higher in the LG (Figure 10A), MG (Figure 10B), and
PL (Figure 10C) of 8 W trained groups relative to SED (mean
fold-changes of + 6.89, +3.60, and + 3.63, respectively). Glyco-
gen content was not affected by training in the SOL (Figure
10AD), or at other timepoints in the other muscles (Figure
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Figure 9. Citrate synthase activity by muscle. Citrate synthase activity in the LG, MG, PL, and SOL muscles of Adult females (A)-(D), Adult males (E)-(H), Aged females
(I)-(L), and Aged males (M)-(P). Each trained group was compared against the SED group using the Dunnett test. Brackets indicate a significant change in CS from SED

to trained (Dunnett P < .05).

10A-C), in female rats. Glycogen content in males displayed
similar training responses as females, with a few exceptions
(Figure 10E-H). Similar to females, glycogen content was ele-
vated in the LG (Figure 10E) and PL (Figure 10G) at 8 W by + 2.10-
fold and + 3.55-fold, respectively, though there was no change
in MG (Figure 10F) glycogen with training. In the PL (Figure 10G)
there also was an early increase at 1 W (2.23-fold), and in the

SOL (Figure 10H) a 33% decrease in the mean glycogen at 4 W
only.

Aged group. In the Aged females, glycogen content increased
in the 8 W group relative to SED in the LG (+3.43-fold; Figure 10I),
MG (+4.08-fold; Figure 10J), and PL (+4.44-fold; Figure 10K). The
MG in females also displayed an increase in glycogen content
at 4 W by + 2.97-fold (Figure 10]J). In the SOL, no increases were
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(Dunnett P < .05).

observed, with glycogen content being significantly lower in the
1, 2, and 4 W groups, as compared to SED (Figure 10L). In males,
glycogen concentration was higher in 8 W, as compared to SED,
in the LG (Figure 10M), MG (Figure 10N), and PL (Figure 10P),
with fold-increases of + 3.34, +2.98, and + 3.67, respectively
(Figure 10M-P).

Plasma Clinical Analytes

To understand metabolic changes induced by training, we pro-
filed a set of plasma hormones (insulin, glucagon, corticos-
terone, and leptin) and metabolites (glucose, lactate, NEFA, glyc-
erol, and total ketones) that are key indicators of metabolic
homeostasis.
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Adult group hormones. In females, plasma insulin was not
impacted by training, though glucagon concentration was 46%
lower in the 4 W group relative to SED (Figure 11A-B). In males,
plasma insulin was elevated in the 1 and 4 W groups, with
no significant differences between 8-wk-trained and SED rats
(Figure 11E). Unlike females, glucagon was unaffected by train-
ing in males (Figure 11F). Corticosterone was elevated in the
1 and 2 W females, peaked at 4 W (90% increase from SED),
and then returned to SED levels by 8 W (Figure 11C). A similar
pattern in plasma corticosterone was observed in males, with
increases in early training timepoints that were not observed by
8 W (Figure 11G). With training, plasma leptin levels decreased
at 1,2, and 8 W in females (—32%, —39%, and —34%, respectively)
(Figure 11D). In males, leptin decreased at 2, 4, and 8 W relative
to SED (—30%, —27%, and —58% respectively), with the greatest
reduction in 8 W males (Figure 11H).

Adult group plasma metabolites. In Adult females, several
plasma metabolites displayed early training responses that were
attenuated with prolonged training (Figure 12A-E). Namely, lac-
tate and glycerol decreased in the 1 and 2 W groups relative to
SED (lactate 1W: —17%, 2W: —15%; glycerol 1 W and 2W: —29%),
and NEFA decreased by 22% at 1 W. Glucose and total ketone
bodies were the only metabolites to respond at 4 wk of exer-
cise training in females, with glucose increasing by ~12% and
ketones decreasing by ~30% before mostly returning to SED
levels by 8 W. In Adult males (Figure 12F-J), similar to Adult
females, plasma glucose levels were not impacted by train-
ing, while plasma lactate decreased at 1 and 2 W of training
(—17% and —15%, respectively). Interestingly, training had oppo-
site impacts on glycerol concentrations in males—causing an
increase of 31% with 1 W and 34% with 2 W of training before
returning to SED levels at the later timepoints (Figure 12D, I).
Finally, total ketone bodies displayed a similar temporal pat-
tern in both sexes, decreasing significantly in 8 W males (—33%)
(Figure 12J).

