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Abstract.
Background: Cathepsin B (CTSB) and brain derived neurotrophic factor (BDNF) are increased with aerobic exercise (AE)
and skeletal muscle has been identified as a potential source of secretion. However, the intensity of AE and the potential for
skeletal muscle contributions to circulating CTSB and BDNF have not been fully studied in humans.
Objective: Determine the effects of AE intensity on circulating and skeletal muscle CTSB and BDNF expression profiles.
Methods: Young healthy subjects (n = 16) completed treadmill-based AE consisting of VO2max and calorie-matched acute
AE sessions at 40%, 65% and 80% VO2max. Fasting serum was obtained before and 30-minutes after each bout of exercise.
Skeletal muscle biopsies (vastus lateralis) were taken before, 30-minutes and 3-hours after the 80% bout. Circulating CTSB
and BDNF were assayed in serum. CTSB protein, BDNF protein and mRNA expression were measured in skeletal muscle
tissue.
Results: Serum CTSB increased by 20 ± 7% (p = 0.02) and 30 ± 18% (p = 0.04) after 80% and VO2max AE bouts, respec-
tively. Serum BDNF showed a small non-significant increase (6 ± 3%; p = 0.09) after VO2max. In skeletal muscle tissue,
proCTSB increased 3 h-post AE (87 ± 26%; p < 0.01) with no change in CTSB gene expression. Mature BDNF protein
decreased (31 ± 35%; p = 0.03) while mRNA expression increased (131 ± 41%; p < 0.01) 3 h-post AE. Skeletal muscle fiber
typing revealed that type IIa and IIx fibers display greater BDNF expression compared to type I (p = 0.02 and p < 0.01,
respectively).
Conclusions: High intensity AE elicits greater increases in circulating CTSB compared with lower intensities. Skeletal muscle
protein and gene expression corroborate the potential role of skeletal muscle in generating and releasing neuroprotective
exerkines into the circulation.

NEW AND NOTEWORTHY: 1) CTSB is enriched in the circulation in an aerobic exercise intensity dependent manner. 2)
Skeletal muscle tissue expresses both message and protein of CTSB and BDNF. 3) BDNF is highly expressed in glycolytic
skeletal muscle fibers.
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INTRODUCTION

Neurodegenerative diseases such as Alzheimer’s
disease (AD) are the sixth leading cause of death in
the United States among adults aged 65 or older [1].
Currently, AD is associated with significant financial
burden, costing nearly $300 billion in 2020 within
the United States [2]. Key pathological hallmarks of
AD include increased amyloid beta plaque, neurofib-
rillary tangles, which lead to impairments in memory
function and decreased quality of life [3–6]. The
risk of developing AD drastically increases with age,
effecting nearly 35% of individuals above 85 years
of age [7, 8]. Furthermore, both the population and
proportion of adults above the age of 65 are projected
to increase from 50 million to 80 million by 2050 [9].
Therefore, developing strategies to prevent onset and
progression of cognitive impairments such as AD are
of the utmost importance.

Aerobic exercise (AE) has been shown to have
robust protective effects on cognitive function. Indi-
viduals who have been physically active throughout
the lifespan have nearly 40% lower risk of cogni-
tive decline compared to sedentary counterparts [10].
Cardiovascular fitness is associated with enhanced
cognitive performance, reduced brain atrophy, and
decreased risk of dementia [11–16]. Additionally,
prolonged AE training interventions have been shown
to increase hippocampal volume and functional con-
nectivity in cortical-hippocampal brain networks and
improve memory performance in individuals with
cognitive impairments [17–19]. Although AE is a
promising non-pharmaceutical modality to prevent
the onset of cognitive decline, the mechanisms by
which AE improves cognitive function remain to be
fully elucidated. One hypothesis by which AE medi-
ates cognitive benefits is via the release of bioactive
factors, or exerkines, into the circulation. Exerkines
are defined as metabolites, peptides or RNA released
from peripheral tissue into the circulation and exert
endocrine or paracrine effects on other cells, tissues,
or organs in response to AE [20–22]. Recently, skele-
tal muscle has drawn significant attention given its
prominent metabolic role during AE. Importantly,
a subset of exerkines derived from skeletal muscle
possess robust neuroprotective effects [20, 23].

Cathepsin B (CTSB) is a lysosomal cysteine
protease that has been shown to enhance mem-
ory function [24]. CTSB becomes enzymatically
active (mature CTSB) after the proteolytic process-
ing of its propeptide domain from its precursor form
(proCTSB) [25]. CTSB can cross the blood brain

barrier and increase expression of markers indica-
tive of neurogenesis in tissue culture models [24,
26], although the current literature is contradictory on
the precise biological functions of CTSB [27]. Some
studies identify CTSB to have anti-amyloidogenic
properties, while others show inhibition of CTSB
decreases amyloid load and improves memory func-
tion [28, 29]. Importantly, CTSB is released from
skeletal muscle cells in response to AMP kinase
agonist [26]. In fact, AE-trained CTSB knockout
mice failed to demonstrate the same beneficial cogni-
tive adaptations from AE as wild type controls [24].
Further, lifelong physically active individuals have
lower levels of circulating CTSB compared to seden-
tary counterparts [30]. Importantly, previous work
demonstrates the ability of AE training interventions
to increase circulating CTSB in humans [24, 31]. The
effects of acute AE on circulating CTSB, however,
remain inconclusive [32, 33]. Although CTSB plays a
controversial role across the healthspan, AE induced
CTSB release appears imperative in facilitating the
cognitive adaptations associated with AE.

