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Skeletal muscle BMAL1 is necessary for
transcriptional adaptation of local and
peripheral tissues in response to endurance
exercise training

Mark R. Viggars>**, Hannah E. Berko''2, Stuart J. Hesketh'%3, Christopher A. Wolff':2,
Miguel A. Gutierrez-Monreal’-%, Ryan A. Martin'-?, Isabel G. Jennings' 2, Zhiguang Huo®, Karyn A. Esser""

ABSTRACT

Objective: In this investigation, we addressed the contribution of the core circadian clock factor, BMAL1, in skeletal muscle to both acute
transcriptional responses to exercise and transcriptional remodeling in response to exercise training. Additionally, we adopted a systems biology
approach to investigate how loss of skeletal muscle BMAL1 altered peripheral tissue homeostasis as well as exercise training adaptations in
iWAT, liver, heart, and lung of male mice.

Methods: Combining inducible skeletal muscle specific BMAL1 knockout mice, physiological testing and standardized exercise protocols, we
performed a multi-omic analysis (transcriptomics, chromatin accessibility and metabolomics) to explore loss of muscle BMAL1 on muscle and
peripheral tissue responses to exercise.

Results: Muscle-specific BMAL1 knockout mice demonstrated a blunted transcriptional response to acute exercise, characterized by the lack of
upregulation of well-established exercise responsive transcription factors including Nr4a3 and Ppargcia. Six weeks of exercise training in
muscle-specific BMAL1 knockout mice induced significantly greater and divergent transcriptomic and metabolomic changes in muscle. Sur-
prisingly, liver, lung, inguinal white adipose and heart showed divergent exercise training transcriptomes with less than 5% of ‘exercise-training’
responsive genes shared for each tissue between genotypes.

Conclusions: Our investigation has uncovered the critical role that BMAL1 plays in skeletal muscle as a key regulator of gene expression
programs for both acute exercise and training adaptations. In addition, our work has uncovered the significant impact that altered exercise
response in muscle and its likely impact on the system plays in the peripheral tissue adaptations to exercise training. Our work also demonstrates
that if the muscle adaptations diverge to a more maladaptive state this is linked to increased gene expression signatures of inflammation across
many tissues. Understanding the molecular targets and pathways contributing to health vs. maladaptive exercise adaptations will be critical for

the next stage of therapeutic design for exercise mimetics.
© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Keywords Circadian biology; Exercise; Transcription; Metabolism; Signal transduction; Inflammation

1. INTRODUCTION of the TTFL have been shown to be responsive to acute exercise/

muscle contraction (e.g., Pers, Nfil3) [9—16] and exercising at

Circadian transcription factors and their autoregulatory transcription-
translation feedback loops (TTFL) regulate skeletal muscle homeo-
stasis through both transcriptional and epigenetic regulation [1—3].
The daily gene expression program regulated by the clock mechanism,
called clock output, contributes to temporal patterning of a wide range
of biological processes including skeletal muscle metabolism and
proteostasis [4], as we and others have previously published [5—8].

A clear interaction between exercise and the circadian TTFL has
been established in recent years. Genes encoding the negative limb

different times of the day is known to lead to unique metabolomic
and transcriptional outcomes [17—20]. Exercise training/muscle
activity also directly impacts the circadian transcriptome, by
increasing the number of clock output genes [21,22]. Various ex-
ercise performance measures such as strength and endurance
capacity also present time-of-day differences, highlighting a likely
role of the muscle clock in overall muscle function [21—27]. While it
is clear that exercise and the skeletal muscle circadian TTFL are
linked [4], the question of whether the muscle clock has any impact
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on either the acute response or training induced adaptations in
skeletal muscle is yet to be elucidated.

Here we asked whether the core clock factor, Bmal7 is necessary in
skeletal muscle for either the acute exercise response and/or adap-
tations to exercise training in skeletal muscle. Additionally, we probed
the systemic impact of the loss of muscle Bmal1 on the exercise
adaptations in other peripheral tissues. Our results determined that the
core clock factor Bmal1, is necessary for the acute molecular response
to exercise with notable loss of up-regulation of well-known exercise
response genes including Ppargcia and Nr4a3 [28,29]. We also
determined that muscle Bmal1 is required for the expected tran-
scriptional and metabolomic response to treadmill training in mouse
muscle. We found less than 5% of the exercise training induced
changes in gene expression were identified in the absence of muscle
Bmali. Lastly, we found that loss of muscle Bmal1 also contributes to
a significant divergence in the exercise training transcriptional changes
in all peripheral tissues studied including the heart, lung, liver, and
inguinal white adipose tissue. Importantly these divergent transcrip-
tional outcomes with acute exercise and following training were
apparent even though the exercise workloads, speed, grade, and
duration, were equivalent between genotypes. Our results identify the
core circadian clock factor, Bmal1, in skeletal muscle as an integral
transcriptional modulator for acute exercise and training adaptations.
In addition, these results highlight the importance of skeletal muscle
for peripheral tissue transcriptome changes in response to exercise
training.

2. MATERIALS & METHODS

2.1. Ethical approval

All animal and experimental procedures in this study were conducted
in accordance with the guidelines of the University of Florida for the
care and use of laboratory animals (IACUC #202100000018). The use
of animals for exercise protocols was in accordance with guidelines
established by the US Public Health Service Policy on Humane Care and
Use of Laboratory Animals.

2.2. Skeletal muscle specific Bmal1 knockout mouse model

Male inducible skeletal muscle-specific Bmal1 knockout mice were
generated as previously described [5,6]. Activation of Cre recombi-
nation was performed by intraperitoneal injections of tamoxifen (2 mg/
day) dissolved in sunflower seed oil for five consecutive days when the
HSA-Cre+/—; Bmal1 fl/fl mice reached ~4 months of age. These
mice are referred to as iIMSBmal1KO mice henceforth. Controls were
Cre™’~:Bmal1™™ mice treated with a vehicle (15 % ethanol in sun-
flower seed oil) and are referred to as Vehicle treated mice.

To assess recombination specificity within the gastrocnemius, DNA
was extracted from ~ 1 to 5 mg of muscle post-mortem, lysed in lysis
buffer (10 mM Tris pH 8, 100 mM NaCl, 10 mM EDTA, 0.5% SDS and
20 mg/ml of Proteinase K) and DNA purified using the DNeasy Blood
and Tissue Kit (Qiagen, Venlo, Netherlands). PCR was performed with
extracted DNA and primers for the recombined and non-recombined
alleles as previously described [5]. For the training study, lack of
recombination was confirmed in the inguinal white adipose tissue,
liver, heart, and lung. Recombination specificity across tissues, mRNA
read alignment across tissues (illustrating lack of exon 8 in Bmal7 from
iMSBmal1KO mice) and western blots confirming lack of BMAL1
protein in skeletal muscle and presence of BMAL1 in heart tissues for
the exercise training cohort is provided in Supplementary Figure 1.
Exercise training did not increase BMAL1 protein content in gastroc-
nemius muscle of iIMSBmal1KO mice.

A total of 40 mice were used in the acute exercise experiments,
(n = 20 vehicle and n = 20 iIMSBmal1KO mice). Mice were randomly
assigned to a control or an acute exercise group (Vehicle Control
n = 10, Vehicle Exercise n = 10, iMSBmal1KO Control n = 10,
iMSBmal1KO Exercise n = 10). Mice assigned to the acute exercise
bout experiment were group housed (2—5 per cage) at 23 + 1.5 °C,
58 + 5.8% relative humidity within temperature and humidity
controlled light boxes. Light schedules were maintained on a 12:12 h
light: dark schedule with ad libitum access to standard rodent chow
(Envigo Teklad 2918, Indianapolis, IN, USA) and water. The macro-
nutrient content of this chow is 24% protein, 18% fat and 58% car-
bohydrate, presented as a percent of calorie intake. Experiments were
performed in two cohorts that differed significantly by age (30 weeks
vs. 77 weeks, P < 0.0001) (Supplementary Figure 2A), but were
randomly and evenly distributed across the vehicle and iMSBmal1KO
groups. Following randomization, no differences in age were observed
between ages of vehicle and iIMSBmal1iKO mice, (P = 0.86),
(Supplementary Figure 2B).

An additional 21 mice were used for exercise training experiments. 21
male mice were randomly assigned to tamoxifen or vehicle treatment,
with or without exercise training at ~11 months of age (7-months
post tamoxifen treatment). For clarity, these groups will be referred
to in future text as Vehicle Control (n = 5), Vehicle Exercise Trained
(n = 5), iIMSBmal1KO Control (n = 6), and iIMSBmal1KO Exercise
Trained (n = 5). Mice were single housed in conditions of 23 + 1.5 °C,
58 + 10% relative humidity within temperature and humidity
controlled light boxes. Light schedules were maintained on a 12:12 h
light: dark schedule with ad /libitum access to standard rodent chow
(Envigo Teklad 2918, Indianapolis, IN, USA) and water. To maintain
standardized nomenclature for this study, we will reference time
through use of zeitgeber time (ZT), where ZTO0 refers to time of lights on
and ZT12 refers to time of lights off. The active period of the day for
mice is from ZT12-ZT24 and their rest period is ZT0-ZT12. All phys-
iological testing, treadmill familiarization and exercise/training ses-
sions were performed in the active phase so transportation of mice
from housing to the treadmill room was in a light tight cart and the
treadmill room was dark with red lights.

2.3. Treadmill familiarization, graded exercise test, grip strength &
rotarod

Mice from all groups/experiments were first subjected to treadmill
familiarization under red light on a Panlab treadmill (Harvard Appa-
ratus, Holliston, MA) at ZT13. Familiarization consisted of 3 sessions
performed on 3 consecutive days. The first familiarization session
started at 10 cm/s for 5 min at 0° incline. The incline was then
adjusted to 5° and speed was increased by 2 cm/s every 2 min up to
20 cm/s (15 min total). The second day consisted of an increase in
speed every 3 min by 3 cm/s from 10 cm/s to 24 cm/s at an incline of
10°, (18 min total). The final familiarization session was the same as
the second but performed at a 15° incline, (18 min total).

Following 1 day of rest, mice were subject to a graded treadmill ex-
ercise test to serve as a baseline performance measure, conducted at
ZT13 under red light. For the graded exercise test, animals began at a
speed of 10 cm/s at 10° incline for a 5 min warm-up. From which the
incline was increased to 15° and the treadmill speed increased by
3 cm/s every 2 min until exhaustion. The treadmill was operated with
the electrical shock grid turned off and mice gently encouraged by a
compressed air canister when needed. Mice were deemed to be
exhausted when they remained in contact with the back of the
treadmill >15 s and could not be encouraged to move away by the
compressed air.
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Mice in groups assigned to an acute exercise bout were given ~1-
week of rest before their acute exercise bout. This consisted of a
30-minute, 15° incline treadmill bout at ZT13 at a speed determined
by the group mean of the maximum graded exercise tests. Briefly,
treadmill speed (cm/s) was determined by the following equation.
(70% Distance Covered in Graded Exercise Test (cm) /Total Time of
Graded Exercise Test (s)), = Speed in cm/s. Work done was calculated
as previously described [30], work done = (M x D x sin g). M is the
mass (g) of the animal, D is the distance (m) ran in the graded exercise
test and sin g is the slope (15°) of the treadmill. Work done is
measured in arbitrary units (AU). Control mice were placed on a sta-
tionary treadmill for the same duration to account for changes in stress
caused by handling or food removal.