Aged group hormones. The impact of training on plasma hor-
mones in Aged rats followed similar temporal patterns as that of
Adult rats for all analytes with the exception of glucagon in Aged
females, which did not change with training (Figure 11J). Plasma
insulin was unaffected by training in females (Figure 11I) and
increased at 1 and 4 W in males (+27% and + 29%, respectively)
(Figure 11M). As in Adult animals of both sexes, plasma corticos-
terone was elevated at 1, 2, and 4 W training timepoints (+83,
+53%, and + 90%, respectively) and then returned to SED lev-
els at 8 W (Figure 11K). Leptin appeared to decrease with train-
ing, though the response was attenuated in Aged females, with
marginal decreases that were only significant in the 2 W (—28%)
and 4 W (—33%) groups (Figure 11L). In Aged males, the lep-
tin training response also appeared attenuated relative to Adult
males, with plot trajectories suggesting a decrease beginning
at 2 wk, but was not significant until 4 W (—40%) of training
(Figure 11P); an additional 4 wk of training did not appear to
lower leptin much further (—44% from SED to 8 W).

Aged group plasma metabolites. In Aged females (Figure 12K-0),
glucose and NEFA responded similarly to training as they did in
Adult females, where glucose increased at 4 W (17%) and NEFA
decreased at 1 W (—22%). In males, glucose increased by 9% at
1W and peaked at 2 W (13%) (Figure 12P) relative to SED, whereas
plasma NEFA did not significantly change with training. In com-
parison to Adult males and females, where lactate decreased at
1 and 2 W of training (Figure 12B and G), lactate levels in Aged
rats of both sexes trended upwards, increasing ~30% in 8 W rel-
ative to SED groups (Figure 12L and Q). Also, unlike their younger
Adult counterparts, glycerol did not appear to respond to

Schenk etal. | 19

training, though the plots suggest it may have begun to decrease
at later timepoints (Figure 12N and S). Finally, while ketones dis-
played nonsignificant increases at 1 and 2 W in females, levels
decreased suddenly around 4 W and continued until becom-
ing 53% lower at 8 W relative to SED (Figure 120). In males,
ketones did not significantly change with training, although
they did display a downward trend similar to Adult males
(Figure 12T).

Discussion

While the health benefits of regular endurance exercise are
widely known,>? the separate and integrative effects of exercise
training on molecular signaling across many tissues, and how
this interrelates to health and disease risk, remains to be thor-
oughly defined. To address this knowledge gap, here we describe
the endurance exercise training arm of the Preclinical Animal
Study Sites (commonly referred to as PASS1B) of MoTrPAC, the
primary goals of which were to, (1) develop a standardized
endurance exercise protocol for the characterization of physio-
logical adaptation to exercise and, (2) collect an expansive group
of tissues/organs for the creation of a publicly accessible tissue
biorepository and multi-omic analysis database. Specifically, we
examined key physiological and metabolic adaptations after 1,
2, 4, or 8 wk of endurance exercise treadmill training at ~70%-
75% VO,max in a large cohort of male and female F344 rats.

Importantly, in relation to the goals of this work, the pro-
gressive endurance training program resulted in a robust (~20%)
improvement in cardiorespiratory fitness regardless of age or
sex, with variable impacts of age and sex on other phenotypic
measures. Moreover, extensive phenotypic data from 294 rats
was collected and > 5600 total samples comprising 18 solid tis-
sues and blood were collected and biobanked, making this the
most expansive, publicly accessible data resource and tissue
biorepository, to date, for studying temporal, multiomic, sex-
specific, and age-specific responses to progressive endurance
training. Indeed, the utility of this resource is exemplified by a
recent landscape study by MoTrPAC, which investigated the mul-
tiomic response within and across tissues in a subset of the male
and female Adult rats from PASS1B.%8 Additionally, more focused
studies leveraged this multiomics data to study the tissue-wide
mitochondrial?® and transcription factor?” response to training,
or sex- and training-specific responses in subcutaneous white
adipose tissue.?