Like CTSB, brain derived neurotrophic factor
(BDNF) is an exerkine and a critical mediator in neu-
ronal maturation, survival and capable of crossing the
blood brain barrier [34]. BDNF is derived from mul-
tiple tissues (i.e., platelets, neurons) and promotes
synaptic plasticity, neuronal maturation and is poten-
tially protective of hippocampal function [35–37].
BDNF exists mainly in two isoforms, pro and mature
BDNF, that elicit divergent signaling cascades [38].
BDNF is synthesized as ProBDNF, which ligates
p75 neurotophin receptor and promotes cell apopto-
sis [39–41]. ProBDNF is further processed to mature
BDNF, which activates tyrosine receptor kinase B and
induces hippocampal neurogenesis [42, 43]. Within
the skeletal muscle BDNF appears to play a rather
diverse role. Some reports suggest roles in regulat-
ing glycolytic fiber type identity [44, 45], fatty acid
oxidation [46], satellite cell differentiation [47] and
neuromuscular junction maintenance [48]. Regard-
ing AE, it has been well established that circulating
BDNF enrichment is intensity dependent [49–51].
The potential contribution of skeletal muscle to cir-
culating BDNF in response to AE remains to be
elucidated.

Despite the promising role of these exerkines in
facilitating cognitive benefits associated with AE,
few studies to date have comprehensively investi-
gated the effects of differential acute AE intensity on
circulating CTSB and BDNF profiles [49–51]. Addi-
tionally, the skeletal muscle regulation of BDNF and
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CTSB has not yet been fully investigated in humans.
Therefore, the purpose of the current study was to
determine the effects of AE intensity on circulating
and skeletal muscle CTSB and BDNF expression pro-
files. We hypothesized that higher intensity (80% of
VO2max and VO2max) acute AE would display the
greatest magnitude of increase in circulating CTSB
and BDNF profiles compared to lower intensity and
that the protein expression of these neuromodulating
exerkines within the skeletal muscle tissue would be
inversely related to circulating changes.

METHODS

Study design

The current investigation is a retrospective analy-
sis of a larger study that consisted of four visits [52].
All subjects were recruited from the greater Chicago
Metropolitan area. Baseline measure such as height,
weight, body composition via dual x-ray absorptiom-
etry and maximal aerobic capacity (VO2max) were
collected on visit 1. After visit 1, subjects completed
sequential calorie matched AE sessions at 40%, 65%
and 80% of their previously determined VO2max.
Each AE bout was separated by 5–7 days. Three days
before each visit, participants were asked to com-
plete diet and physical activity logs. Participants were
also asked to refrain from vigorous exercise and alco-
hol consumptions 48 h prior to each visit, as well as
caffeine consumption 24 h prior to each visit. All par-
ticipants provided written, informed consent before
participation. All procedures were approved by the
Institutional Review Board at the University of Illi-
nois, Chicago in accordance with the Declaration of
Helsinki (IRB Approval #: 2015-0127).

Participants

Sixteen lean (10 male, 6 female, BMI < 25 kg/m2),
healthy adults (age: 26 ± 1 years) volunteered to par-
ticipate in the study. Participants were excluded based
on the following criteria: (1) current or past smoker
within the last year or (2) the presence of cardio-
vascular, metabolic, or neurological disease. Fasting
plasma glucose was measured via glucose oxidase
reaction using an YSI STAT 2300 (YSI Life Sci-
ences, Yellow Springs, OH). Fasting plasma insulin
was determined via ELISA (9095, Crystal Chem, Elk
Grove Village, IL).

Acute AE sessions

For the first AE session, VO2max was deter-
mined using treadmill ramp protocol during which
the participants ran at a self-selected speed while
the treadmill speed increased 2% every 2 minutes
until maximum oxygen uptake was reached. All AE
visits occurred between 0700–0900 hours to control
for circadian alterations and lessen the participants’
burden of being fasted for the study. The order of
the visits are as follows: VO2max on visit 1, 40%
VO2max on visit 2, 65% VO2max on visit 3 and 80%
VO2max on visit 4. All participants were instructed
to maintain normal activities for the days between
AE sessions. VO2max was achieved in all partic-
ipants, which met 3 out of 4 following criteria: a
plateau in VO2 despite an increase in workload;
RPE > 17; RER > 1.1; HR > 85% of age-predicting
maximal heart rate or volitional fatigue was reached.
Expired air was collected and analyzed during the
duration of the test via the PARVO Medics metabolic
cart (Salt Lake City, UT). Heart rate was monitored
with Polar heart rate fitness monitors. For the subse-
quent three submaximal AE exercise sessions, ACSM
metabolic equations were used [53] to derive tread-
mill intensity for the calorie matched exercise bouts at
40%, 65% and 80% of VO2max. Participants’ expired
air was collected throughout submaximal acute exer-
cise sessions as described above. Adjustments to
speed and incline were made as necessary to achieve
desired VO2.

Blood sample collection

Participants were seated upright and rested quietly
for 30 minutes prior to all blood draws to account
for changes in postural-mediated changes in plasma
volume. Fasting blood samples were collected before
and 30-minutes after the completion of each AE bout.
Samples for serum analyses were collected into a
10 mL SST vacutainer, clotted for 30-minutes at room
temperature, then centrifuged at 3500 rpm for 10 min-
utes at 4◦C. Serum was aliquoted and stored at –80◦C
for future analyses.

Skeletal muscle biopsy

Skeletal muscle biopsies (∼200 mg) of the vastus
lateralis were obtained under local anesthesia (2%
lidocaine HCl) using a 5 mm Bergstrom needle with
suction [52, 54–56]. Biopsies were taken before, 30-
minutes post and 3-hours after the completion of AE
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at 80% VO2max, as previously described [52]. Mus-
cle tissue was cleared of all visible connective tissue
and fat, blotted with gauze to remove blood, and
immediately flash frozen in liquid nitrogen or pre-
served in RNA later and stored at –80◦C until future
analysis.