Mice in groups assigned to exercise training were given 2-weeks of
rest post familiarization before their 6-weeks of exercise training
commenced. Exercise training was always completed at ZT13 under
red light, 5 times per week for a total of 30 individual exercise training
bouts. Each bout consisted of 1 h of treadmill running with a 15°
incline, at a speed pre-determined from their most recent maximum
graded exercise test using the following equation. (Total Distance
Covered in Graded Exercise Test (cm) /Total Time of Graded Exercise
Test (s)), = Speed in cm/s. Additional graded exercise tests were
conducted at the end of 2 and 4 weeks of training to account for in-
creases in performance and adjustment of exercise speed during
training sessions. As a result, treadmill speed was set to 18 cm/s for
weeks 1-2, 25.5 cm/s for weeks 3—4 and 29 cm/s for weeks 5—6 for
both groups. Control mice where placed on an unmoving treadmill for
the same duration to account for changes in stress caused by handling
or food removal. At the end of 6-weeks training a final maximal ca-
pacity test was performed to serve as a post training comparison.
Forelimb grip strength (N/gBW) measures were performed between
ZT13-14 on mice from the acute exercise cohort using a Harvard
Apparatus grip strength meter (average of 5 trials). Rota Rod (Panlab)
performance was also measured in 3 trials and averaged, data is
presented in Supplemental Figure 2. This work was facilitated by
equipment made available by the University of Florida Systems
Physiology and Omics Core Facility (RRID:SCR_025083).

2.4. Nuclear magnetic resonance body composition analysis using
the Echo MRI™ 100 instrument

Body composition was assessed by nuclear magnetic resonance (Echo
MRI-100 Body Composition Analyzer; Echo Medical Systems, Houston,
TX) prior to treadmill familiarization at ZT13. For the exercise training
cohort, measurements were taken in the week prior to starting exer-
cise training, after 3 weeks and after 6 weeks of exercise training.
Lean and fat mass (grams) are presented as percentage changes over
time as well as a percentage of total body weight over time. All
measurements were taken under red light.

2.5. Food intake & cage activity measurements

As described above, mice were individually housed to track food intake
and cage activity. Food and body mass were weighed on a weekly basis
to assess changes in food intake relative to body weight. The daily activity
of the mice in their home cages were continuously recorded throughout
the entire experiment using wireless infrared activity monitoring (Acti-
metrics, Wilmette, IL, USA) and analyzed using ClockLab software 7.
Average counts per week were calculated for the 4-weeks prior to
training, weeks 1—2, 3—4 and 5—6. The hour during treadmill
running +/— 30 min was excluded from each animal’s analysis. This
work was facilitated by equipment made available by the University of
Florida Systems Physiology and Omics Core Facility (RRID:SCR_025083).
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2.6. Tissue collection

All animals were humanely sacrificed following the experiments using
isoflurane anesthesia (2—3%) in oxygen followed by cervical dislo-
cation performed under red light. For the acute exercise bout ex-
periments, tissue was collected 1-hour post the end of their acute
exercise bout (ZT14.5). Control, unexercised mice were collected
alongside the acute exercise groups as time-of-day matched con-
trols. Gastrocnemius muscles from the hindlimbs were dissected,
cleaned of excess fat and connective tissue and flash frozen in liquid
nitrogen before storage at —80 °C. For the training study, animals
were humanely sacrificed as above, 47 h after the exercise trained
mice final maximal capacity test at ZT13. Hindlimb muscles, iWAT,
liver, heart and lungs were dissected and cleaned of excess fat and
connective tissue. The heart and lungs were gently perfused with
phosphate buffered saline. Muscles from the left hindlimb were
weighed and flash frozen in liquid nitrogen and muscles from the
right hindlimb embedded in optimal cutting temperature compound
(OCT) before snap freezing in isopentane pre-cooled by liquid nitro-
gen. Muscles were stored at —80 °C until biochemical analysis or
cryo-sectioning.

2.7. Blood/plasma collection & analysis

For the training study, blood samples ~ 50 uL were collected from the
tail veins of all mice at ZT13 prior to the maximal exercise test, 48 h
prior to tissue collection. Blood glucose levels were measured at this
point using the OneTouch® UltraMini system (OneTouch Solutions,
UK). A whole blood aliquot was kept on ice for assessment of glyco-
sylated hemoglobin content (Hba1c%) (#80310, Crystal Chem High
Performance Assays, IL, USA) as per manufacturer’s instructions.
Endpoint colorimetric measurements were made using the Molecular
Devices Spectramax i3X system (Molecular Devices LLC, CA, USA). The
remaining blood was collected in EDTA coated plasma tubes before
centrifugation at 4 °C for 10 min at 2000RCF. The plasma was frozen
and stored at —20 °C. Insulin concentration was measured using a
commercially available kit (#90080, Crystal Chem High Performance
Assays, IL, USA) as per manufacturer’s instructions.

2.8. Gastrocnemius muscle & liver glycogen/triglyceride content
analysis

Small (~15 mg) snap-frozen pieces from the gastrocnemius muscle
and liver (n = 5 per group) were used to detect glycogen/triglyceride
content. Care was taken to ensure the same location of each tissue
was sampled across replicates. For glycogen, tissue samples were
weighed and homogenized in 100 pL of glycogen hydrolysis buffer in a
bullet blender (BBY24M, Next Advance, NY, USA), at speed 10 for two,
2-min sets, at 4 °C using 0.5 mm stainless steel beads. Homogenates
were boiled at 95 °C for 5 min to inactivate enzymes, then centrifuged
at 12,000 rpm for 5 min at 4 °C to remove insoluble material. Muscle
glycogen concentrations were then quantified from the supernatant
using a commercially available kit (Sigma-Aldrich-MAK016) according
to manufacturer’s instructions. Glycogen concentrations were
normalized to input tissue weight. For triglyceride analysis, tissue was
homogenized as above in chloroform: methanol (2:1). Samples were
incubated for 30 min at 20 °C with shaking at 1400 rpm. Samples
were then centrifuged at 13,000 rpm for 30 min at 20 °C. The liquid
phase was mixed with 0.9% NaCl and centrifuged at 2000 rpm for
5 min. Chloroform: Triton X-100 (1:1) was added to the organic phase
and solvents evaporated. Triglycerides were then measured using a
commercially available kit (Abcam, (ab65336), according to manu-
facturer’s instructions. Triglyceride concentrations were normalized to
input tissue weight.

MOLECULAR METABOLISM 86 (2024) 101980 © 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 3

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

2.9. Fiber morphology analysis

Histological samples were transversely sectioned (10 pum thick) from
the mid-belly of the gastrocnemius muscle and labeled with a cocktail
of antibodies against isotype-specific anti-mouse primary antibodies
for types IIA (SC-71) and IIB (BF-F3) (1:100) from Developmental
Studies Hybridoma Bank (DSHB) (lowa City, lowa, USA), and an anti-
body against dystrophin (1:100, ab15277, Abcam, St. Louis, MO, USA)
overnight as previously described [31,32]. Following overnight incu-
bation, sections were washed for 3 x 5 mins with phosphate buffered
saline (PBS) before AlexaFluor secondary antibodies against Rabbit IgG
H&L, Mouse IgG1, Mouse IgG2B (Invitrogen/Thermofisher, USA) were
added for 2 h before 3 x 5 min washes with PBS. Sections were post-
fixed in methanol for 5 min before 3 x 5 min washes with PBS.
Sections were carefully dried to remove excess PBS before mounting in
Vectashield Antifade Mounting Medium (Vector Laboratories, UK). For
nuclei counting, sections were just labeled with dystrophin and
counterstained for nuclei with DAPI. Additional labeling was performed
as above using an antibody against embryonic myosin (BF-G6, DSHB).
Embryonic myosin positive fibers were counted manually using Image
Jv1.53, excluding intrafusal muscle fibers of muscle spindles, and
expressed as a percentage of total fibers identified. Manual counting of
central nuclei was also performed in this manner. Whole labeled cross
sections were imaged at 20x using a Leica TCS SPE microscope
equipped with a DFC7000 camera (Leica, Germany). LAS Navigator
software was used to generate a merged image of the whole muscle
cross-section. Fiber type distribution, overall muscle fiber cross-
sectional area (CSA) and total nuclei/myonuclei per fiber was char-
acterized using MyoVision 2.2 automated software [31]. For succinate
dehydrogenase (SDH) staining, cryosections were incubated at 37 °C
for 1 h with a sodium succinate buffer (50 mM sodium succinate,
50 mM phosphate buffer and 0.5 mg/ml nitroblue tetrazolium) before
washing in distilled water and imaged as above. Colorimetric images
were converted to greyscale 8-bit images and SDH labeling intensity
quantified using the polygon selection tool to select within the muscle
cross-section and raw intensity density measurement tool as standard
in Image Jv1.53.

2.10. RNA isolation, library preparation & RNA-sequencing

For the acute exercise bout experiment, gastrocnemius muscles were
powdered under liquid nitrogen and ~20 mg weighed and placed in
500 pL of Trizol (Invitrogen 15596018). Tissue samples were ho-
mogenized in a bullet blender using 0.5 mm stainless steel beads
(BBY24M, Next Advance, NY, USA) for 2 min at 4 °C. RNA was isolated
using the RNeasy Mini Kit (Qiagen 74104) according to the manu-
facturer’s protocol. DNase digest was performed on column using the
RNase-Free DNase Set (Qiagen 79254). RNA concentration and purity
were assessed by UV spectroscopy at ODs of 260 and 280 nm using a
Nanodrop (ThermoFisher One/One UV spectrophotometer, USA). RNA
integrity numbers (RIN) were subsequently determined on an Agilent
TapeStation 2200 (Agilent, CA, USA), and all samples prepared for
sequencing had RIN values of at least 8. Preparation of poly-A tail
selected RNA libraries (Illumina mRNA Prep kit (Illumina, Inc. CA, USA))
and whole transcriptome sequencing (Novaseq 6000 (lllumina, Inc. CA,
USA)), was conducted by Novogene Co., LTD (Durham, NC) in a
2 x 150 bp format for the acute exercise bout study. A total of 20
samples were sequenced with a read depth of around 25 million paired
end reads per sample, n = 5 per group (~ 30 weeks of age). Mice
analyzed in this cohort where randomly selected for RNA-sequencing
analysis and are found within the circles within Supplementary
Figure 2B—H. Treadmill work-done was equal between the acutely
exercised mice selected for RNA-sequencing analysis.

For the exercise training experiment, RNA was extracted and
sequenced in the same format as above but was performed by the
University of Florida ICBR Gene Expression and Genotyping Core Fa-
cility, RRID:SCR_019145 and the University of Florida ICBR NextGen
DNA Sequencing Core Facility, RRID:SCR_019152 for gastrocnemius
muscle, liver and heart (n = 5 per group). iWAT and lung, (n = 3 per
group) were completed as above by Novogene Co., LTD (Durham, NC)
and mice randomly selected for analysis (the same 3 mice were used
for iWAT and lung).