A key strength of the PASS1B resource is the expansive
cohort size; to our knowledge, it is the first study of such
magnitude to document these progressive changes in male
and female rats of two age groups. Up to now, most rodent
and human molecular profiling studies have been limited to
studying a single time point, sex, and/or age group, which limits
the broader application and interpretation of the findings.
Notably, studying the progressive response to endurance train-
ing permits integration of physiological and -omic adaptations
across tissues, thereby offering the opportunity to reveal novel
pathways key in tissue remodeling. An additional unique aspect
of PASS1B is the highly controlled experimental design, which
increases the translatability and reproducibility of the work. For
example, to aid reproducibility training and tissue collection
occurred over a restricted time period and at the same time
of day, which was during their normally active dark phase.
To accomplish tissue collection over a narrow time period,
and minimize potential circadian effects, we staggered the rat
training schedule. Such an approach likely resulted in female
rats being staggered throughout their 5 d estrous cycle, which
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Figure 11. Systemic hormones. Levels of plasma insulin, glucagon, corticosterone, and leptin in Adult females (A)—(D), Adult males (E)~(H), Aged females (I)-(L), and
Aged males (M)-(P). Each trained group was compared against the SED group using the Dunnett test. Brackets indicate a significant change in these hormones from
SED to trained (Dunnett P < .05). Measurements were performed in all Adult rats, and only in the -omics cohort of Aged rats.

would limit biasing to one phase of the estrous cycle. Our
experimental design also ensured that all animals received the
same degree of human handling, and environmental conditions
(eg, bedding, feed, and ambient conditions) that were consistent
upon animal arrival and throughout the study. Our treadmill
protocol was carefully chosen to allow progressive training of
rats at standardized workloads.

While common endurance exercise-based interventions in
rats include voluntary wheel running, swimming, and tread-
mill running, the latter was chosen for several reasons. First,
compared to swimming, which primarily employs the flexor
muscles, running is a whole-body exercise modality that uses
hindlimb flexor and extensor muscles.”® Second, the principle
of progressive overload forms the foundation of a successful
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Figure 12. Clinical metabolites. Levels of plasma glucose, lactate, NEFA, glycerol, and total ketones in Adult females (A)-(E), Adult males (F)-(J), Aged females (K)-(0),
and Aged males (P)-(T). Each trained group was compared against the SED group using the Dunnett test. Brackets indicate a significant change in these metabolites
from SED to trained (Dunnett P < .05). Measurements were performed in all Adult rats, and only in the -omics cohort of Aged rats.

exercise intervention and treadmill training allows the exercise
stimulus to “progress” in a controlled manner, thereby inducing
an adaptive response.> Treadmill training is also continuous—
mimicking programmed exercise in humans—while wheel run-
ning is intermittent in nature. While there are advantages
and disadvantages to all exercise modalities,> the consen-
sus of the consortium was that treadmill training was the

best mode of endurance exercise to meet the goals of MoTr-
PAC, which included the potential to overlay and translate
the preclinical animal studies in F344 rats (be it after acute
exercise or exercise training) to that of the human arm of
MoTrPAC.

A key adaptive response to endurance exercise training is
an increase in cardiorespiratory fitness or VO,max.”®>’ Here,
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our training regime followed the seminal rat training study
of Wislgff et al.,*® with modifications to a lower targeted
continuous moderate-to-high intensity of 70%-75% VO,max.
This intensity not only provides translational relevance to
humans, 395859 it also assimilates with the training protocol
and target intensity of the human MoTrPAC studies.'® More-
over, targeting this intensity (at a minimum) is important for
treadmill training in Aged rats, as training at lower intensities
does not elicit equitable improvements in VO,max when com-
pared to young counterparts.®%:¢* Therefore, we chose a tread-
mill speed and grade to elicit similar relative oxygen consump-
tion in Adult and Aged rats®*®! and humans.>®%? In line with
the work of Wisleff,>® we observed a robust improvement in
absolute and relative VO,max after 4 wk of training, which con-
tinued to increase with 8 wk of training, in Adult, male and
female rats, pairing with previous studies in various strains of
rats.30,63,60,64-66 Congistent with the well-defined linear relation-
ship between VO, and workload,®® maximal run speed (MRS)
increased in male and female Adult rats progressively between
4 and 8 wk of training. Changes in VO,max were only mea-
sured at the 8-wk timepoint in Aged rats and also showed sub-
stantial improvements. While VO,max was not measured at
the 4-wk timepoint in Aged rats, MRS increased at 4 wk fol-
lowed by further improvements at 8 wk indicative of progres-
sive improvements in cardiorespiratory fitness in Aged animals.
Such observations are consistent with studies in F344,%0:%% other
rat strains,®®>% and humans,*® 9% which demonstrate a 1%-
31% increase in VO,max in response to training at a similar
continuous intensity (60%-80% VO,max). It is notable to men-
tion that interval treadmill training is capable of inducing more
robust improvements in VO,max in rats®®® and humans.”®
While baseline and adaptability in VO,max to training can dif-
fer between inbred strains of rats®® and amongst outbred rats,’*
observations of similar percentage improvements between rats
and humans substantiate our training protocol utility and repro-
ducibility. Interestingly, when looking at individual training
responses in VO,max, animals with a higher baseline VO,max
tended to have a lower improvement in VO,max with training
as compared to those with a lower baseline VO,max. This is
likely because each group of animals, regardless of their baseline
VO,max, trained at the same workload (ie, 70%-75% of the aver-
age VO,max for the cohort); as such, those with a lower baseline
VO,max were likely training at a higher relative percentage of
VO,max, and thus might be expected to have a greater adaptive
response. Overall, these data validate that the training protocol
developed and implemented in PASS1B promotes similar car-
diorespiratory adaptations in male and female Adult and Aged
rats—warranting additional investigation of systemic responses
to progressive endurance training.