Tissue homogenization and protein concentration
determination

Skeletal muscle homogenization protocols were
followed as previously described [52, 55]. Briefly,
20–30 mg of muscle tissue was weighed and
homogenized in ceramic beads (Lysing Matrix D;
Fastprep®-24, Santa Ana, CA) in 1:20 ratio of
ice cold 1x Cell Lysis Buffer (#9803, Cell Signal-
ing Technology, Danvers, MA) supplemented with
1x Protease/Phosphatase inhibitor cocktail (#5872,
Cell Signaling Technology, Danvers, MA). Protein
concentration for each sample was determined by
bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL).

BDNF and CTSB Enzyme Linked Immunosorbent
Assay (ELISA)

BDNF and CTSB quantification were determined
from serum using mature BDNF ELISA (BEK-
2211, Biosensis, Australia) and total CTSB ELISA
(ab119584, Abcam, Cambridge, UK) following man-
ufacturer’s instructions. Frozen serum samples were
thawed on ice and samples were diluted in assay
buffer 1:20 and 1:200 for CTSB and BDNF ELISAs,
respectively. Individual participant serum samples
were loaded in duplicate for each timepoint and
incubated following manufacturers guidelines. Each
assay included recombinant protein as a positive
control. Plates were read using SpectraMax ID5
Microplate Reader (Molecular Devices, Sunnyvale,
CA). Average inter-assay variability was 13.4% and
3.2% for CTSB and BDNF, respectively.

Western blotting

Aliquots of muscle homogenates containing 15�g
of total protein diluted in equal volumes of 2x
Laemmli Buffer (#1610737, Bio-Rad, Hercules, CA)
with 5% �-mercaptoethanol (�ME) prior to heat-
ing at 90◦C for 10 minutes. Denatured samples
were brought to room temperature and loaded onto
a 10% or 4–20% polyacrylamide gel. After gel
run, samples were transferred onto nitrocellulose

membranes via Trans-blot Turbo transfer system
(Bio-Rad). Membranes were blocked with Odyssey
Blocking Buffer (OBB) (92750000, Li-Cor, Lin-
coln, NE) for 1 h at room temperature. Membranes
were then incubated with primary antibodies CTSB
(1:300, ab58802, Abcam, Cambridge, UK) or
BDNF (1:1000, ab108319, Abcam, Cambridge, UK)
overnight at 4◦C in OBB with 0.1% Tween-20.
BDNF and CTSB antibodies allowed for detec-
tion of both pro and mature isoforms. BDNF and
CTSB banding patterns were confirmed using human
recombinant CTSB (ab283434, Abcam, Cambridge,
UK) or BDNF (ab9794 Abcam, Cambridge, UK) pro-
tein as shown in Figs. 3A and 4A, respectively. For
CTSB, bands were identical with a more prominent
signal in recombinant proCTSB as this recombinant
protein contained proCTSB exclusively. In regard to
BDNF, a slight mobility shift was seen when com-
paring skeletal muscle with recombinant protein. A
band at the molecular weight observed in our skeletal
muscle samples is consistent with previously pub-
lished literature [45]. This observed mobility shift
may be a result of unique post-translational modifica-
tions to mature BDNF within skeletal muscle tissue.
Additionally, UniProt identifies 3 isoforms of human
proBDNF between 28.9 and 31.1 kDa, which we
quantified on our blots. Following primary antibody
incubation, membranes were washed with TBST and
incubated with anti-rabbit fluorophore-conjugated
secondary antibody (1:20,000, 926-32213, Li-Cor,
Lincoln, NE) in OBB with 0.1% Tween-20 for
1 h at room temperature. Membranes were then
washed with TBST followed by TBS, then scanned
on Odyssey CLx Imaging System (Li-Cor, Lin-
coln, NE) and quantified on Image Studio software
(V4.0.21, Li-Cor, Lincoln, NE). Mature, pro, total
and pro:mature forms of BDNF and CTSB were
quantified. Total CTSB and BDNF was calculated
by addition of pro and mature signal. The ratio of
pro to mature ratio of CTSB and BDNF is repre-
sented as pro:mature. All targets were normalized to
Revert Total Protein Stain (926-11016, Li-Cor, Lin-
coln, NE) and imaged via Odyssey Imaging System
and quantified with Image Studio Software.

RNA extraction and reverse transcription

At the time of collection, a portion of the mus-
cle biopsy sample (∼30 mg) was fixed in RNAlater
(AM7021, ThermoFisher, Waltham, MA), imme-
diately frozen in liquid nitrogen and stored at
–80◦C until RNA extraction. RNA extraction was
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performed using RNeasy isolation kit (Qaigen) as
per kit protocol with modifications. Briefly, RNAlater
fixed samples were homogenized in Qaizol via
bead homogenization as described above, added to
QiaShredder spin column (Qaigen), and centrifuged
at 8,000 × G for 1 minute. Samples were trans-
ferred to a new tube and 100 �L of gDNA eliminator
(Qaigen) was added. Samples were then vortexed and
180�L chloroform was added. The homogenate then
sat at room temperature for 3 minutes and centrifuged
at 12,000 × G for 15-minutes at 4◦C. Supernatants
were transferred to a sterile microcentrifuge tube and
450�L ethanol was then added to each sample which
then was transferred onto the RNeasy spin column.
Ethanol extracts were collected via centrifugation at
9,000 × G for 30 seconds at room temp, and the pro-
tocol provided by Qiagen were followed thereafter.
2�L of each extraction was analyzed for RNA con-
centration via Nanodrop (ThermoFisher). Average
RNA concentration was 128 ± 9.9 ng/�L. Reverse
transcription was performed with iScript Advanced
reverse transcriptase kit (Bio-Rad) via manufacturer
protocols to generate 150 ng of cDNA which was then
diluted to 1:4 with nuclease free water.