2.11. RNA-seq bioinformatic analysis

FastQ files were imported to Partek® Flow® Genomic Analysis Soft-
ware (Partek Inc. Missouri, USA) for pipeline processing. Pre-alignment
QA/QC was performed on all reads prior to read trimming below a Phred
quality score of 25 and adapter trimming. STAR alignment 4.4.1d was
used to align reads to the Mus Musculus, mm10 genome assembly.
Aligned reads were then quantified to the Ensembl transcriptome
annotation model associated with Mus Musculus mm10, release
99_v2. Gene expression was normalized using DESeq2 median of ratios
within tissues. We characterized ‘expressed genes’ as those that had
greater than 5 normalized counts across 100% of the samples. Using
these criteria, we identified 13,474 expressed genes in gastrocnemius
skeletal muscle, 14,100 expressed genes in heart, 14,143 in inguinal
white adipose tissue, 12,745 in liver tissue and 15,226 in lung tissue.
Differentially expressed genes (DEGs) were identified through the
Partek® Flow® DESeq2 binomial generalized linear model with Wald
testing for significance between conditions. In Figure 2F, we overlapped
the queried vehicle exercise responsive DEGs with a previously pub-
lished BMAL1:CLOCK chromatin immunoprecipitation with sequencing
dataset from our lab to identify directly bound genes within murine
gastrocnemius muscle (any genomic region, FDR <0.001) [33].

2.12. Assay for transposase-accessible chromatin using
sequencing (ATAC-seq)

A whole gastrocnemius muscle was diced and then homogenized
using a Polytron homogenizer in homogenization buffer (Homogeni-
zation buffer (10 mM HEPES, pH 7.5, 10 mM MgCl2, 60 mM KCl,
300 mM sucrose, 0.1 mM EDTA, 0.1% Triton, 1 mM DTT, complete
with mini protease inhibitor mix). Homogenates were spun at
300 rpm for 3 min and supernatant containing nuclei moved to a new
tube. This was repeated 3 times. The supernatant was then filtered
through a 40 um cell strainer before centrifugation at 1000g for
10 min. The nuclei pellet was then resuspended in 1.2 ml of ho-
mogenization buffer, gently triturated and 200 pL loaded on top of
2.15 M sucrose cushions (10 mM HEPES, pH 7.5, 10 mM MgCI2,
60 mM KCl, 2.15 M sucrose, 0.1 mM EDTA, 0.1% Triton, 1 mM DTT,
complete with mini protease inhibitor mix). Nuclei samples were
centrifuged at 13,5009 at 4 °C for 1.5 h. Samples were aspirated
and washed leaving a nuclei pellet, free of cytoplasmic fragments.
Nuclei were quality checked using light microscopy (intact nuclei, no
blebbing, free of cytoplasmic fragments) and then counted. 50,000
nuclei were used for input into a commercially available ATAC-seq kit
which includes library preparation (#53150, Active Motif, Inc., CA,
USA). We have previously determined that this isolation technique
yields ~70% myosin heavy chain expressing nuclei through RNA-
sequencing, (unpublished data). A total of n = 4 was used per
group. Libraries were assessed via Bioanalyzer to compare library
fragments ranging from 250 to 1000 bp with an oscillation period at
~150 bp were sequenced by the UF ICBR Nextgen DNA Sequencing
facility RRID:SCR_019152 with ~70 million paired-end reads per
sample in a 2 x 150 bp format.
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2.13. ATAC-seq bioinformatic analysis

Fastq files were imported to Partek® Flow® Genomic Analysis Soft-
ware (Partek Inc. Missouri, USA) for processing. Pre-alignment QA/QC
was performed on all reads prior to read trimming below a Phred
quality score of 30 and adapter trimming. Alignment was performed
using Bowtie2 to the mm10 genome, and peak detection/calling
performed using MACS2. Peaks were quantified, normalized using
DeSeq2 (median of ratios) before differential analysis to identify
differentially accessible regions (DARs) between conditions (significant
differences in peak heights P = 0.01). ATAC peaks mapping to any
genomic region were included in the differential analysis. 24.3% of
peaks corresponded to the transcription start site, 5.2% aligned to the
transcription termination site, 4% to exons, 8.5% to 5’ untranslated
regions (UTR), 3.1% to 3'UTR regions, 29.3% to intronic regions and
25.6% to intergenic regions.

2.14. Pathway & motif analysis

Biological interpretation of filtered/selected gene lists was performed
using DAVID [34] to identify associated Kyoto Encyclopedia of Genes
and Genomes (KEGG), Reactome and Biological Processes pathways.
HOMER (v4.11) motif analysis was performed on DEGs, to identify
enrichment of known motifs (6—12 bp long) in the gene body and up to
2 kb upstream of the transcription start site. Upset plots were created
using Intervene, a publicly available software [35].

2.15. LC-MS metabolomics

Gastrocnemius muscle samples (n = 5 per group) underwent
cellular extraction procedures (Southeast Center for Integrated
Metabolomics, SECIM). Global metabolomics profiling was per-
formed on a Thermo Q-Exactive Orbitrap mass spectrometer with
Dionex UHPLC and autosampler. All samples were normalized by
total protein content prior to extraction. Samples were analyzed in
positive and negative heated electrospray ionization with a mass
resolution of 35,000 at m/z 200 as separate injections. Separation
was achieved on an ACE 18-pfp 100 x 2.1 mm, 2 um column with
mobile phase A as 0.1% formic acid in water and mobile phase B as
acetonitrile. This is a polar embedded stationary phase that provides
comprehensive coverage but does have some limitations in
coverage of very polar species. The flow rate was 350 pL/min with
a column temperature of 25 °C. 4 pL was injected for negative ions
and 2 pL for positive ions. MZmine (freeware) was used to identify
features, deisotope, and align features. All adducts and complexes
were identified and removed from the data set. The mass and
retention time data was searched against SECIMs internal metab-
olite library, and known metabolites were mapped to KEGG IDs.
Blank feature filtering was performed using inner-quartile range
filtering as implemented in the R package MetaboAnalystR (https://
github.com/xia-lab/MetaboAnalystR). Missing data were imputed by
k-nearest neighbor imputation and peak intensities were normalized
sample-wise using sum normalization followed by Iog10 trans-
formation and pareto scaling as implemented R package Metab-
oAnalystR. Univariate ANOVA was performed using the R package
stats (R Core Team 2023) to determine whether there was a sig-
nificant effect of variable Class on metabolite peak intensity, and
post-hoc pairwise comparisons were performed using least-squares
means method as implemented in the R package emmeans (R.V.
Lenth 2023). Adjusted P-values are adjusted for multiple pairwise
comparison testing, not testing of multiple metabolites. A signifi-
cance threshold was set at an FDR of 5%. Metaboanalyst 5.0 [36]
was used to perform enrichment analysis on annotated features
against the KEGG metabolite set library.
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2.16. Western blotting

Gastrocnemius muscles were homogenized as above, in RIPA buffer
and complete mini protease inhibitor (Millipore, Cat. #11836170001).
Protein concentrations were determined via BCA assay and protein
concentration normalized across samples, before resuspension in 4x
Laemlli buffer at 95 °C. 50 pg of protein was loaded per lane and
separated by SDS page on a 10% gel. After electrophoresis, gels were
semi-dry transferred to nitrocellulose membranes. Total protein
staining was performed using Revert™ 700 Total Protein Stain (Li-COR
biosciences, USA). Membranes were washed and subsequently
blocked in Tris-buffered saline with 5% non-fat dry milk. A primary
antibody targeting BMAL1 ((D2L7G) Rabbit monoclonal Antibody
#14020) (Cell Signaling Technology) at 1:1000 overnight at 4 °C. Blots
were probed with HRP-conjugated anti-rabbit secondary antibody
(1:10,000, Thermofisher Scientific, USA) for 1 h at room temperature.
Pierce™ ECL Western Blotting Substrate (Thermofisher Scientific) was
used for detection. Images were acquired using Chemidoc Imaging
systems (BioRad) and proteins quantified and normalized to total
protein content within Image Lab Software (Biorad). Full western blots
are available in Supplementary File 2.

2.17. Statistical analysis

Unless otherwise stated, physiology data are presented as
mean =+ standard deviation (SD) and statistical analyses conducted in
GraphPad Prism 9.4.1. For multiple comparisons, data were analyzed
using one, or two factor analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons test. Repeated measures ANOVA were
performed on measures where the same animals were measured over
time. To assess differences between exercise training groups only,
two-tailed independent student t-tests were performed to evaluate
statistical differences. All statistically significant thresholds were
considered at the level of P < 0.05. Corresponding symbols to high-
light statistical significance are as follows; *P < 0.05, **P < 0.01,
kP < 0.001, ¥*¥**P < 0.0001.

2.18. Data availability

RNA-seq data is available in Supplementary File 1 and raw data can be
found at the GEO accessions GSE255280 (acute exercise), GSE240653
(gastrocnemius training), GSE253735 (peripheral tissue training).
Chromatin accessibility data (ATAC-seq is available in Supplementary
File 1 and raw data can be found at GSE255376. LCMS metabolomics
data is available in Supplementary File 2.

3. RESULTS

3.1. Loss of the skeletal muscle clock significantly alters the acute
exercise transcriptional response

Previous work has identified that acute exercise performed at different
time of the day leads to divergent transcriptional responses [18]
suggesting that the acute response to exercise is modulated by the
muscle circadian clock. To directly test this, we exposed vehicle
treated and iMSBmal1KO mice to a workload-matched 30-minute
treadmill exercise bout and performed transcriptional analysis on the
gastrocnemius muscles at 1-hour post completion of the bout,
(Figure 1A). Physiological phenotyping is available in Supplementary
Figure 2. Despite vehicle and iIMSBmal1KO mice completing the
same amount of treadmill work (Figure 1B), the acute transcriptional
response was significantly different in many parameters. First, we
noted the iIMSBmal1iKO muscle exhibited a 48% reduction in the
number of exercise responsive genes with 517 genes changed (250
upregulated and 267 downregulated: g < 0.05) compared to the 989
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Figure 1: Loss of skeletal muscle Bmal1 alters the transcriptional response to acute exercise. (A) Experiment 1. Vehicle and iMSBmal1KO mice completed a 30-minute, work-matched
15° inclined treadmill bout and gastrocnemius muscles were collected 1-hour post. (B) Exercise bout work was matched between genotypes. (C) RNA-sequencing was used to assess
the number of DEGs 1-hour post exercise in vehicle and iMSBmal1KO mice. (D) Venn overlap of vehicle and iMSBmal1KO mice exercise responses. (E) Pathway analysis of shared
exercise response genes. (F) Z-scores of exercise responsive clock factors and common exercise response genes shown between genotypes. Associated pathway databases are
indicated by (R) Reactome, (K) KEGG, and (BP) Biological Processes. Pathway analysis of vehicle exercise responsive genes (G) and iMSBmal1KO exercise responsive genes (H).

genes that changed in the muscle of vehicle mice (600 upregulated
and 389 downregulated), (Figure 1C). Only 117 of these genes were
common as exercise response genes in both genotypes, (Figure 1D).
Within this shared group of exercise responsive genes ‘Biological
rhythms’ was the most enriched pathway (Figure 1E), driven by
changes in expression of genes in the negative limb of the E-box
feedback loop (Per1, Per2) and RORE element/D-box feedback loop
(Nfil3) which are still responding to the exercise bout in the presence or
absence of BMAL1, (Figure 1F) [37]. This observation confirms that
some of the negative limb circadian genes can be directly regulated
downstream of the exercise bout in skeletal muscle and do not require
Bmal1 or a functioning TTFL clock mechanism. We note that Bmal7 is
not responsive to acute exercise in our dataset.

Analysis of the exercise DEGs unique to vehicle muscle identified the
robust up-regulation of well-known exercise transcription factors and
co-activators, including Nr4a3, Fosb and Ppargcia (PGC1a). In
contrast, this cluster of well-defined exercise responsive factors did
not change following exercise in iIMSBmal1KO muscle. This was un-
expected as these genes have been shown to be very responsive to an
acute exercise bouts in preclinical rodent models, in muscle of healthy
human subjects and in muscle from subjects with T2D [9,10,28,38],
(Figure 1F). These results identify that muscle BMAL1 is necessary for
the acute up-regulation of Ppargcia, Nr4a3 and other exercise
responsive transcription factors in skeletal muscle. We suggest that
the lack of up-regulation of these factors, in the absence of muscle
BMALT1, likely contributes to the divergent transcriptional program
post-acute exercise.

