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1 | INTRODUCTION

Obesity is associated with chronic inflammation (Pedersen & Febbraio,
2012), which is characterized by increased levels of several pro-

inflammatory cytokines, including interleukin 6 (IL-6), tumor necrosis
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Abstract

Obesity is associated with chronic inflammation characterized by increased levels
of inflammatory cytokines, whereas exercise training reduces inflammation. Small
extracellular vesicles (EVs; 30-150 nm) participate in cell-to-cell communication
in part through microRNA (miRNA) post-transcriptional regulation of mRNA. We
examined whether obesity and concurrent aerobic and resistance exercise training
alter skeletal muscle EV miRNA content and inflammatory signalling. Vastus lateralis
biopsies were obtained from sedentary individuals with (OB) and without obesity
(LN). Before and after 7 days of concurrent aerobic and resistance training, muscle-
derived small EV miRNAs and whole-muscle mRNAs were measured. Pathway analysis
revealed that obesity alters small EV miRNAs that target inflammatory (SERPINF1,
death receptor and Ge;) and growth pathways (Wnt/g-catenin, PTEN, PI3K/AKT and
IGF-1). In addition, exercise training alters small EV miRNAs in an anti-inflammatory
manner, targeting the IL-10, IL-8, Toll-like receptor and nuclear factor-xB signalling
pathways. In whole muscle, IL-8 mRNA was reduced by 50% and Jun mRNA by 25%
after exercise training, consistent with the anti-inflammatory effects of exercise on
skeletal muscle. Obesity and 7 days of concurrent exercise training differentially alter
skeletal muscle-derived small EV miRNA contents targeting inflammatory and anabolic

pathways.
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factor-a (TNF-a) and C-reactive protein (CRP). Chronic inflammation
contributes to the development of skeletal muscle insulin resistance,
type 2 diabetes mellitus (T2D), cardiovascular disease (CVD) and
numerous cancers (Haddad et al., 2005; Lackey & Olefsky, 2016;
Pedersen & Febbraio, 2012; Thiebaud et al., 1982). Skeletal muscle
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is the largest secretory organ in lean humans (Pedersen & Febbraio,
2012) and is responsible for <80% of insulin-stimulated glucose
disposal (Thiebaud et al., 1982). Obesity causes biochemical and
morphological alterations within skeletal muscle, including insulin
resistance (Lackey & Olefsky, 2016; Nicholson et al., 2019), immune
cell infiltration (Patsouris et al., 2014) and ectopic fat accumulation
(Shulman, 2014), resulting in reduced muscle quality and an increased
inflammatory secretome (Collins et al., 2016; Pedersen & Febbraio,
2012).

Myokines are proteins released from skeletal muscle (Febbraio
& Pedersen, 2005). Myokines can be regulated by skeletal muscle
contraction, act to reduce inflammation and have positive effects on
glucose and lipid metabolism (Eckardt et al., 2014; O’Leary et al.,
2017). Obesity alters the expression of myokines at rest and after
exercise, consistent with increased inflammation and impaired sub-
strate metabolism (Wu & Ballantyne, 2017).

Exercise is a highly effective method for reducing local and systemic
inflammation in patients with obesity and T2D, with the greatest
reductions coming from concurrent aerobic and resistance exercise
training (Balducci et al., 2010; Petersen & Pedersen, 2005; You et al.,
2013). Exercise training improves myokine expression in individuals
with obesity, resulting in expression more resembling lean control
subjects (Shin et al., 2015). Although myokines play a key role in
the benefits of exercise training, other factors secreted from skeletal
muscle are also important.

Small (30-150 nm) extracellular vesicles (EVs) are secreted by
all cells and contain functional mRNAs, microRNAs (miRNAs), lipids
and proteins (Thery et al., 2002). miRNAs alter gene expression by
binding to target mRNA and act through the RNA silencing complex
to reduce target mRNA translation via translational repression or
degradation of the target mRNA (Rottiers & Naar, 2012). The impact
of small EV miRNAs on cell-to-cell signalling is of increasing inter-
est. Adipose tissue-derived small EVs are a possible regulator of
obesity-associated dysfunction, and small EV signalling might act
as an important link between obesity and peripheral tissue insulin
sensitivity (Hubal et al., 2017). The miRNA content of small EVs derived
from human adipocytes is altered in obese individuals, consistent
with observed impairments in peripheral tissue insulin sensitivity
(Forterre et al., 2014). In contrast, weight loss alters adipocyte-
derived small EV miRNA, consistent with reduced insulin resistance
(Hubal et al., 2017). Small EVs released from lipid-induced insulin-
resistant muscles modulate gene expression and proliferation of
B recipient cells (Jalabert et al., 2016). Small EVs from skeletal
muscle improve endothelial cell proliferation, migration and tube
formation (Nie et al, 2019). Together, these studies indicate the
potential of small EVs to participate in both paracrine and endocrine
regulation.