Droplet digital PCR (ddPCR)

ddPCR (Bio-Rad) was used to quantify transcripts
of CTSB and BDNF. Primers were designed for
each target using Roche’s universal probe library
(UPL) assay design center and SnapGene software.
ddPCR assays were performed by combining 2�l
cDNA with ddPCR mix for probes (Bio-Rad), along
with appropriate probes, primers and nuclease free
water resulting in a 20�l reaction. A duplicate of
no-template negative controls in which cDNA was
substituted with nuclease free water was performed
alongside each of the assays. The 20�l reaction was
combined with 70�l of droplet oil for probes (Bio-
Rad) and droplets were generated using a droplet
generator (Bio-Rad). The resultant droplet suspen-
sion (40�l) was then loaded onto a 96 well plate
which was then sealed and placed on a thermo-
cycler where 40 cycles of PCR were performed.
The droplets were analyzed by QX200 ddPCR sys-
tem (Bio-Rad) by counting droplets positive for
FAM fluorescent probes. All transcript data are pre-
sented as copy number per ng cDNA input. The
following primer and probe sequences were used:
BDNF forward: AAAAGGCATTGGAACTCCCA;
BDNF reverse: TGCTATCCATGGTAAGGGCC;
BDNF probe: 56-FAM-AACTACCCAGTCGTAC-

3 BHQ 1; CTSB forward: CTAGGATCCGGCTTC
CAAC; CTSB reverse: CGACAGGGGATGGAAA
GAG; CTSB probe: 56-FAM-CTGCTGCCTGCT
GGTGTTGG -3 BHQ 1.

Immunofluorescence

At the time of collection, ∼20 mg of each mus-
cle sample was embedded in OCT (Thermofisher)
media and frozen in liquid nitrogen cooled isopentane
(2-methyl butane) for histological analysis. Multi-
ple 6�m thick skeletal muscle sections were serially
generated for all samples. All sections were fixed
with 1:1 acetone/methanol for 10 minutes at room
temperature, washed with PBST and blocked for 1
hour with 5% donkey serum in PBS. Sections were
incubated with BDNF (1:200, Ab108319, Abcam,
Cambridge, UK) or CTSB (1:100, ab58802, Abcam,
Cambridge, UK; 1:100, 31718, Cell Signaling, Dan-
vers, MA and 1:100, A0967, Abclonal, Woburn, MA)
overnight at 4◦C. Following primary antibody incu-
bation, sections were washed and incubated with
secondary antibody (1:500, A21245, Thermofisher).
Sections were then washed and stained with DAPI
(1:1000, 62248, Thermofisher) for 3 minutes at
room temperature and washed. All sections were
mounted, and cover slipped with ProLong Antifade
(P36980, Thermofisher). For myosin heavy chain
fiber type analysis, separate serial sections were
fixed, blocked and incubated with myosin heavy
chain (MHC) IIa antibody (1:80, A4.74, Develop-
mental Studies Hybridoma Bank, Iowa City, IA)
for 30 minutes at 37◦C, washed, and incubated
with secondary antibody (1:500, Abcam, ab150106,
Cambridge, UK). Following MHC IIa antibody incu-
bation, sections were blocked with 5% donkey
serum in PBS and incubated with MHC I antibody
(1:100, BA-D5-s, Developmental Studies Hybridoma
Bank, Iowa City, IA) for 30 minutes at 37◦C.
Sections were then incubated with secondary anti-
body (1:500, ab150107, Abcam, Cambridge, UK),
washed and stained with DAPI (1:1000, 62248,
Thermofisher, Waltham, MA) washed again, then
imaged.

All slides were imaged using BZ-X710 micro-
scope (Keyence, Itasca, IL). Fluorescent signal
was recorded using Cy5 (Excitation: 620/60 nm,
Emission 700/75 mn) and Texas Red (Excitation:
560/40 nm, Emission: 630/75) filters for BDNF and
MHC I, and for MHC IIA, respectively. Skeletal
muscle cross section digital images were collected
at 20x magnification. Signal intensity for the CTSB
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and BDNF was quantified in all discernable muscle
fibers within the 20x field of view. An average of
43 ± 7 fibers were quantified for per sample. BDNF
and CTSB content within the skeletal muscle was
expressed as relative intensity (total fiber intensity
normalized to total fiber area).

Statistical analysis

Paired t-tests were used to examine differences in
circulating CTSB and BDNF at each exercise inten-
sity. Sex-specific differences in skeletal muscle fiber
type distribution and changes (�) circulating BDNF
and CTSB, were examined by independent samples
t-test. When appropriate, either one-way repeated
measures ANOVA or mixed effect model regression
analyses were performed (when data set was miss-
ing time points due to limited sample availability)
for skeletal muscle variables. Linear mixed-model
regressions were performed using mixed effect terms
for time and random effects terms controlling for par-
ticipant variability and sexual dimorphism. Mixed
effects model analyses were also performed on
sex-stratified skeletal muscle fiber type distribution.
Bonferroni correction was used for all post-hoc com-
parisons. Pearson’s correlation coefficient (r) was
used to explore relationships between variables. Sta-
tistical analyses were performed in either Prism 4.0
software (GraphPad Software, Inc., La Jolla, CA) or
RStudio package lme4 (Boston, MA) and effect sizes
were calculated via G∗Power 3.1 (Düsseldorf, Ger-
many) and RStudio. Threshold for significance was
set at p < 0.05 for all statistical tests. All data are pre-
sented as mean ± standard error of the mean (SEM).
T-test effect sizes are indicated by Cohen’s d, whereas
ANOVA effect sizes are indicated by Cohen’s f2, and
linear mixed effect model effect sizes are reported as
R2 of fixed factors.