We next asked if the divergent exercise gene expression patterns
reflected similar or different functional pathways, (Figure 1G—H).
Consistent with many studies, the vehicle exercise response pathway
enrichment contained ‘Oxidative Phosphorylation,” ‘Stress Response,’
and signaling pathways such as ‘insulin receptor, ‘PI3K-Akt’, ‘Nuclear
Receptor’, Receptor Tyrosine Kinase’, ‘MAPK’ and ‘PPAR’. Additionally,
there were 85 ‘Immune System’ associated genes also differentially

regulated specifically in vehicle treated mice. Pathway analysis of the
iMSBmal1KO specific exercise DEGs revealed vastly different path-
ways and noticeably lacked the pathways seen in the vehicle muscle
response. The primary pathways identified were enriched for ‘Immu-
nity’ (22 genes) and the ‘Innate Immune System’ (33 genes),
(Figure TH). We noted that 109 ‘signal transduction’ associated genes
were altered post exercise, (61% upregulated) in the vehicle mice, but
were unchanged in the iMSBmal1KO, (Figure 1G). This included the
absence of genes that contribute to several well-known exercise
responsive signaling pathways including ‘insulin receptor, PI3K-Akt,
nuclear receptor, receptor tyrosine kinase, MAPK and PPARG’.

Mechanistically, we asked if the altered exercise response in the
iMSBmal1KO mice could be due to epigenetic changes after loss of
BMAL1. We performed an assay for transposase accessible chromatin
with sequencing (ATAC-seq) on gastrocnemius muscle from sedentary
vehicle and iIMSBmal1KO mice to determine chromatin accessibility.
We identified a number of changes in chromatin accessibility between
vehicle and iMSBmal1KO mice that may contribute to some of the
altered exercise responses, including 1837 more accessible DNA re-
gions and 1973 less accessible regions, (Figure 2A—H). We note that
‘Signal transduction’ was the most enriched pathway in the less
accessible DNA regions, comprising 152 genes. Furthermore, 28 of
those genes also had decreased gene expression suggesting that loss
of BMAL1 alters chromatin accessibility in muscle, with reduced
availability of many signal transduction genes which could be directly
impacting their response to exercise. Additionally, 73 ‘Signal trans-
duction’ associated genes were not affected at the chromatin level but
were downregulated at the gene expression level with loss of BMAL1
indicating altered transcriptional regulation. We next queried muscle
ChlP-Seq data [33] and identified that 31.5% of acute exercise
responsive DEGs are bound by BMAL1:CLOCK within the promoter and/
or gene body including Nr4ai, Nr4a2, Nr4a3, Fosb, Irs2, Fosl2 and
Ppargcia which we highlight are unresponsive in the iMSBmal1KO,
(Figure 3F—H). The upset plot presented in Figure 2F also highlights
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Figure 2: Transcriptome and chromatin accessibility analysis of iMSBmal1KO mice. Vehicle treated and iMSBmal1KO mice underwent baseline physiological phenotyping including
RNA and ATAC-sequencing analysis at ZT13 on gastrocnemius tissue. (B) Number of DEGs genes with loss of skeletal muscle Bmal7 (¢ = 0.05). Numbers in bars indicate up or
downregulation. (C) Pathway analysis of differentially expressed RNAs split by direction of change. Numbers in bars indicate the number of genes present within the pathway. (D)
Number of differentially accessible regions as assessed by ATAC-seq. Numbers in bars indicate the number of DNA regions/peaks becoming more or less accessible with loss of
Bmal1. (E) Pathway analysis of differentially accessible chromatin regions split by direction of change. Numbers in bars indicate the number of genes present within the pathway.
(F) Upset plot demonstrating shared features shared across acute exercise responses (DEGs), genes/chromatin regions affected by loss of muscle BMAL1 and (BMAL1:CLOCK ChiP-
seq peaks, Gabriel et al. 2021 Sci Adv). (G) Pathway analysis of ‘BMAL1 regulated’ exercise responsive features. (H) Example BMAL1 ChIP-seq plots illustrating BMAL1 binding in

promoter regions of Nr4a3 and Irs2.

that 45% (445 exercise-responsive DEGs) are regulated by BMAL1
either at the gene expression, chromatin accessibility or through direct
BMAL1:CLOCK binding. Pathway analysis of these factors (green
nodes, Figure 2H—G) provided further evidence that the normal ex-
ercise responsive genes that are ‘BMAL1 regulated’ are enriched in
pathways relating to signal transduction, transcription regulation, the
immune system and well-known signaling pathways such as receptor
tyrosine kinases, MAPK, PI3k-Akt and AMPK. These observations
highlight that the core clock gene, Bmal1 contributes to both the
epigenetic and direct transcriptional network that is necessary for the
acute exercise response in skeletal muscle.

3.2. Loss of skeletal muscle BMAL1 does not impact exercise
training workloads, body composition, or muscle size and fiber type
We next asked whether muscle Bmali contributes to endurance
training adaptations (Supplementary Figures 3—6). We followed a
progressive treadmill training approach, performing graded exercise

tests before training to set the relative training intensity for each group
of mice and then we repeated testing at 2 and 4 weeks to prescribe
increases in workload, followed by a post-intervention test at 6 weeks,
Figure 3A. Important for interpretations of this training study, we found
that the total treadmill work done (AU) across the timecourse of training
was not different between genotypes and both groups demonstrated
increased performances with training (P < 0.0001), (Figure 3B).

We observed no differences in body mass between groups, (Figure 3C/
Supplementary Figure 3C). Following 6-weeks training there was no
significant differences between body mass for both of the exercise
trained groups vs. their respective controls (Vehicle: 32.3 £ 2.7 g vs.
298 + 0.8 g, P = 0.13 and iMSBmal1KO: 34.1 + 2.5 g vs.
30.5 4+ 2.4 g, P= 0.09), (Figure 3C/Supplementary Figure 3C). Food
intake measured per week (g, p/w) per bodyweight (g) did not change
over time, or between groups across the experimental timecourse,
equaling ~0.8—1 times bodyweight per week, (Supplementary
Figure 3D). We also note that there were no significant differences
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Figure 3: Graded exercise performance and body composition analysis of vehicle and iMSBmal1KO mice. The experimental design is illustrated in (A) which shows the timecourse
and parameters of exercise training, physiological testing and tissue collection. At ~ 4 months of age, iMSBmal1™" were treated with either a vehicle, or with tamoxifen for 5 days
(2 mg/day) to induce Cre-recombination and loss of Bmal1 specifically in skeletal muscle. Both vehicle and iMSBmal1KO mice were randomly assigned to 6 weeks of exercise
training performed at ZT13, or control groups. Graded exercise tests were performed prior to, after 2, 4 and 6-weeks of training with the speed adjusted accordingly to make
training progressive. MRIs were performed before, after 3 and 6 weeks of training. Mice from all groups were euthanized, and tissue was collected at ZT13, 47 h after their final
graded exercise test. (B) lllustrates the weekly work done (AU) during exercise training. (C) Measurements of body mass were taken before, after 3 and 6 weeks of training and the
subsequent percentage change calculated for each individual. (D) Total fat mass (g) measured before, after 3 and 6 weeks of training. (E) Percent changes in fat mass (g) were
calculated from the beginning of the training period to the middle and end of the training period. (F) Total lean mass (g) measured before, after 3 and 6 weeks of training. (G)
Percent changes in lean mass (g) were calculated from the beginning of the training period to the middle and end of the training period.

between the 4 groups in cage activity measures, suggesting that
neither loss of muscle Bmal1 nor exercise training affected behavioral
cage activity (Supplementary Figure 3E—G).

Run training has been shown to modify body composition. In this
study, MRI body composition measurements identified no significant
differences in total fat mass, or percent fat mass as a proportion of
total body mass prior to ftraining between genotypes,
(Supplementary Figure 3C). We identified a progressive decline in
total fat mass in both the vehicle exercise trained (P = 0.006) and

iMSBmal1KO exercise trained mice, (P = 0.03), with no genotype
effect (P = 0.5), (Figure 3D—G). Similar progressive reductions in
lean mass (g) were observed between vehicle exercise trained
(P = 0.01), equivalent to a 4.8 & 1.7% reduction in lean mass. A
similar percent reduction (4.98 & 6.1% reduction) was observed in
iMSBmal1KO exercise trained mice (Figure 3F), but this was not
statistically significant (P = 0.07), (Figure 3F). These reductions
occurred in the absence of changes in the ratio of lean-to fat mass,
(Figure 3D—G).
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In general, 6-weeks of run training does not normally induce significant
changes in muscle fiber size or fiber type. We performed histological
analysis on cross-sections of the gastrocnemius muscle to ask if the
muscle of the iMSBmal1KO mice exhibited any unique training induced
features. Overall, we found no differences in the main measures of
muscle phenotype either in the vehicle mice with training or in the
sedentary iMSBmallKO mice at rest or following training.
Supplementary Figure 4. We highlight that there were no significant
differences in muscle weight, fiber cross-sectional area, myonuclei per
fiber cross-section or proportion of fiber types with either muscle
specific Bmal1 knockout, or exercise training (Supplementary
Figures 4A—F). We observed similar increases in SDH staining in-
tensity after exercise training but there was no effect based on ge-
notype, (Supplementary Figure 4D). However, we did notice a small but
statistically significant increase in central nuclei (0.92 4 0.86% fibers
vs. 3.9 &+ 1.7% fibers, P < 0.001) and embryonic positive fibers
(0.16 & 0.13% fibers vs. 1.76 + 0.84% fibers, P < 0.001) after
exercise training in the Bmal1 knockout, which was not present in the
vehicle treated group after exercise training, (Supplementary
Figures 4G—H). This suggests some small, but reproducible, muscle
damage in gastrocnemius of iMSBmal1KO trained mice. To assess the
potential contribution non-recombined nuclei coming from satellite cell
fusion into the damaged muscle fibers we analyzed BMAL1 protein
levels and presence or absence of exon 8 from muscle RNA-Seq data.
As seen in Supplementary Figure 1, we do not detect an increase in the
amount of BMAL1 protein in the trained vs. untrained gastrocnemius
muscle of iIMSBmal1KO mice (P = 0.98). Analysis of the RNA read
alignment to the Bmal7 gene confirmed that exon 8 (the floxed Bmal1
exon) was missing from iMSBmal1KO skeletal muscle but was present
in all other tissues irrespective of genotype. We also did not identify
significant changes in core clock gene expression in gastrocnemius
muscle of iMSBmalitKO mice following exercise training,
Supplementary Figure 7. In summary, our results indicate the number
of BMAL1-+ satellite cells that would be recruited to the 2—4% of
injured fibers do not significantly contribute to the molecular or
physiological outcomes of this study. Representative immunohisto-
chemistry images of gastrocnemius muscles are available in
Supplementary Figure 41—J.