Muscle contraction increases the appearance of small EVs in the
systemic venous circulation and the venous circulation draining from
muscle (Fruhbeis et al., 2015; Whitham et al., 2018). However, the
impact of obesity or exercise training on the miRNA content of
human skeletal muscle-derived small EVs is unknown. We hypo-

thesized that skeletal muscle-derived small EV miRNA content is

New Findings

* What is the central question of this study?

Is 1 week of exercise training sufficient to reduce
local and systemic inflammation?

Do obesity and short-term concurrent aerobic and
resistance exercise training alter skeletal muscle
extracellular vesicle (EV) contents?

* What is the main finding and its importance?
Obesity alters skeletal muscle small EV microRNAs
targeting inflammatory and growth pathways.
Exercise training alters skeletal muscle small EV
microRNAs targeting inflammatory pathways,

indicative of reduced inflammation. Our findings

provide support for the hypotheses that EVs play

a vital role in intercellular communication during

health and disease and that EVs mediate many of

the beneficial effects of exercise.

altered by: (1) obesity, consistent with greater inflammatory signalling;
and (2) 1 week of concurrent exercise training, consistent with reduced
inflammation.

2 | METHODS

2.1 | Ethical approval

This study conforms to the standards set out by the latest revision of
the Declaration of Helsinki, except for registration in a database, and
was approved by the Purdue University Institutional Review Board
(IRB# 1406014975). Eight healthy, sedentary, lean (LN) individuals
[three women and five men; body mass index (BMI) < 25 kg/m?2] and
eight healthy, sedentary individuals with obesity (OB; three women
and five men; BMI > 30 kg/m2) between the ages of 18 and 35 years
were recruited to participate in the study. Subjects were non-smokers
with no known chronic disease. Sedentary participants were defined
as participating in <1 h of strenuous physical activity per week, and
no subject reported any form of regular physical activity. Qualified
individuals were administered both verbal and written descriptions
of the study. Subjects provided voluntary written consent before the
beginning of the study.

22 | Day1
Subjects reported to the Max E. Wastl Human Performance
Laboratory, where height and weight were recorded. Fasting blood

was sampled from a cannula inserted into an antecubital vein, for the
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measurement of insulin, glucose, total cholesterol (TC), high-density
lipoprotein (HDL), low-density lipoprotein (LDL) and triglycerides
(TGs). Additional blood was taken for the measurement of plasma
IL-6, CRP and TNF-a. The homeostasis model assessment for insulin
resistance (HOMA-IR) and -cell function (HOMA-B) was subsequently
calculated (Matthews et al., 1985). After the blood sampling, subjects
underwent a vastus lateralis biopsy from a predetermined, randomized
leg. Biopsy samples were stored at —80°C until analysis. A section of
the biopsy sample (~100 mg) was placed on ice in EV-free/serum-free
Dulbecco’s modified Eagle’s medium for the isolation of skeletal
muscle small EVs. Excess muscle was flash frozen and stored at —80°C

for further analysis.

23 | Day2

Subjects reported to the A. H. Ismail Center for Health, Exercise and
Nutrition for the determination of maximal oxygen consumption
(VO2max) and one-repetition maximum (1RM). The vozmax was
measured on an electronically braked cycle ergometer (Excaliber
Sport; Lode, Groningen, The Netherlands) as previously described
(Gavin et al., 2005). A 5 min warm-up was performed at 50 W,
immediately followed by a 25 W increase every 2 min until volitional
fatigue. Minute ventilation (Vg), oxygen uptake (Vo,) and carbon
dioxide production (VCOz) were monitored continuously via open-
circuit spirometry (True Max 2400; Parvo Medics, Salt Lake City, UT,
USA). Heart rate (model T31; Polar Electro, Woodbury, NY, USA)
and rating of perceived exertion were measured at each workload.
Subjects were verbally encouraged to continue for as long as possible.
The criteria used to assess VOZmax included: (1) a heart rate >90% of
age-predicted maximum (220 minus age); (2) a respiratory exchange
ratio > 1.10; and (3) identification of a plateau (<150 ml increase) in
\'/o2 despite a further increase in workload. In all tests, at least two of
three criteria were met.