RESULTS

Clinical characteristics

Subject demographic and clinical characteristics
are reported in Table 1. By design, all participants
were young (age < 30 years) and had a lean body
composition (BMI < 25 kg/m2) with normal insulin
sensitivity. Additionally, all subjects displayed mod-
erate levels of physical fitness and were characterized
as recreationally active.

Table 1
Subject Characteristics

Variable, Units n = 16

Age, years 26 ± 1
Sex, M/F 10/6
Weight, kg 63.3 ± 2.4
BMI, kg/m2 22.4 ± 0.7
Body Fat, % 23.1 ± 1.5
Glucose, mg/dL 91.5 ± 2.1
Insulin, mU/L 4.9 ± 0.5
HOMA-IR 1.1 ± 0.1
VO2MAX, mU/kg/min 47.7 ± 1.9

Data are represented as mean ± SEM. HOMA-IR = fasting glu-
cose(mg/dL) ∗fasting insulin (mU/L) / 405.

Fig. 1. Effects of Acute Aerobic Exercise Intensity on Circulating
CTSB. Circulating CTSB before and 30-minutes post AE A) 40%
of VO2max, B) 65% of VO2max, C) 80% of VO2max and D) at
VO2max. n = 15 (9M/6F) 80% VO2max, n = 16 (10M/6F) all other
timepoints. All data are represented as mean ± SEM. ∗p < 0.05 vs
PRE.

High intensity bouts of AE elicit increases in
circulating CTSB

No change in serum CTSB was observed in res-
ponse to low and moderate (40% and 65% of
VO2max; d = 0.02 and 0.30, respectively) inten-
sity AE (Fig. 1A and B). However, there was a
20 ± 7% (p = 0.02; d = 0.65) and 30 ± 18% (p = 0.04;
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Fig. 2. Effects of Acute Aerobic Exercise Intensity on Circulating
BDNF. Circulating BDNF before and 30-minutes post AE A) 40%
of VO2max, B) 65% of VO2max, C) 80% of VO2max and D) at
VO2max. n = 15 (9M/6F) 80% VO2max, n = 16 (10M/6F) all other
timepoints. All data are represented as mean ± SEM.

d = 0.55) increase in circulating CTSB in response
to 80% and VO2max AE, respectively (Fig. 1C and
D). There were no changes in circulating BDNF
observed after 40%, 65% or 80% (d = 0.01, 0.45,
0.22, respectively) VO2max AE bouts. A mod-
est non-significant 6 ± 3% increase in circulating
BDNF was seen after VO2max (p = 0.09; d = 0.45,
Fig. 2D).

Skeletal muscle CTSB response to acute AE

CTSB protein expression (Fig. 3A) was detected
in all skeletal muscle tissue samples. Mature
CTSB protein expression (Fig. 3B) was unchanged
(R2 = 0.09) but proCTSB expression increased by
87 ± 26% at 3 h after AE at 80% VO2max (p < 0.01;
R2 = 0.03, Fig. 3C) compared to baseline. Addi-
tional metrics of skeletal muscle CTSB protein
expression (total and pro:mature) were unchanged
(R2 = 0.06 and 0.20; Fig. 3D-E). CTSB mRNA
expression was unchanged (f = 0.28) after AE
(Fig. 3F).

Skeletal muscle BDNF response to acute AE

BDNF protein expression (Fig. 4A) was detected
in all skeletal muscle tissue samples and mature
BDNF was attenuated in the hours following AE
at 80% VO2max (main effect of time; p = 0.03;
R2 = 0.38, Fig. 4B). Additional metrics of skele-
tal muscle BDNF protein expression (pro, total
and pro:mature) were unchanged (R2 = 0.21, 027.
and 0.38; Fig. 3C-E). Conversely, BDNF mRNA
increased by 131 ± 41% at 3-hours after exercise
(p < 0.01; f 2 = 0.82, Fig. 4F).

Skeletal muscle fiber type profile of BDNF

Skeletal muscle fiber type characteristics are
reported in Table 2. A typical mixed fiber distribution
was found between MHC I and MHC IIa, reflective
of a young, healthy and recreationally active cohort.
BDNF protein localization was most prominent in
glycolytic, fast twitch MHC IIa (p = 0.02, R2 = 0.19)
and IIx fibers (p < 0.01, R2 = 0.18) when compared to
MHC I (Fig. 5A&B) at baseline. However, no change
in BDNF protein localization was observed in the
hours following AE (data not shown). CTSB was not
able to be detected in skeletal muscle cross sections
above background fluorescence (data not shown).

Analyses of sexual dimorphism

When data were stratified by sex, a dimorphic
response was identified in the � BDNF at 80%
VO2max where females displayed a –7 ± 5% reduc-
tion compared to a 12 ± 7% increase (p = 0.027,
d = 1.2) in males. This response was confirmed using
regression analyses when investigating the inter-
action of sex and time (p = 0.012). No additional
sex-specific differences were identified at the remain-
ing exercise intensities for CTSB or BDNF. Myosin
heavy chain isoforms were not found to be different
by sex. No changes were observed with fiber-type
specific BDNF expression when stratified by sex.