3.3. Loss of skeletal muscle BMAL1 alters core clock factor gene

expression and disrupts the transcriptional regulation of metabolism

To assess the response to training we first had to define, in this cohort
of mice, the differential gene expression in the muscles of vehicle
control vs. iIMSBmal1KO. We identified 1217 DEGs; (g < 0.05) be-
tween the groups; 535 genes that were upregulated and 682 that were
downregulated with muscle specific Bmal7 knockout respectively,
similarly to our reports in Figure 2B. As seen in the volcano plot
(Supplementary Figure 5A) and consistent with prior studies [4—6],
many of the clock output genes, such as Dbp, Mylk4, and Tcap were
significantly down-regulated [39,40]. Motif analysis of the promoters of
the 682 down-regulated genes in the iIMSBmal1KO determined that
there was significant enrichment for E-boxes, and these include
several circadian clock (CLOCK, NPAS2) specific E-boxes, as well as
MYC specific E-box sequences. Other represented motifs in the down-
regulated genes include MEF2 or MADS elements and sites for NFAT
which are well recognized pathways in skeletal muscle,
(Supplementary Figure 5B). Subsequent KEGG pathway analysis of the
DEGs confirmed significant dysregulation of genes associated with
‘circadian rhythms’ (14 genes), as well as a large number of pathways
relating to substrate metabolism, (Supplementary Figure 5C). We
identified dysregulation of transcripts essential for glucose and
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glycogen homeostasis including (Hk2, Rab10, Sic2a3, Sic2a4, Tbc1d1,
Aldoc, Fbp2, Gbe1, Pgm1, Pgm2, Phkat, Pygm) as previously reported
[4—6].

3.4. ldentification of BMAL1-dependent and BMAL1-independent
transcriptional adaptation to 6-weeks of exercise training in
gastrocnemius muscle

While there were few phenotypic differences between the muscles of
trained vehicle and iIMSBmal1KO mice, we did find that the tran-
scriptional adaptations to training were largely divergent. For this
analysis, we performed RNA-seq on gastrocnemius muscle 47 h after
their last exercise bout. Analysis of the transcriptome in muscle from
vehicle control and vehicle trained mice identified only 142 DEGs after
training which is consistent with prior studies and includes up-
regulation of Fabp? and down regulation of Hadha [10,41],
Figure 4A. Enrichment of DNA binding motifs within the promoter or
gene body of the small number of upregulated DEGs included MEF2C,
SIX1, Androgen receptor half sites and NFAT, (Figure 4B). Down-
regulated DEGs were also enriched for DNA motifs relating to EGR1,
SMAD4 and NFAT, suggesting the latter contributes to both activation/
suppression of exercise DEGs. Pathway analysis revealed the expected
exercise adaptations pathways including ‘PPAR signaling’ (11 genes),
‘protein digestion and absorption’ (8 genes), ‘fatty acid metabolism/
degradation’ (7 genes), ‘ECM-receptor’ (7 genes), ‘focal adhesion’ (5
genes), ‘calcium signaling’ (7 genes), ‘PI3K-Akt signaling’ (5 genes)
and ‘HIF-1 signaling’ (5 genes), Figure 4C. As expected, a number of
these DEGs included fatty acid metabolism regulators (Hadha, Hadhb,
Acaaz, Cpt2, Acsl1, Scd2, Acadm, Cd36, Fabp1, Apoal and Apoa2).
In contrast, analysis of the gene expression changes with training in
the iIMSBmal1KO mice identified a much larger, >5-fold increase in
the number of DEGs in the KO muscle following training. We identified
780 DEGs, of which 283 were downregulated and 497 upregulated
with exercise training, Figure 4D—F. Similar to our findings following
acute exercise, there was little overlap in the exercise DEGs between
genotypes. Analysis of the DNA motifs associated with the iMSBmal1
exercise DEGS predicts that exercise adaptation in the iMSBmal1KO
muscle relies on vastly different sets of upstream transcription factors,
(Figure 4E). Within the genes upregulated by exercise training in the
iMSBmal1KO mouse, motif enrichment analysis identified sites for
YY1, ESRRA/B, SP1, NRF/1, SMAD2/4 and P53. In the down-regulated
genes, we identified XBP1 sites were enriched which was interesting
as XBP1 is a transcription factor that functions as a regulator of the
unfolded protein response and is known as a key part of the ER stress
pathway. For the training study, we collected tissues at 47hrs after the
last exercise bout so the observation that many of the DEGs have
regulatory elements that indicate a stress pathway was unexpected.
We also noted that several of these motifs represent transcription
factors normally associated with an acute response to exercise (e.g.,
ESRRA, NRF1, P53). However, they are not commonly identified as
motifs enriched in steady state training induced changes in gene
expression [10,42—47], (Figure 4E). The results from the DEG motif
analysis suggest a very divergent transcriptional mechanism for
muscle adaptation with exercise training that relies on inclusion of
known acute response pathways. We suggest that without muscle
BMALT1, repeated exercise bouts associated with training results in
activation of a chronic stress set of pathways coupled with an inability
of the muscle to return to homeostasis following exercise.

While the exercise adaptations were largely divergent, there was a
small overlap in the transcriptomes with training between genotypes.
Initial analysis identified only 23 common exercise adaptation genes
(1.6% of DEGs) using an FDR cut-off of g = 0.05. To increase the
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number of genes for this analysis, we decreased the stringency to
P = 0.01 and found 63 overlapping genes (2.99%), (Figure 4G). We
probed the 63 common genes to ask if they represented a common,
non-BMAL1 dependent, training response, Figure 4H. We determined
that only 25 (39.7%) of the 63 genes were upregulated in both ge-
notypes, with 6 (9.5%) were downregulated in both. We identify these
as BMAL1-independent exercise training genes. Interestingly, 22
(34.9%) of the shared genes were up in vehicle but down in the KO
exercise trained muscle and these were associated with the extra-
cellular matrix (Col3ai, Coldai, Col5a2, Tnxb, Emilin2, Fn1, LamaZ,
Nid1 and Nid2) and insulin regulation (Pappa and Irs2). We also
identified 10 genes (15.9%) including Coq10a, Cyc1 and Esrra that
where downregulated with training in the vehicle but were upregulated
in the iIMSBmal1KO, (Figure 4H/K). Thus, while there are shared genes
between the two genotypes, over 50% of the 63 shared genes are
regulated in opposite directions. This indicates this set of shared genes
are exercise responsive, but the directionality is dependent muscle
BMAL1.

We also asked whether exercise training can function to restore the
dysregulated gene expression in the iIMSBmal1KO muscle toward
levels seen in vehicle control muscle. For this analysis we compared
the DEGs dysregulated by loss of BMAL1 in sedentary mice (1217) to
the exercise training DEGs in the iIMSBmal1KO muscle (780) and
found only 94 DEGs are shared suggesting that the majority of dis-
rupted transcripts in the sedentary iMSBmal1KO muscle are not
rescued by exercise training. To visualize this, we plotted Log2 fold
changes of these genes comparing vehicle control and exercise
trained iIMSBmal1iKO muscle and calculated Pearson’s correlation
coefficient. As seen in Figure 41 we identified that 73.4% of the genes
disrupted with initial loss of Bmal1 were directionally closer to vehicle
control levels following training. However, the correlation coefficient
of determination was weak (R2 = 0.24) indicating that the levels of
gene expression were not close to sedentary values. This provides
additional evidence that the molecular adaptations to exercise in the
vehicle mice work with BMAL1 through transcriptional and epigenetic
mechanisms. A heatmap for all 94 genes is presented in
Supplementary Figure 6A. Our model in which the exercise response
works with BMAL1 is consistent with recent results from cardiac
Bmal1 knockout mice that demonstrated cardiac dysfunction caused
by loss of BMAL1 cannot be attenuated with a similar exercise training
paradigm [48].

Lastly, we wanted to ask if exercise training impacted core circadian
clock genes or genes associated with glucose and glycogen meta-
bolism in muscle. As illustrated in the heatmaps in Figure 4J , 6-weeks
of training in vehicle mice resulted in changes in many circadian clock
related genes such as Nfil3, Per1, Per3, Cry2, and Dbp. In contrast, in
the iIMSBmal1KO mouse there were no changes in any of those genes
following training. Since we found that acute exercise can modify
expression of clock genes, like Pers and MNfil3, in the absence of
muscle BMAL1 (Figure 1F), the lack of changes in these circadian clock
genes with training suggests that it is BMAL1 and the core clock
mechanism, that is required for the circadian clock gene changes with
training. We also highlight that Bmal7 mRNA does not change in the
muscle of vehicle mice in response to acute exercise or exercise
training. Analysis of glucose and glycogen metabolism genes found
that several of these genes changed expression with training in the
vehicle muscle, including increases in Hk2, PgmZ2 and decreased
expression of Sic2a4 (Glutd). In contrast, there were little to no sig-
nificant changes in gene expression of this cluster of genes in
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expression of genes critical for glucose homeostasis in skeletal
muscle. Plots with individual data points are provided within
Supplementary Figure 7A.

3.5. Elevated gene expression of TCA-cycle components, [3-
oxidation, mitochondrial constituents and mito-ribosomes is a
distinct feature of iIMSBmal1KO exercise adaptation in
gastrocnemius muscle

Analysis of the unique training genes for the iIMSBmal1KO muscle
identified oxidative metabolic adaptations were a highly enriched
category, well beyond any oxidative changes in the vehicle muscle
transcriptional adaptation. We found that a number of these DEGs are
shared across pathways relating to pyruvate metabolism, the tricar-
boxylic acid cycle (TCA cycle), fatty acid 3-oxidation and genes relating
to mitochondrial complex constituents and their associated mito-
chondrial ribosomal subunits. A schematic of these pathways is pro-
vided in Figure 5A, and the changes in genes within each pathway are
presented in Figure 5B—C. It is striking that most genes were upre-
gulated in response to exercise training in the iIMSBmal1KO mice, in
contrast, muscle from vehicle treated mice showed limited changes for
these genes in response to training.

Most strikingly in the iMSBmal1KO training response was the robust
up-regulation across almost all genes relating to the TCA cycle, B-
oxidation and mitochondrial components encoded by both nuclear
and mitochondrially encoded genes, (Figure 5B—C). Interestingly, 12
genes (Acaa2, Aco2, Crat, Cs, Dist, Fh1, Idh3a, Idh3b, Idh3g, Ogdh,
Suclg1 and Suclg2) encoding proteins involved in TCA cycle inter-
mediate and anaplerotic reactions were significantly upregulated in
the iIMSBmal1KO mouse in response to exercise training, whereas
they were downregulated with training in the vehicle treated mice.
This result suggests that exercise training without muscle BMAL1
pushed increased reliance on alternate substrates to support the
energy demand of exercise training. This trend was also observed
for a large family of genes associated with Acyl-CoA hydrolysis to
fatty acids, coenzyme A and B-oxidation. Genes including Acadl,
Acadm, Acads, Acadvi, Acat1, Acot7 were largely down regulated
with exercise training in the muscle of vehicle treated but were
uniformly upregulated with training in the iMSBmal1KO muscle. This
observation is consistent with a greater requirement for the use of
fatty acids for energy metabolism, Figure 5B. We note that there
were very few changes in genes involved in triglyceride biosynthesis
with exercise training in the iMSBmal1KO indicating that the primary
adaptation with exercise was to enhance fat oxidation.