Endurance exercise training can profoundly affect body
composition—especially body fat.”>7* Here, training-induced
changes in body composition were influenced by both age and
sex. Over the 8-wk training period, fat mass decreased in both
Adult and Aged males, whilst in females it only decreased in
Aged, but not Adult rats. While Adult females did not lose fat
mass with training, it should be noted that exercise training pre-
vented the Adult females from gaining fat mass, as occurred
in the age-matched SED rats. Sexual dimorphism in endurance
training-induced fat loss is observed in weanling rats,”> with
females potentially displaying attenuated fat loss relative to
males. While mixed in the literature in humans,’®”” endurance
training appears to promote greater degrees of fat loss in post-
menopausal versus premenopausal females.”®# Mechanisms
of attenuated fat loss in female rodents and humans may be

attributable to increased compensatory food consumption®?-83
and other evolutionary conserved molecular mechanisms to
maintain reproductive fitness in females.?®:7>:8* Notably, while
the underlying reason for changes in body and fat mass were
notinvestigated in this study (all animals had ad libitum access to
food and we did not measure food intake or 24 h energy expen-
diture), recent multiomic work by MoTrPAC in the subcutaneous
WAT (scWAT) of a subset of these Adults rats identified can-
didate molecules and pathways regulating sexually dimorphic
responses to exercise training.?® Interestingly, despite attenu-
ated fat loss in Adult female rats, all groups decreased plasma
leptin levels following training, which is suggestive of adi-
pose tissue remodeling toward a healthier phenotype and/or a
decrease in visceral fat mass.®> Both Adult and Aged males dis-
played greater reductions in plasma leptin, pairing with changes
in total fat mass and increase in glycerol levels in Adult males at
1 and 2 wk, indicative of lipolysis in the early training response.
It is important to note that training-associated reductions in
total body mass were accompanied by decreases in total lean
mass in Aged, but not Adult male rats, and Aged female rats.
Despite these reductions, the relative percentage of lean to total
fat mass increased in Aged male, but not Aged female rats.
An important point when interpreting these body composition
changes is which body compartments the whole-body NMR is
measuring. For example, lean (body) mass measurement is an
assessment of all lean tissues, including skeletal muscle, liver,
lungs, kidneys and heart; it does not include bone minerals,
fat, and substances which do not contribute to the NMR signal,
such as hair and claws. Thus, decreases (or changes in general)
in total lean mass are not necessarily reflective of a decrease
in skeletal muscle mass, but could be due to changes in mass
in other tissue types. To this point, while there was a robust
decrease in lean mass in Aged rats, terminal masses of LG,
MG, PL, and SOL were similar between SED rats and the trained
groups, and were even increased in 8 W Aged females, suggest-
ing that the lower lean body mass in Aged trained groups may
be due to reduced mass of other lean tissue compartments, not
skeletal muscle mass. Thus, direct measures of skeletal mus-
cle mass(es), where possible, can be helpful when interpreting
body composition data, such as that provided by whole-body
NMR.