CTSB and BDNF correlational analysis

CTSB and BDNF profiles in circulation were
not found to be correlated with one another, or
with metabolic and anthropometric measures at any
exercise intensity. Table 3 displays the correlations
performed between circulating factors (Baseline and
� CTSB and BDNF) and skeletal muscle expression
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Fig. 3. CTSB Skeletal Muscle Protein and Transcript Response to 80% Acute Aerobic Exercise. A) Representative western blot probing for
CTSB before, 30-minutes post and 3-hours post 80% acute AE. All samples were normalized to total protein stain. Protein and transcript
content of B) Mature CTSB protein, C) ProCTSB protein, D) Total CTSB protein and E) Pro:Mature CTSB protein ratio and F) CTSB
transcript n = 15 (8M/7F). Mature CTSB is expected at 30 kD, ProCTSB is expected at 41 KD. All data are represented as mean ± SEM.
n = 13 PRE (7M/6F), n = 6 POST (5M/1F), and n = 6 3 h (4M/2F). ∗p < 0.05 vs PRE, ∗∗p < 0.01 vs PRE, #p < 0.05 main effect of time.

Fig. 4. BDNF Skeletal Muscle Protein and Transcript Response to 80% Acute Aerobic Exercise. A) Representative western blot probing for
BDNF before, 30-minutes post and 3-hours post 80% acute AE. All samples were normalized to total protein stain. Protein and transcript
content of B) Mature BDNF protein, C) ProBDNF protein, D) Total BDNF protein and E) Pro:Mature BDNF protein ratio and F) BDNF
transcript n = 15 (8M/7F). Mature BDNF is expected at 15 kD, Pro BDNF is expected at 30 kD. All data are represented as mean ± SEM.
n = 13 PRE (7M/6F), n = 8 POST (5M/3F), and n = 8 3 h (4M/4F). ∗p < 0.05 vs PRE, ∗∗p < 0.01 vs PRE, #p < 0.05 main effect of time.

metrics (mature, pro, pro:mature, total and transcript)
for each target (Baseline and � CTSB and BDNF).
No correlations were identified between CTSB and
BDNF expression metrics in tissue.

DISCUSSION

It is well known that AE facilitates positive cogni-
tive adaptations. Yet, the mechanisms by which these
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adaptations occur are not completely understood. The
current findings show that CTSB is enriched in the
circulation in an AE intensity dependent manner. Fur-
ther, the data indicates that skeletal muscle tissue
expresses both message and protein of CTSB and
BDNF, and BDNF is highly expressed in glycolytic
skeletal muscle fibers.

The current findings are one of the first to report
the effect of high intensity (80% VO2max and
VO2max) acute AE on circulating CTSB. Compar-
atively, individuals undergoing acute high intensity
circuit training demonstrated increases in circulat-
ing CTSB immediately post exercise [57]. However,

Table 2
Skeletal muscle distribution PRE acute exercise

Fiber Number of Percent Fiber Total
Isoform Fibers (%) Area Area

per Section (�m2) (�m2)

MHC I 18 ± 4 41 ± 4 4890 ± 348 97923 ± 18934
MHC lIa 19 ± 3 46 ± 4 6317 ± 736 105966 ± 14680
MHC lIx 6 ± 2 13 ± 4 1110 ± 266 19442 ± 5691

Data are represented as mean ± SEM.

authors employed both aerobic and resistance exer-
cise performed during the same training session,
which has differential effects on skeletal muscle sig-
naling, and potentially, CTSB release [58, 59]. To the
contrary, several additional reports did not observe
changes in circulating CTSB sampled from a seden-
tary population undergoing both acute and chronic
high intensity interval exercise modalities [32, 33].
Importantly, AE training programs of moderate-to-
vigorous intensities for at least 16-weeks demonstrate
increases in circulating CTSB in both healthy and
cognitively impaired populations [24, 31]. A unique
study by Gökçe et al. [60] examined CTSB responses
in a mixed sport, highly trained endurance athlete
cohort (average VO2max of ∼55 ml/kg/min), and a
control cohort (average VO2max of ∼45 ml/kg/min)
where circulating CTSB was increased in response
to moderate intensity exercise by 27–55% in the ath-
lete groups but only 17% in the control cohort. In
parallel to the data presented herein, the non-athlete,
recreationally active cohort did not achieve an ele-
vated CTSB response to moderate intensity aerobic
exercise. Given the chronic aerobic trained state of

Fig. 5. Skeletal Muscle Fiber Type Analysis of BDNF. A) Representative image of skeletal muscle fiber type and B) BDNF. C) BDNF relative
intensity per fiber type. Red fibers = MHC I, white fibers = MHC IIa and black fibers = MHC IIx All data are represented as mean ± SEM.
n = 11 (7M/4F) for MHC I and IIa, n = 10 (6M/4F) for MHC IIx. ∗p < 0.05, ∗∗p < 0.01.
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Table 3
Correlation analyses

Baseline Serum Baseline Serum
CTSB BDNF

Baseline CTSB Muscle r p-value n Baseline BDNF
Muscle Expression

r p-value n

Mature 0.253 0.427 12 mature –0.19 0.545 12
pro 0.015 0.963 12 pro 0.255 0.424 12
pro:mature –0.56 0.058 12 pro:mature 0.425 0.168 12
total 0.199 0.536 12 total 0.241 0.451 12
transcript 0.495 0.072 14 transcript 0.203 0.487 14

� Serum CTSB � Serum BDNF

� CTSB Muscle r p-value n � BDNF Muscle r p-value n

mature –0.28 0.596 6 mature –0.46 0.301 7
pro –0.25 0.630 6 pro 0.452 0.309 7
pro:mature –0.03 0.951 6 pro:mature 0.08 0.864 7
Total –0.33 0.530 6 Total 0.437 0.327 7
transcript 0.168 0.567 14 transcript 0.34 0.234 14

r = Pearson’s correlation coefficient, n = sample size.

the mixed sport athlete group, an extended training
timeline or higher cardiorespiratory fitness may be
necessary to achieve increases in circulating CTSB at
lower exercise intensities. However, lifelong exercis-
ers have lower levels of circulating CTSB compared
to their sedentary, age-matched peers [30], bringing
into question the precise role of CTSB throughout the
lifespan.