We also observed upregulation of a large network of both nuclear and
mitochondrial encoded genes that were largely unique to the
iMSBmal1KO training adaptation. These related to mitochondrial
complexes | (n=44), Il (n=4), 1 (n=11),IV(n=15),V (n=18),
as well as 22 nuclear and mitochondrial encoded genes related
specifically to the large and small mitochondrial ribosomal subunits,
(Figure 5C). The majority of these genes were significantly upregu-
lated relative to both vehicle control and vehicle exercise trained
mice, as well as iMSBmal1KO control mice. The uniformity of this
training response suggests a common transcriptional program for
these genes in the absence of BMAL1. Analysis of upstream motifs
within these genes identifies sites for Esrra, Esrrb, Nrf/1 and p53 and
we did identify that expression of Esrra was significantly elevated
with training in the iIMSBmal1KO but downregulated with vehicle
exercise trained muscle. As noted earlier, these transcription factors
are most seen with the acute exercise response in muscle but not

iMSBmal1KO mice post-training. These observations reinforce that normally associated with steady state training responses,
BMAL1 and/or a functional circadian clock is required for regulating  (Figure 4E).
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3.6. Exacerbated amino acid availability, further depletion of TCA
cycle intermediates suggests inefficient energy status with exercise
training in the iIMSBmal1KO mouse

Transcriptomic data indicated divergent metabolic programs in the
muscle of trained vehicle vs. trained iIMSBmal1KO mice. We performed
untargeted metabolomics to assess potential steady state changes in
muscle metabolites following training in the vehicle vs. iMSBmal1KO
mouse. Comparing vehicle controls to iMSBmal1KO sedentary mice,
we found 46 differentially abundant metabolites, (Figure 6A), a com-
parison that has previously been reported [25]. In response to training,
we observed only 19 differentially abundant known metabolites in
vehicle exercise trained mice, which is similar to the small tran-
scriptomic response. In contrast, we identified 116 differentially
abundant metabolites in the iIMSBmal1KO exercise trained mice.
Comparisons between genotypes identified only 8 common metabo-
lites in the exercise training response and they showed enrichment in
lysine degradation and glutathione metabolism pathways, (Figure 6B).
The differentially abundant metabolites in the iIMSBmal1KO exercise
trained muscle were enriched amongst amino acid and TCA cycle
pathways including ‘Tyrosine metabolism’, ‘Alanine, aspartate and
glutamate metabolism’, ‘Pyruvate metabolism’, (Figure 6D—H). Since
exercise training does not restore glucose metabolic genes in the
iMSBmal1K0 muscle we suggest that these metabolite changes reflect
the increased need for TCA cycle substrates via amino acid meta-
bolism. For example, threonine, leucine, tryptophan, phenylalanine and
tyrosine are significantly elevated with loss of skeletal muscle BMAL1
but levels were reduced following exercise training. Consistent with
this pattern, fumarate, a TCA cycle intermediate metabolized from
aromatic amino acids is also significantly more abundant with loss of
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BMAL1 in sedentary mice and is significantly reduced following
training to levels below vehicle controls, (Figure 6E/G). The changes in
these metabolites are consistent with the increased reliance on amino
acids to support TCA metabolism in the iMSBmal1 muscle with ex-
ercise training.

We were surprised that despite our samples being taken 47 h after
their last exercise bout, pyruvate levels were significantly lower by
~180% in the iIMSBmal1KO mice with exercise training, (Figure 6G).
This finding falls in line with our transcriptome analysis, that the genes
encoding the enzymes required for glucose transport and metabolism
are not rescued with exercise training, which may lead to pyruvate
availability being a limiting factor. However, we noted above that there
is an extensive compensatory increase in almost all genes involved in
[-oxidation, branched chain amino acid metabolism, pyruvate meta-
bolism and TCA cycle enzymes. This increased pathway availability in
the iIMSBmal1KO trained muscle likely contributes to the diminished
steady state levels of pyruvate with training, (Figure 5B). Despite the
reduction in pyruvate, acetyl-CoA levels were significantly increased in
the iIMSBmal1KO mice after exercise training, suggesting that other
substrates (likely lipid through increased B-oxidation) contribute more
to the increase in acetyl-CoA levels.

Further evidence of disrupted glycolytic metabolism was found when
we measured tissue glycogen content in gastrocnemius and liver with
exercise training, Supplementary Figure 8D—G. Vehicle treated mice
had greater concentrations (P = 0.008) and achieved larger increases
in muscle glycogen with exercise training (262.8% vs. 66.5%,
1.85 + 0.13 pg/mg vs. 1.43 + 0.31 pg/mg). Similarly in liver, training
significantly increased glycogen content in both vehicle treated
(16.28 + 1.81 pg/mg, P < 0.0001) and iMSBmaliKO mice

MOLECULAR METABOLISM 86 (2024) 101980 © 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

B Loss of Bmal1

ComRerieer Alter,s\:‘aj rrclt::;s;ites
Vehicle Control vs iMSBmal1KO Control 46
Vehicle Exercise Training Response 19
iMSBmal1KO Exercise Training Response 116

06 02 -0.2 -06
Mean Normalised
Metabolite Abundance

Vehicle Control

Vehicle Exercised Trained
iMSBmal1KO Control
iMSBmal1KO Exercise Trained

Vehicle Exercise

Vehicle Control

I

MOLECULAR
METABOLISM

iMSBmal1KO Exercise Training Response

Training Response

Tyrosine metabolism—] o6
Alanine, aspartate and glutamate metabolism | @5
Pyruvate metabolism =] 04
Phenylalanine, tyrosine and tryptophan biosynthesis =1 @02
Cysteine and methionine metabolism = @4
Citrate cycle (TCA cycle) =] @3
Valine, leucine and isoleucine biosynthesis | @3
Aminoacyl-tRNA biosynthesis = @5
93 Phenylalanine metabolism =] @2
Glycine, serine and threonine metabolism=| @3
iMSBmal1KO Exercise 0 2 4 6
Training Response -Logyo P Value
e
e E % §°z Qv\\"%’y S
SR 2 N2 NS
S\c&t&&(‘z\,@o@ %o 06 02 -0.2 -0.6 \{5‘2 (5&\&' 'b(’z*\é.\k\'siq, \\dz’\@ @ % \&‘T{@‘Q’ &L
NN ZONGEN Mean Normalised S LB ST OB P B B g
YR NP Metabolite Abundance S N WP T %™ W

Vehicle Exercised Trained
iMSBmal1KO Control
iMSBmal1KO Exercise Trained

Amino Acids Glycolysis/TCA Cycle
Ala*rline Glycine Glutamine Pyruvate Fumarate Oxaloacetate
Hkok ok *
- .
0.4 i s 0.8 0.4 0.4
= 0.4 — 5 = = 0.8 PR = 0.4+ = 0.4
2 i Bz — Z £ — 2 2
g 0.2 . = s ] g 0.6 8 0.2 8 0.2
S 00 £ g S 04 5 g
k=3 .04 < o -3 .47 T = =3
H s z H 2% 207
2 -0.2 2 2 2 0.2 2 2
- - ° 5 0.2 5 0.2 .
8 0.4 3 8- 8 o004 8 k3
g ER: g g € 0.4 < E o4 2
£ -0.6 . £ . £ 0.6 £ -0.2 E -0- E -0
S S S o S S S
=z =z =z =z =z =z »
-0.8 T T T T -1 T T T T -0.8 T T T T -0.4 T T T T -0. T T T T -0.6: T T T T
Glutamic Acid Leucine Lysine Malate Creatine Phosphate Acetyl-CoA
*k *ok r * » 1
! f [ ——|
= 109 5 5 157 . N N = 107 .. W = 107 . = 107 - x
< . 2 < il < R LI 2 > < I T 1
8 0.5 2 8 1.04 8 . 8 ° 8 1
2 o 2 £ 0.5 : 2 0.5 2 0.5
3 s B S 3 3 . =3
S 007 5 5 059 8 S S = S
2 ] 2 . 2 0.0~ 2 004~ - {1 S—— 2 004~
B -0.5q B b o.o-m.---‘--?« B B o ®
g 104 Q g -0.54 - <§u -0.54 E -0.54 g -0.51 | v | g -0.51 1
s s s s s S
= =z =z = = =
-1.5 T T T T -1 T T T T -1 T T T T -1.0 T T T T -1 T T T T -1 T T T T
AT mm Vehicle Control

Threonine

Asparag
Aspartic Acid

|

A

Aspartic Aci
Phenylalanine
Tyrosi

Cysteine
Glycine
Serine
Threonine
Tryptophan

N\

Isocitric acid

TCA Cycle

Lysine
Acetoacetate «— | Phenylalanine
Tryptophan

Isoleucine
Methionine
Valine
Threonine

Vehicle Exercise Trained

Leucine

Tyrosine

Glutamine

Histidine
Proline

iMSBmal1KO Control
iMSBmal1KO Exercise Trained

iMSBmal1KO Up with exercise training

iMSBmal1KO Down with exercise training

Figure 6: Loss of Bmal1 in skeletal muscle disrupts the metabolomic rewiring in response to exercise training and causes depletion of TCA cycle intermediates. (A) Table of
differentially abundant metabolites (g < 0.05) with loss of skeletal muscle BMAL1, the vehicle exercise training response and the iMSBmal1KO exercise training response. (B) Venn
diagram analysis of the different comparisons reveals little overlap and divergent metabolomic adaptations to exercise training. (C) Metaboanalyst KEGG metabolite pathway
analysis of the iMSBmal1KO exercise training response. Numbers indicate the number of metabolites identified within the pathway. (D) Heatmap illustrating normalized metabolite
abundance for amino acids. (E) Heatmap illustrating normalized metabolite abundance for metabolites relating to glycolysis and the TCA cycle. (F) Boxplots of highlighted amino
acids changing with loss of BMAL1 and exercise training. (G) Boxplots of highlighted TCA cycle metabolites/phosphocreatine changing with loss of BMAL1 and exercise training. (H)
Summary diagram of TCA cycle metabolites affected with exercise training in the iMSBmal1KO (Blue indicates higher abundance, red indicates lower abundance. Significance for
one way ANOVA analysis is presented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

MOLECULAR METABOLISM 86 (2024) 101980

www.molecularmetabolism.com

© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

13


http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

(13.26 + 1.64 pg/mg, P < 0.0001), yet glycogen content was
significantly lower in the trained iMSBmal1KO liver, (P = 0.036). The
observation that the magnitude of muscle and liver glycogen im-
provements with training are reduced in the iMSBmal1KO mice, is
consistent with longstanding recognition of the muscle-liver metabolic
communication with exercise and muscle-liver clocks [49,50].

While muscle glucose metabolism in the iMSBmal1KO mice was not
restored by training, it was interesting to find that systemic markers of
glucose homeostasis did show some improvements reflecting sys-
temic adaptations with training. Glycosylated hemoglobin was lower
post exercise training in both groups, P < 0.001, with no detected
genotype effect, (Supplementary Figure 8A—B). Exercise training
significantly reduced plasma insulin levels in both genotypes, however
the levels in the exercise trained iIMSBmal1KO mice remained signif-
icantly higher than vehicle control (~41%, P = 0.0196) and vehicle
exercise trained mice (~135%, P < 0.0001), Supplementary
Figure 8C. While these circulating markers of glucose homeostasis
are improved with exercise training in the iMSBmal1KO mouse we note
that the effect is partial. We suggest that these partial systemic im-
provements in blood glucose and insulin are mediated by other pe-
ripheral tissue adaptations, such as liver and iWAT, to exercise
training.