After a 15 min rest period following the VOZmax test, the leg press
(Technogym-Element, Fairfield, NJ, USA) 1RM was determined. Sub-
jects performed the leg press with their feet shoulder width apart on
the platform and with their knees bent at 90° at ~80% of the subject’s
body weight. Subjects were given a 30 s to 1 min rest period before
attempting the subsequent weight. The weight was increased by 9.1 kg
for each consecutive attempt until the subject was unable to extend
the knees fully. The highest successfully lifted weight was designated
as the 1RM. The 1RM of two lean and six obese subjects exceeded the
maximum weight of the equipment (136.4 kg). In these cases, 1RM was
estimated based on the maximal number of repetitions the subject was
able to complete at 136.4 kg (Brzycki, 1993).

2.4 | Exercise training protocol

At least 2 days after the initial visit, subjects began a consecutive 7-
day, concurrent exercise training protocol. On each day (days 1-7) sub-
jects performed 45 min of cycle ergometer exercise at 70% v02m3x~ In
addition on days 2, 4 and 6, subjects performed a bout of resistance

exercise consisting of three sets of 8-12 repetitions on the leg press
at 80% of 1RM, with 2 min rest between sets.

2.5 | Final visit

Subjects reported to the Max E. Wastl Human Performance Laboratory
12-14 h after the completion of the exercise training protocol. At
this visit, subjects repeated the blood sampling and muscle biopsy

procedures.

2.6 | Blood analysis

Plasma IL-6, CRP and TNF-a were measured by Quantikine enzyme-
linked immunosorbent assay (Théry et al., 2018) according to the
manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA; IL-
6, HS600B; CRP, DCRPOO; TNF-a, HSTAOOE). Before analysis, samples
were placed on ice and allowed to thaw. All samples were analysed in

duplicate, with the average of both values being reported.

2.7 | Quantitative real-time PCR

Total muscle RNA was extracted using a TRIzol reagent (Thermo Fisher
Scientific) as previously described (Nie et al., 2019). For mRNA reverse
transcription, first strand complementary DNA was generated by
random hexamer primers with MMLV Reverse Transcriptase (Thermo
Fisher Scientific). Real-time PCR detection was performed using SYBR
green-based chemistry on a CFX Connect (Bio-Rad, Hercules, CA,
USA). Primers for mRNA are listed in the Supporting Information
(Table S1). Gene expression was determined with the 2-2ACt relative
quantification method and normalized to 18S. Housekeeping genes
were validated to ensure that their expression was not influenced by

the experimental procedure.

2.8 | Small extracellular vesicle isolation

After the vastus lateralis biopsies, ~100 mg of muscle was washed with
PBS and gently minced in a 5 cm cell culture dish. Minced muscle was
incubated in EV-free Dulbecco’s modified Eagle’s medium in standard
culture conditions (37°C, air supplemented with 5% CO,) for 24 h
to facilitate EV secretion. The EV-containing medium was collected,
and small EVs were isolated via differential ultracentrifugation as pre-
viously described (Nie et al., 2019). Briefly, medium was centrifuged
at 2,000g for 10 min, and pelleted cells/debris were discarded. The
medium was then centrifuged at 10,0003 for 30 min at 4°C, followed
by filtration through a 0.22 um syringe filter. Filtered medium was
ultracentrifuged at 100,000g for 70 min at 4°C. Pelleted EVs were
washed with PBS and ultracentrifuged at 100,000g for 70 min at 4°C.
Small EVs were resuspended in PBS for electron microscopy or in
TRIzol reagent (Thermo Fisher Scientific) for the isolation of total EV
RNA, as previously described (Nie et al., 2019).
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FIGURE 1 Characterization of skeletal
muscle-derived extracellular vesicles (EVs). (a)
Representative transmission electron
microscopy image of EVs isolated from whole
human skeletal muscle by ultracentrifugation.
Scale bar: 100 nm. (b) Representative
immunoblot images confirming the presence of
the EV markers CD63 and Alix in EVs isolated
from whole human muscle

2.9 | Transmission electron microscopy

After isolation, the characterization of EVs was performed on a Tecnai
T20 transmission electron microscope (FEI, 200 kV) as previously
described (Keerthikumar et al., 2015). A representative image of
skeletal muscle small EVs is shown in Figure 1. Briefly, small EVs in PBS
were pipetted onto carbon-coated copper electron microscopy grids
and incubated for ~2 min. Excess liquid was blotted away, and grids
were washed with water to remove salts. Excess liquid was blotted
away, and grids were negatively stained with 2% phosphotungstic acid

for 1 min.