We next sought to determine the effects of an
acute, high-intensity AE stimulus on skeletal mus-
cle CTSB expression profiles. Although we found
no changes in mature CTSB protein, we did find
an increase in proCTSB protein 3-hours following
AE at 80% VO2max. As cleavage of CTSB propep-
tide is necessary for enzymatic activation of CTSB
[25], increases in mature CTSB protein may happen
> 3-hours after AE. Despite the increase in proCTSB
post-AE, transcript levels were unchanged. The lack
of change in CTSB transcript may be explained by
transcription factors that regulate CTSB gene expres-
sion. Activation of both AMPK and peroxisome
proliferator-activated receptor gamma coactivator 1-
alpha (PGC1�) led to significant increases in CTSB
transcript in skeletal muscle cells [24, 61]. There-
fore, acute AE may facilitate skeletal muscle CTSB
expression via AMPK-PGC1� signaling. However,
in a previous report we failed to find changes in
AMPK activation in our cohort, thus potentially
explaining the lack of increased CTSB transcript in
the current study. Alternatively, PGC1� convergence
with transcription factors that influence lysosomal
gene expression, such as transcription factor EB
[62], may regulate CTSB transcript in response to
AE. Together, these findings suggest that high acute

AE promotes CTSB production within the skeletal
muscle.

In addition to CTSB, we also investigated the
effects of acute AE on circulating BDNF. Previous
research has highlighted BDNF to be released in
an AE intensity dependent manner [49–51], criti-
cal for mediating neuronal maturation and improving
cognitive function [35–37]. In contrast, we found
no significant increases in circulating BDNF after
acute AE at any intensity. Although the current study
did not observe a significant increase in circulating
BDNF, our findings align with previous work sug-
gesting circulating BDNF returns to basal levels 30
minutes post AE [63]. It is important to note that
transient increases in circulating BDNF after acute
AE were not detected in older trained populations
[45]. Albeit other reports detect acute AE mediated
increases in circulating BDNF in older, cognitively
impaired persons [64, 65]. Given the young healthy
cohort in the current study, future studies are war-
ranted to determine the effect of biological age on
acute AE mediated increases in circulating BDNF.

Although a significant amount of BDNF is stored
and released from multiple tissues [66–68], the ability
of skeletal muscle to release BDNF into the cir-
culation in response to AE remains controversial.
We observed a decrease in skeletal muscle mature
BDNF in the hours following exercise. Mature BDNF
contributes to a relatively small amount of the total
skeletal muscle BDNF pool, possibly explaining why
no changes in total BDNF were observed in the cur-
rent study. However, previous results have shown
increases in total BDNF protein occur around 24
hours following acute AE [46]. This is consistent with
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increases in BDNF transcript in response to AE found
in our study and could be explained by a possible
repletion of an intracellular mature BDNF protein.

Further to the BDNF regulation in skeletal mus-
cle, we found fast-twitch glycolytic fibers (MHC
IIa and IIx) expressed higher levels of BDNF when
compared to oxidative fibers (MHC I). Although
we did not find significant changes in circulating
BDNF after AE, glycolytic fibers rather than oxida-
tive may be partially responsible for contributing to
the AE-induced circulating BDNF pool immediately
after AE. This is further supported by high inten-
sity acute AE inducing larger increases in circulating
BDNF when compared to low intensity [49–51]. It
is important to note that previous studies employing
anaerobic exercise (Wingate test) found conflicting
results pertaining to circulating BDNF post anaerobic
exercise [69, 70]. During high intensity aerobic exer-
cise however, a larger proportion of glycolytic fibers
are recruited according to Henneman’s size principle
[71, 72]. Based upon this principle, aerobic exercise
at a higher intensity would elicit contraction from
a higher proportion of glycolytic fibers when com-
pared to low intensity. As a result, this may be why
previous investigations found more robust increases
in circulating BDNF after high intensity aerobic exer-
cise. Alternatively, previous work indicates skeletal
muscle BDNF in knockout mice exhibited delayed
differentiation and regeneration in response to injury
[73]. One interpretation for this phenotype could be
the ability of skeletal muscle to regenerate and prolif-
erate after muscular injury such as intense exercise in
our young healthy cohort. However, we did not find
changes in BDNF protein after AE.

No correlations were found between circulating or
skeletal muscle CTSB or BDNF and clinical, anthro-
pometric, or metabolic measures. One explanation
for this could be our study population. By design
we recruited young, recreationally active healthy
individuals, which is concomitant with optimal cog-
nitive health. However, cross sectional studies and
studies of individuals with cognitive impairments
undergoing AE training interventions report positive
correlations between hippocampal volume, aerobic
fitness and BDNF, as well as aerobic fitness and
CTSB [18, 31, 74]. These correlations may be not
significant in healthy individuals or take extended
periods of AE training to develop.

Our study was not without limitations and our
data should be interpreted with caution. Certainly,
our small sample size may have prevented us from
realizing statistical differences being a-priori power

analyses were not performed in this retrospective
analysis of previously collected human samples.
However, we have reported effect sizes for all anal-
yses and future adequately powered prospective
studies can be informed from our work. Unfortu-
nately, due to depleted skeletal muscle tissue, we
reported a reduced number of subjects, with some
subjects being unmatched across all time points.
The tissue yields of human skeletal muscle biopsies
are often a limitation for comprehensive molecular
studies; notwithstanding the subject burden of these
invasive tests. Future, prospective studies of human
skeletal muscle or animal studies will illuminate the
precise molecular underpinnings of CTSB and BDNF
regulation.