3.7. Loss of skeletal muscle BMAL1 disrupts the transcriptome of
peripheral tissues

Exercise is well recognized to induce healthy systemic adaptations and
virtually all bodily tissues exhibit significant transcriptome changes
following exercise training [50,51]. Since our exercise workloads were
the same between genotypes across training, we asked if the pe-
ripheral tissue adaptations to exercise would be independent of the
divergent muscle adaptations in the iIMSBmal1iKO mice. For this
analysis we chose to investigate highly metabolic tissues and organs
that are known to be important for exercise capacity (i\WAT, liver, heart
and lung). We defined the transcriptomic changes in the vehicle vs.
iMSBmal1KO mouse tissues to allow for clear delineation of the ex-
ercise training responses. In the sedentary iMSBmal1KO mice we
identified a large number of genes (1029) specifically dysregulated in
the heart, 511 in iWAT, 159 in liver and 87 DEGs in the lung illustrating
unique tissue disruption in gene expression with loss of skeletal
muscle BMAL1. We did not identify any DEGs shared across all 5
tissues in response to iIMSBmal1KO0, but we found minor overlap with
DEGs specifically dysregulated in muscle and heart (81 genes), muscle
and iWAT (58 genes), muscle and liver (21 genes), Figure 7A.

In iWAT, loss of muscle Bmal1 was associated with 684 DEGs (425
upregulated, 259 downregulated) that were associated with pathways
relating to collagen/extra-cellular matrix terms and insulin signaling/
resistance related terms which were largely upregulated. Srebf7, a key
transcription factor responsible for regulation of de novo lipogenesis
and glycolysis, as well as Acacb which encodes the gene responsible
for the carboxylation of acetyl-CoA to malonyl-CoA, a rate-limiting step
in fatty acid synthesis and pro-glycogenic genes, Gys7 and Ppp1r3d
were significantly downregulated in the iWAT with loss of skeletal
muscle BMAL1. This was concomitant with significant upregulation of
Creb3I1, a master regulator of fibrosis in adipose and liver tissue [52],
changes that have previously been associated with insulin resistance
and obesity [53—55], (Figure 7B).

The liver transcriptome was also significantly affected by loss of
skeletal muscle BMAL1 with 199 DEGs (86 upregulated, 114 down-
regulated) associated with dysregulation of ‘fatty acid/cholesterol
metabolism’, ‘AMPK signaling’ and ‘glucagon signaling’, (Figure 7C).
This included significant downregulation of several genes regulating

lipid transport/homeostasis and glycolysis including Elovi6, Scd1,
Apoad, Ptkfb1, Slc2a4 and fatty acid synthesis rate limiting enzyme,
Acaca. Conversely, Abcg8, Lrp1, Lipg were significantly upregulated
along with Pparg, known as a master regulator of lipogenesis and
glucose uptake [56—59], suggesting a shift of fuel preference to fatty
acid metabolism in the liver. Both our iWAT and liver transcriptional
data show consistent outcomes with 8-weeks of treadmill training in
the rat as performed by the MoTrPAC consortium [50].

Surprisingly, a large remodeling of the transcriptome was identified in
the heart with alteration of 1177 genes (665 upregulated, 512
downregulated). We confirmed that there was no Bmal1 recombination
in the heart tissue of these mice, no loss of exon 8 of the Bmal1 mRNA
and no loss of BMAL1 protein via western blotting as previously re-
ported, Supplementary Figure 1. These transcriptional changes
included upregulation of genes associated with ribosomal, mito-
ribosomal and mitochondrial constituents, proteasomal subunits, but
also genes associated with cardiac muscle structure and function. This
included upregulation of Myl2, Myl3, Tnnc1, Tnni3, Tpm4, Actb and
downregulation of Dmd, Lama2, Ryr2, and Tin, (Figure 7D). More
minor changes in gene expression were identified in the lung with 110
DEGs (82 upregulated, 28 downregulated) largely relating to angio-
genesis and Ras signaling, (Figure 7E).

3.8. Exercise training adaptations are altered in peripheral tissues
in mice lacking skeletal muscle BMAL1

We next tested whether the molecular adaptations to exercise training
in peripheral tissues were impacted in the iIMSBmal1KO mice. As
evidenced by the upset plot, (Figure 8A), we found that all peripheral
tissues studied in the iIMSBmal1KO mouse exhibited significantly larger
numbers of post exercise training DEGs (\WAT 441 vs. 455 DEGs, Liver
336 vs. 571 DEGs, Heart 261 vs. 798 DEGs and Lung 208 vs. 633
DEGs) compared to those seen in the vehicle mice. These changes
were also qualitatively different and tissue specific with only ~ 3% of
the exercise training responsive changes shared between genotypes,
(IWAT 32 DEGs, Liver 30 DEGs, Heart 33 DEGs and Lung 16 DEGS),
(Figure 8B,E,H,K). Furthermore, predicted upstream transcription factor
analysis of the exercise training responsive DEGs, similarly to skeletal
muscle, showed largely different putative upstream regulators,
Supplementary Figure 9. The magnitude and breadth of these differ-
ences were unexpected and point to the potential impact that training
adaptations in skeletal muscle have on systemic molecular adaptations
to exercise.

In vehicle exercise trained iWAT, we observed an expected tran-
scriptional remodeling with exercise training which included genes
enriched in pathways associated with ‘PPAR signaling,” ‘Lipid Meta-
bolism’ and ‘Inflammatory Response.’ This included downregulation of
Pparg itself along with other factors involved in lipid metabolism/
storage, insulin sensitivity and inflammation. Analysis of the liver
transcriptome of exercise trained vehicle mice demonstrated a synergy
with the iWAT transcriptome, with downregulation of genes within
common pathways including ‘Lipid/cholesterol biosynthesis/meta-
bolism,’ (Figure 8F). This common pathway enrichment between iWAT
and liver was lost in the iIMSBmal1KO training response. We deter-
mined that neither iWAT nor liver exhibited a common response to
exercise training in the vehicle treated tissues. In addition, the enriched
pathways from the exercise DEGs in iWAT were not common with the
exercise DEG pathways in the iMSBmal1KO liver. This was surprising
and indicates that the molecular response to exercise in the BMAL1-+
organs of the iMSBmal1KO mice not directly linked to the exercise per
se but is responding to changes in the muscle exercise response and/
or systemic inter-tissue interactions with exercise.

14 MOLECULAR METABOLISM 86 (2024) 101980 © 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

A
10331009

© 9004

</ N

l' CD

f X c
‘ .9 600

. y =1

3

Inguinal White Liver wn

Adipose Tissue EI_J
£ 300

Gastrocnemius
Skeletal Muscle

/_ \ /\\ ]

J —_— ."..:I:IEII: III:I

— Liver
B Lung

T T T T T T
1250 1000 750 500 250 O

Set Size
=== Higher in Vehicle Control (Downregulated with KO) mmm  Higher in Vehicle Control (Downregulated with KO)
mmm  Higher in iMSBmal1KO Control (Upregulated with KO) mmm  Higher in IMSBmal1KO Control (Upregulated with KO)
< / Assembly of collagen fibrils (R) Cholesterol metabolism (K)
7 \( ) ECM-receptor interaction (K) AMPK signaling pathway (K)
& ) Focal adhesion (K) Immunoregulatory interactions (R)
Insulin resistance/signaling (K) Glucagon signaling pathway (K)
PI3K-Akt signaling pathway (K) Signaling by PDGF (R)
Transcription regulation (BP) Fatty acid biosynthesis (BP)
Signal Transduction (R) Growth hormone receptor signaling (R)
SLC-mediated transmembrane transport (R) Fatty acid metabolism (K)
I 1 1 1 1 1 1 1 1 I 1
0 2 4 6 8 0 2 4 6 8 10
-Logyq P Value -Logqo P Value
D T ; E
=== Higher in Vehicle Control (Downregulated with KO) === Higher in Vehicle Control (Downregulated with KO)
mmm  Higher in iIMSBmal1KO Control (Upregulated with KO) mmm  Higher in iMSBmal1KO Control (Upregulated with KO)
Translation (R)
Angiogenesis (BP)
Ribosome (K)
rRNA processing (R) Ras signaling pathway (K)
Oxidative phosphorylation (K)
RHOA GTP: |
Mitochondrial translation termination (R) OAIGTRasscyole (R
Metabolism of proteins/RNA (R) Hemostasis (R)
TCA cycle and respiratory electron transport (R)
Cardiac muscle contraction (K) RAC1 GTPase cycle (R)
! 1 J 1 T T T
0 20 40 60 0 2 4 6 8 10
-Logso P Value -Logsq P Value
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Figure 8: Divergent transcriptional reprogramming of peripheral tissues in response to endurance exercise training in the absence of skeletal muscle BMAL1. (A) Upset plot of the
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Deeper analysis of the iIMSBmal1KO iWAT exercise-responsive genes
identified insulin resistant signatures and inflammation and included
‘insulin-like growth factor transport/binding protein’ pathways. One
example was the increased expression of the transcription factor
Srebf1, known to promote cholesterol and fatty acid biosynthesis and
downregulation of the glycolytic enzyme Pkm, (Figure 8C—D).
Uniquely, liver of iMSBmal1KO exercise trained mice showed alter-
ations in ‘RNA Polymerase Il Transcription’, pathways associated with
ubiquitin mediated proteolysis, and upregulation of a number of TGF-
beta receptor signaling associated pathway genes including Smad4,
Smurf2, Itgav and Tgfbri, (Figure 8G). These results suggest that
exercise training in the iIMSBmal1KO mice leads to abnormal tran-
scriptional remodeling in iWAT and liver including many biological
signatures that could be considered ‘maladaptive’.

The exercise training response in the lung of the vehicle mice
corroborated outcomes recently published investigations by the
MoTrPAC consortium and were broadly related to decreased inflam-
mation [50]. We identified 208 DEGs that are changed in the lung
following training of vehicle treated mice including 37 genes associ-
ated with the Reactome pathway ‘immune system’, over ~83% of
which were downregulated with exercise training. There were 633
training induced DEGs in the iMSBmal1KO lung which was a surprise
as the transcriptomes of the sedentary vehicle and iMSBmal1KO lungs
were not hugely different. This adaptation included 69 different ‘im-
mune system’ associated genes were found to be enriched in the
iMSBmal1KO exercise training response, 72% of which were upre-
gulated with exercise training indicating a discordance in the inflam-
matory response with training between genotypes, (Figure 8K—M).
In the vehicle exercise trained heart we observed modest changes to
the transcriptome associated with ‘lmmunity,” ‘Lipid Metabolism’ and
‘Collagen Degradation,” (Figure 8H—I). Conversely, a majority of the
exercise training responsive genes in the iIMSBmal1KO heart were
directionally opposite to the features identified in the loss of BMAL1
sedentary mice, see Figure 7D. This indicates that unlike the other
peripheral tissues, exercise training rescued the dysregulation of many
genes in the iIMSBmal1KO heart, (Figures 7D/8J). This is supported by
data presented in Supplementary Figure 10, where we highlight that
97% of genes in the heart that are disrupted by loss of muscle BMAL1
in sedentary mice, are exercise training responsive in iMSBmal1KO0
hearts and return closer to vehicle control expression levels,
R? = 0.67. The mechanism(s) through which exercise training restores
the heart transcriptome in the iMSBmal1KO mouse is unclear and
requires additional study.

3.9. Exercise training in the absence of skeletal muscle BMAL1
alters gene expression signatures relating to the immune system
and metabolic pathways of peripheral tissues

Since inflammation and metabolism pathways were the most common
differences among the transcriptional changes, we computed Z-scores
for each pathway by averaging the Z-score of every gene found within
each pathway. Specifically, we included ‘Immune System’, ‘Carbo-
hydrate Metabolism’, ‘Lipid Metabolism’, ‘Amino Acid Metabolism’ and
the ‘Endocrine System’ to characterize between genotype changes in
the exercise trained state. As visualized in Figure 9A, genes associated
with the ‘Immune System’ pathways were generally expressed at a
higher level with exercise training in skeletal muscle and iWAT and
decreased in liver heart and lung in the vehicle mice, a signature that
has been linked to increased immune cell recruitment [50]. In contrast,
this pattern is reversed in the iIMSBmal1KO tissues following training
with expression of these immune pathway genes lower in the muscle
and iWAT and much higher in liver, lungs and heart with training.
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These observations indicate that the altered tissue environment(s) and/
or altered immune cells in circulation results in recruitment or retention
of different amounts, or types of immune cell populations in these
tissue and organs with targeted loss of muscle BMAL1 and warrants
further investigation.