Glucocorticoids play an important role in the adaptation to
a variety of homeostatic stressors that perturb homeostasis,
including exercise. All training groups displayed an increase
in plasma corticosterone with progressive endurance training
(weeks 1-4); levels attenuated at 8 wk following a 2-wk plateau
in training intensity and volume. Similar to our findings, dur-
ing the initial weeks of chronic exercise training (up to 4 wk),
plasma corticosterone concentrations have been reported to be
higher in the rested and post acute exercise or restraint state
and to decrease during subsequent training weeks as chronic
central adaptations occur.8%:#’ Potential implications for this
increase include effects on metabolism through actions on mul-
tiple organs including the liver, adrenals, brain, skeletal muscle,
and white adipose tissue.®®

Given that skeletal muscle metabolic adaptations are essen-
tial for whole-body improvements in aerobic fitness with
endurance training,® we assessed changes in CS, capillariza-
tion, and glycogen in four hindlimb muscles. As CS catalyzes
the first step of the Krebs cycle, its activity is commonly used
as a marker of skeletal muscle oxidative capacity. To this point,
our training protocol resulted in a robust increase in CS activ-
ity in both Adult and Aged rats, regardless of sex, and in multi-
ple muscles that were tested. Overall the changes we observed



are consistent with previous training studies that measured
CS activity®® or SDH activity®® in F344 rats of similar ages.
Nevertheless, the temporal dynamics of CS activity did differ
between Adult and Aged rats. In Adult trained rats, CS activ-
ity peaked at 4 wk, and then decreased by 8 wk, albeit to lev-
els higher than SED rats. Given the training protocol in weeks 7
and 8 was designed to be at a steady state, the adaptations in
Adult rats may reflect a plateau in mitochondrial adaptations
that occur in the absence of increased intensity, as originally
proposed by Dudley.>® Importantly, this decrease did not impact
the increase in VO,max after 8 wk of training in Adult rats. Con-
versely, CS activity peaked at 8 wk in Aged rats, which may be
reflective of differences in the rate of change in training intensity
between the Adult and Aged rats between weeks. Alternatively,
the continued increase in CS activity despite a plateau in train-
ing volume and intensity in Aged rats, has also been reported in
humans,®? where changes in vastus lateralis respiratory capac-
ity following endurance training at 70% VO,max were observed
to be higher in older relative to young subjects despite similar
improvements in aerobic fitness.>® Nevertheless, it is important
to not overinterpret changes in mitochondrial content based
on one mitochondrial enzyme. To this point, recent multi-omic
analysis of skeletal muscle (and the other tissues collected from
this study in Adult rats) demonstrated a robust improvement
in multiple markers of oxidative metabolism and mitochondrial
capacity that were sustained through 8 wk of training.?%%°

Chronic endurance exercise has been shown to induce angio-
genesis and increase capillarization in both human and rodent
skeletal muscle.’>! Changes in capillarity have been measured
by a number of methods including: capillary density, capillary-
to-fiber ratio, and capillary contacts. We measured the mean
capillary contacts of fibers in four muscles of variable fiber type
composition (SOL, PL, MG, and LG) and activity patterns dur-
ing the moderate intensity exercise training. We found no sig-
nificant increase in mean capillary contacts in the four mus-
cles studied following 8-wk of treadmill training. The lack of an
increase could be related to many factors including age, inten-
sity of training, and duration of training. Our training program
was at a moderate intensity for a duration of 8-wk, with the last
2 wk maintained at steady state (constant speed, incline and
duration). Many studies that have observed an increase in cap-
illarity have been at a higher intensity and for a longer dura-
tion (10-12 wk).%%3 It should be noted that our training protocol
produced minimal changes in fiber CSA. While we did not find
an increase in capillarity as measured by capillary contacts, we
did observe that the SOL, a predominantly slow, oxidative mus-
cle, had the highest mean capillary contacts at both ages and in
both sexes. Interestingly, there was a general trend for males to
have greater mean capillary contacts in all muscles compared to
females.