Our study population included healthy, active,
young individuals representing optimal health.
Unfortunately, sex distribution was not matched, nor
were sexually dimorphic changes part of our original
study design and menstrual cycle was not controlled
for in female participants. Future studies are war-
ranted to determine if sexual dimorphic changes
exist and the potential influence of reproductive hor-
mones on CTSB and BDNF responses to exercise.
Future studies should also interrogate responses in
sedentary, older, and cognitively impaired cohorts. It
should be noted that acute AE sessions were sep-
arated by 5–7 days. This time frame was chosen
to washout any lasting effects from the previous
exercise bout. However, the fluctuations in washout
period may have effects on peripheral CTSB and
BDNF levels. Pertaining to fiber type-specific protein
expression, we were not able to detectable CTSB in
skeletal muscle cross sections. CTSB is a cysteine
protease, primarily localized to lysosomal compart-
ments, where it is involved in turnover of intracellular
and extracellular proteins [25]. Therefore, because
CTSB is encapsulated within the lysosome, it may
have been masked from epitope recognition via our
histological methodology. However, our CTSB skele-
tal muscle homogenate detection is supported by
previous reports that were able to detect intracel-
lular and secreted CTSB in murine skeletal muscle
culture models [24]. This was further confirmed
in our laboratory, as we were able to detect intra-
cellular CTSB via immunoblot and CTSB within
media of fully differentiated human skeletal muscle
myotubes (data not shown). Although we utilized
multiple antibodies compatible with immunofluo-
rescence without success, we did not perform an
exhaustive approach. Therefore, more work is needed
to determine the skeletal muscle fiber specific profile
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of CTSB. Finally, many other exerkines may facili-
tate cognitive benefits associated with exercise aside
from CTSB and BDNF (i.e., GPLD1, IL-6, Klotho).
While these additional exerkines may also be regu-
lated in an exercise intensity-specific manner, these
targets were outside the scope of our current work and
we refer the readers to more comprehensive reviews
on this subject [20, 22, 23, 75, 76].

CONCLUSIONS

This is the first study to identify the effects of
differential AE intensity on circulating CTSB and
BDNF as well as and skeletal muscle protein and
gene expression patterns of CTSB and BDNF at rest
and following moderate-vigorous aerobic exercise.
Importantly the findings from our current study will
allow for a better understanding of the molecular
underpinnings regulating CTSB and BDNF by estab-
lishing the profiles of a healthy young adult. Our
findings suggest that high intensity AE enriches cir-
culating CTSB more so than low intensity. CTSB
and BDNF are promising therapeutic targets to delay
the onset and progression of cognitive impairments
and future studies are needed to elucidate the mech-
anisms regulating the release, processing, and fiber
type specific role of CTSB and BDNF.
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[65] Nilsson J, Ekblom Ö, Ekblom M, Lebedev A, Tarassova
O, Moberg M, et al. Acute increases in brain-derived
neurotrophic factor in plasma following physical exercise
relates to subsequent learning in older adults. Sci Rep. 2020;
10(1):4395.

[66] Fujimura H, Altar CA, Chen R, Nakamura T, Nakahashi T,
Kambayashi J, et al. Brain-derived neurotrophic factor is
stored in human platelets and released by agonist stimula-
tion. Thromb Haemost. 2002;87(4):728-34.

[67] Rasmussen P, Brassard P, Adser H, Pedersen MV, Leick L,
Hart E, et al. Evidence for a release of brain-derived neu-
rotrophic factor from the brain during exercise. Exp Physiol.
2009;94(10):1062-9.

[68] Antony R, Li Y. BDNF secretion from C2C12 cells is
enhanced by methionine restriction. Biochem Biophys Res
Commun. 2020;533(4):1347-51.

[69] Murawska-Cialowicz E, Wojna J, Zuwala-Jagiello J. Cross-
fit training changes brain-derived neurotrophic factor and
irisin levels at rest, after wingate and progressive tests, and
improves aerobic capacity and body composition of young
physically active men and women. J Physiol Pharmacol.
2015;66(6):811-21.

[70] Murawska-Ciałowicz E, de Assis GG, Clemente FM, Feito
Y, Stastny P, Zuwała-Jagiełło J, et al. Effect of four differ-
ent forms of high intensity training on BDNF response to
Wingate and Graded Exercise Test. Sci Rep. 2021;11(1):
8599.

[71] Henneman E. Relation between size of neurons and
their susceptibility to discharge. Science. 1957;126(3287):
1345-7.

[72] Mcphedran AM, Wuerker RB, Henneman E. PRoperties of
motor units in a homogeneous red muscle (soleus) of the
cat. J Neurophysiol. 1965;28:71-84.

[73] Clow C, Jasmin BJ. Brain-derived neurotrophic factor
regulates satellite cell differentiation and skeltal muscle
regeneration. Mol Biol Cell. 2010;21(13):2182-90.

[74] Erickson KI, Prakash RS, Voss MW, Chaddock L, Hu L,
Morris KS, et al. Aerobic fitness is associated with hip-
pocampal volume in elderly humans. Hippocampus. 2009;
19(10):1030-9.

[75] Pedersen BK. Physical activity and muscle-brain crosstalk.
Nat Rev Endocrinol. 2019;15(7):383-92.

[76] Isaac AR, Lima-Filho RAS, Lourenco MV. How does the
skeletal muscle communicate with the brain in health and
disease? Neuropharmacology. 2021;197:108744.