The endocrine system pathways were also differentially modified by
exercise training between genotypes. One recognized exercise feature
is the ‘PPAR signaling pathway’ which was signficiantly lower across
tissues in the vehicle mice but was higher across all 5 tissues in the
iMSBmal1KO exercise trained mice, Figure 9B. This likely reflects the
altered systemic energy homeostasis resulting from loss of skeletal
muscle BMAL1 promoting increases in fatty acid metabolism across
many organs [60—62]. As expected from our muscle transcriptome
and metabolomic data, we observed strong upregulation of pathways
associated with amino acid metabolism that are generally expressed at
a higher levels in all peripheral tissues in the iIMSBmal1KO exercise
trained mice, compared with their vehicle trained counterparts,
Figure 9C. In particular, we identify the lung as a tissue that potentially
gets brought into substrate metabolism in a much bigger way with
exercise in the iIMSBmal1KO mouse. This is a unique observation that
highlights the potential for lung metabolism to contribute to systemic
energy homeostasis with exercise training. Together, analysis of these
pathways emphasize that skeletal muscle BMAL1, and likely a func-
tional skeletal muscle clock, is essential for systemic tissue homeo-
stasis and peripheral tissue transcriptional remodeling in response to
exercise training, pertaining to metabolic and immune components
and these warrant further investigation.

4. DISCUSSION

In this investigation, we addressed the contribution of the core circa-
dian clock factor, BMAL1, in skeletal muscle to both acute transcrip-
tional responses to exercise and transcriptional remodeling in
response to exercise training. Additionally, we adopted a systems
biology approach to investigate how loss of skeletal muscle BMAL1
altered peripheral tissue homeostasis as well as exercise training
adaptations in iWAT, liver, heart, and lung of male mice.

Mice deficient in muscle BMAL1 failed to mount a ‘normal’ tran-
scriptional response to acute exercise despite performing the same
amount of treadmill work. iIMSBmal1KO mice demonstrated a blunted
transcriptional response to acute exercise and this was associated with
the lack of up-regulation of Ppargcia, Fos, and orphan nuclear re-
ceptors, Nr4ail and Nr4a3. This was concomitant with the lack of
activation of genes within well-known exercise responsive pathways,
e.g., PI3k-Akt, MAPK and PPAR. We also identified that signal trans-
duction associated genes were significantly altered at both the chro-
matin accessibility level and transcript level, consistent with reports in
liver [63], that BMAL1 plays an important role in epigenetic regulation
as well as transcriptional regulation. These findings point to the
contribution of muscle BMAL1, and potentially the core circadian clock
mechanism, as a transcriptional and epigenetic integrator of the
response to exercise as an environmental cue.

As with the acute response studies, we found that the iMSBmal1KO
mice were able to perform the same training paradigm and treadmill
work for vehicle mice over a 6-week period. Analysis of the steady
state transcriptome identified a novel BMAL1 -dependent program of
gene expression in skeletal muscle in response to chronic exercise
training. Despite the same exercise training volumes, the adaptation
of the transcriptome in skeletal muscle resulted in a quantitatively
larger reprogramming with very few genes in common (~ 3%),
representing very different enriched pathways and putative upstream
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Figure 9: Loss of skeletal muscle BMAL1 causes rewiring of inflammatory and metabolic pathways across multiple tissues after exercise training. Deseq2 normalized counts were
used to produce within tissue Z-scores for all expressed genes for all 4 experimental groups. Average Z-scores were then produced from all genes found within the given KEGG
pathway for vehicle exercise trained (gray bars) and iMSBmal1KO exercise trained mice (dark blue bars) for each tissue. Tissues are indicated by green bars (Gastrocnemius
Muscle), light blue bars (i\WAT), yellow bars (Liver), red bars (Heart) and purple bars (Lung). Data is presented for KEGG pathways related to (A) the Immune System, (B) Endocrine
System and (C) Amino Acid, Carbohydrate and Lipid Metabolism. Blue signifies relative upregulation of associated pathways and red signifies relative downregulation of the genes

within the associated pathways.

transcriptional networks. It is important to note that of the subset of
common exercise responsive genes between the two genotypes
(n = 63), only half of them change in the same direction. These
outcomes indicate that the well-defined molecular responses to a set
exercise training paradigm in skeletal muscle requires BMAL1 and/or
a functional circadian clock mechanism, but in its absence requires a
far larger network of genes to elicit adaptations. We also note that
although the transcriptome was largely divergent between geno-
types, classic phenotypic markers of muscle, such as fiber size and
fiber type, were not different indicating that these parameters of
muscle are not under BMAL1 control.

Our multi-omic analyses following exercise training identified that the
skeletal muscle without BMAL1 did adapt but the steady state re-
sponses within the transcriptome and metabolome were quantitatively

18

larger and importantly, fundamentally divergent. This included the
observation that exercise training is not sufficient to rescue the dys-
regulation of genes essential for glucose metabolism in the
iMSBmal1KO skeletal muscle. This means that exercise training is not
sufficient to restore metabolic flexibility in muscle deficient in BMAL1.
To support the increased energy demand of exercise training, the
iMSBmal1K0 muscle exhibited a uniform up-regulation of genes, likely
regulated by Esrra, to support the TCA cycle, beta oxidation and
electron transport complexes. The divergent transcriptomic changes in
the iIMSBmal1KO muscle were supported by the divergent metab-
olomic responses to training, with amino acids being an important
source for TCA substrates to support oxidative metabolism. These
studies uncover that in response to the increased energy demand with
exercise the iIMSBmal1KO muscle that adaptation can occur, but it
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does not resemble the expected molecular and metabolic adaptations
seen in the vehicle treated mice.

Our current approach only obtained snapshots of the molecular re-
sponses to acute exercise or exercise training at ZT13, start of the
active period. Future studies are needed to address potential time of
day differences in the exercise response +/— BMAL1. For example,
ZT13 is at the time of day when levels of Bmal7 mRNA are at a low
point. Thus, we may detect differences in exercise performance and
gene expression if we performed the exercise at ZT22 when BMAL1
levels are much higher in the vehicle treated mice. Additionally, studies
to define changes in metabolic flux in muscle and the other peripheral
tissues in the iMSBmallKO mouse model will provide important
mechanistic metabolic data. Previous research has also found that
there are large circadian sex-differences in the transcriptome/prote-
ome [64] and hormone driven changes in factors regulating glucose
homeostasis [65]. Therefore, our findings in male mice should not be
necessarily generalized to female mice and warrants further
investigation.

Our findings have similarities to recent work demonstrating the
contribution of muscle specific Ppargcia to the exercise training
response [41]. This is not surprising as it has been shown previously
that Ppargcia is a circadian clock output gene in skeletal muscle. In
support of this, our acute exercise studies extend this relationship as a
clock output gene and demonstrate that exercise induced up-regulation
of Ppargcia requires muscle BMAL1. This places muscle BMAL1, and
likely the core clock mechanism, as an upstream regulator of Ppargcia
expression in response to exercise. Recent work has demonstrated
similar relationships between the core clock and time-of-day exercise
activation of HIF1A/HIF1A target genes [17]. We suggest that this loss of
the exercise induced expression of Ppargcia, and the other acute ex-
ercise transcription factors are significant contributors to the divergent
exercise training transcriptome in the iMSBmal1KO mouse. We found
that only 3% of the exercise responsive differentially expressed genes
were shared between vehicle treated and iIMSBmaliKO muscle
following exercise training. This is a significant reduction compared to
the 32% shared differentially expressed genes defined following
training in the muscle specific Ppargcia KO mice. Thus, our findings
establish the importance of muscle BMAL1 as an upstream regulator of
Ppargc1a and other transcription factors, including Nir4a3. However, we
note that muscle specific Ppargcia mice do not increase exercise
performance, to similar levels as their wild-type controls, whereas
iMSBmal1KO mice do. While Ppargcia expression in skeletal muscle,
does not increase with exercise (acute and training) we suggest that the
low-level expression of Ppargcia in the iIMSBmal1KO muscle is suffi-
cient to support muscle and the increase exercise performance of these
mice and is perhaps compensated by elevated Esrra expression.
There is growing recognition that exercise is a lifestyle intervention that
contributes to systemic health with beneficial impacts on virtually all
organs studied to date. While this is commonly recognized, the mo-
lecular mechanisms for these broad adaptations are still poorly un-
derstood. A key finding from this work is that the peripheral tissue
transcriptional adaptations to a set intensity and volume of exercise
training are not defined by the exercise per se, but rather modulated by
the muscle response to exercise and subsequent tissue cross talk. We
were surprised to find that peripheral tissue transcriptional remodeling,
similarly, to skeletal muscle was greater in magnitude in every tissue
in the iIMSBmal1KO mouse. The changes in gene expression were
largely unique to each tissue with <4% overlap in the exercise training
responsive genes across iWAT, liver, heart, and lung between the
vehicle and iMSBmal1KO mice. Importantly, while exercise training is
known to be beneficial to the resilience of most tissues, the analysis of
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the functional groups of genes that change with training in the
iMSBmal1KO mice suggest several organs, including lungs, liver and
iWAT may be exhibiting a maladaptive response. Since the loss of
BMALT1 only occurred in skeletal muscle these outcomes highlight the
systemic tissue cross talk induced by skeletal muscle in response to
exercise training. We speculate that these systemic changes are a
result of two factors, or the combination of both. One factor is the
systemic metabolic changes which result from the metabolic inflexi-
bility of the BMAL1 deficient skeletal muscles exacerbated by the
energetic demands of exercise training. Changes in metabolite/sub-
strate availability/abundance may subsequently influence the tran-
scriptomic state of the cells within the peripheral tissues. Secondly, our
data indicate that loss of skeletal muscle BMAL1 changes the in-
flammatory transcriptome both within the muscle and as well as pe-
ripheral tissues, and this altered status may interfere with the adaptive
processes within these tissues. Our work adds further evidence to the
growing body of literature demonstrating the importance of BMAL1 in
maintaining muscle homeostasis and facilitating adaptive processes in
different and across organ systems [66—72].

In conclusion, our investigation has uncovered the critical role that
BMAL1 plays in skeletal muscle as a key regulator of the gene
expression programs for both acute exercise and training adaptations.
In addition, our work has uncovered the significant impact that altered
exercise response in muscle plays in the peripheral tissue adaptation
to exercise training. Specifically, we propose that muscle BMAL1 acts
upstream and is necessary for the well-defined acute exercise in-
duction of key transcription factors including Ppargcia. We also note
that the transcriptome adaptations to steady state training suggest that
without BMAL1 the muscle does not achieve the expected homeostatic
program. Lastly, we propose that the peripheral tissue adaptations to
exercise training are tightly coupled to the adaptations in skeletal
muscle. In fact, if the muscle adaptations diverge to a more mal-
adaptive state this is also linked to increased inflammation across
many tissues. Understanding the molecular targets and pathways
contributing to health vs. maladaptive exercise adaptations will be
critical for the next stage of therapeutic design for exercise mimetics.
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