Muscle glycogen levels are also indicative of skeletal muscle
training adaptations, in part due to greater muscle GLUT4 abun-
dance® and sarcolemma translocation following acute exer-
cise,” and elevated fatty acid oxidation that occurs with train-
ing resulting in glycogen sparing.®® We observed increases in
muscle glycogen content in all training groups at 8 wk in all
muscles except for the type I fiber-dominant SOL muscle. While
several human studies cite sex and age-specific differences in
muscle glycogen content and glucose kinetics following train-
ing,>>% such differences may be impacted by timing of sam-
pling (eg, sample collection < 48 h after the last bout of exer-
cise or before a plateau in training intensity) and/or reduced
sample size in human trials. In our study, Aged animals dis-
played overall higher concentrations of muscle glycogen, which
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may be reflective of differences in muscle fiber type distribution,
substrate preference during exercise, and/or functional capacity
with aging.®®%° Integration of multiomic assays performed on
these rats, will help identify molecular regulators contributing
to age- and sex-specific differences in skeletal muscle metabolic
adaptations to training.

The effect of endurance training on the fiber type compo-
sition of a muscle is dependent on the muscle type and the
intensity and duration of the exercise training.®%:10-103 Classi-
fication of muscle fibers based on MHC expression yields four
primary fiber types in rodent limb muscle (I, IIa, IIx, and IIb)
and three primary fiber types in human limb muscles (1, Ila, and
I1x).1%* In humans, endurance training has been shown to pro-
mote a shift in MHC expression from IIx toward Ila in the vas-
tus lateralis muscle.'® In the current study, we found a consis-
tent shift from type IIx/IIb to type Ila in the PL muscle of both
Adult and Aged rats, regardless of sex. A shift toward more type
Ila fibers was also observed in the MG and LG of Aged but not
Adult rats. The greater fiber type shifts in the Aged MG/LG com-
pared to the Adult MG/LG may reflect increased recruitment of
these muscles in the Aged rats during the treadmill running.
Collectively, the fiber type shifts we observed are consistent with
what has been observed in previous rodent and human stud-
ies following endurance training of a similar intensity and vol-
ume.'%-110 Interestingly, there was a noticeable difference in the
[Ix/IIb ratio in female versus male rats, regardless of age. Sexual
dimorphism in the fiber type composition of jaw muscles has
been reported,!*:112 but to our knowledge sexual dimorphism
in the mixed hindlimb muscles of rodents has not been stud-
ied in detail and the underlying reasons for this difference are
unknown.

Given that skeletal muscle mass and fiber area is an impor-
tant determinant of health and mortality, especially with
advancing age,?*® 112 we also assessed changes in overall and
fiber type-specific CSA. A total of 8-wk of endurance training did
not significantly impact myofiber CSA in Adult male rats. Adult
female rats, however, displayed fiber type-specific increases in
the MG (IIb and 1Ix) and PL (IIa). Given Adult females were gener-
ally better runners than Adult males, differences on the impact
of endurance training on fiber CSA could relate to differences in
recruitment and external loading. Conversely, in Aged rats with
training only males increased mean fiber CSA in the SOL, likely
driven by type I fiber-specific increases in the SOL. Increased CSA
of type I fibers in Aged males was also observed in the LG and
MG at 8 W. Aged females did not gain body or lean mass with
training, but did display an increase in PL type Ila myofiber CSA.
Increased type Ila CSA in the PL is consistent with findings from
a similar training protocol in 25-month-old female F344 rats.2
Aging is associated with muscle atrophy, especially of type II
fibers in both rodents and humans.®® 124117 Atrophy of the type
II fibers was apparent in the LG and MG of the Aged males rel-
ative to the Adult males. Collectively, our data supports a grow-
ingbody of evidence that endurance training may attenuate age-
associated selective fiber atrophy in older individuals.®

Since the seminal study by John Holloszy demonstrating
the effects of endurance exercise training on mitochondrial
mass and function in skeletal muscle,’® thousands of studies
have investigated the salient effects of exercise on health and
biology. Among these, other important works have described
the effects of training duration and intensity, for example, on
skeletal muscle mitochondria by muscle group and muscle
type.>® However, a prominent limitation in advancing the field
is the overt lack of investigation into the effects of progressive
endurance exercise training over time, in males and females, at
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different ages, and across a comprehensive set of tissues/organs.
Addressing this limitation, this work by the PASS1B arm of
MoTrPAC details the physiological and metabolic adaptations to
progressive endurance training and represents the most expan-
sive study and tissue sample biobank of its kind available for
public investigation and exploration. Ultimately, the goal of this
resource is to foster integration of these data with integrative
-omic data sets and further establish an independent and inte-
grative molecular map of time-, sex-, and age-specific response
to endurance exercise training to drive future research in the
field.
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