2.10 | Western blot

Western blotting analysis was performed using standard SDS-PAGE
procedures. Briefly, protein was isolated from tissue lysates in RIPA
buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.1% SDS,
0.1% Triton X-100 and 0.5% sodium deoxycholate) with phosphatase
inhibitors (0.2 mM NA3VO4 and 50 mM NaF) and a protease inhibitor
cocktail (P8340; Sigma-Aldrich, St Louis, MO, USA). Next, 20 ug of total
protein from small EVs was fractionated on SDS-polyacrylamide gels,
transferred to a PVDF membrane and incubated with CDé63 (Santa
Cruz Biotechnology) and Alix (Cell Signaling Technologies, Danvers,
MA, USA) primary antibodies. The membrane was incubated with
horseradish peroxide-conjugated secondary antibodies (Cell Signaling
Technology), and images were obtained by chemiluminescence using
a ChemiDoc Touch Imaging System and densitometric analysis
performed by ImageLab software (Bio-Rad).

2.11 | MicroRNA sequencing
Small EV RNA was isolated from a subset of samples (four per group
per time point) and analysed by the Purdue University Genomics Core.

Raw miRNA sequence reads were analysed by the Purdue University

Bioinformatics Core. Adapter trimming followed by clipping of four

bases from either end of the reads and quality trimming was performed
using Cutadapt software (The Bioo Scientific kit ‘NEXTflex lllumina Small
RNA Sequencing Kit v3'; version 1.13) (Martin, 2011). After adaptor
trimming, reads were trimmed based on quality such that bases above
Phred score 30 and reads with a minimum length of five were retained.

Adaptor- and quality-trimmed reads were used by DeconSeq
tool (v.0.4.3) (Schmieder & Edwards, 2011) to detect bacterial
contamination. DeconSeq tool generates clean and contaminated
reads for each sample. Clean reads were extracted using in-house
scripts for downstream analysis. Owing to high levels of bacterial
contamination, three samples (two lean and one obese) were excluded
from exercise training analysis and one lean sample was excluded from
lean versus obese analysis.

Adaptor- and quality-trimmed clean reads were processed through
miRDeep2 software (v.2.0.0.8) for miRNA analysis (Friedlander et al.,
2012). The preprocessing of reads was achieved through the validated
mapper.pl script from miRDeep2, which performs steps such as
discarding the reads <15 bp and reads collapsing. Preprocessed reads
were mapped against the human reference genome.

Quantification and expression profiling of known miRNAs was
performed by the validated quantifier.pl script from miRDeep2 using
the collapsed reads and human miRNAs (downloaded from www.
miRBase.org). The quantifier script from miRDeep2 generated the read
counts for the known miRNAs from each uncontaminated sample.
Combined count matrices for all miRNAs and samples were generated
using the custom scripts. The DESeq2 package (v.1.16.1) (Love et al.,
2014) was used to calculate differential expression of known miRNAs
between LN and OB at rest (n = 3 lean/4 obese) and before and after
concurrent exercise training (n = 5 per time point; two LN and three
OB). Owing to a lack of statistical power, we examined the differential
response to exercise training between lean and obese qualitatively.
We identified the differentially expressed miRNAs of lean and obese
following exercise training separately, then cross-referenced the two
lists to generate common and unique differentially expressed miRNAs.

The lists of common and unique differentially expressed miRNAs


http://www.miRBase.org
http://www.miRBase.org

“ | WILEY

SULLIVAN ET AL.

between lean and obese subjects after exercise training, along with fold
changes and directionality, are provided in the Supporting Information
(Tables S2 and S3).

2.12 | Biological pathway analysis

Differentially expressed miRNAs between LN and OB (P < 0.05;
n = 22) and between before and after exercise training (P < 0.05;
n = 28) were uploaded into the Ingenuity Pathway Analysis (IPA)
suite (Qiagen, Redwood City, CA, USA) for biological pathway analysis.
The non-adjusted P-value was used because the pathway analysis
lowers the likelihood of a false positive/negative. IPA uses miRNA
seed sequence binding with cognate mRNA targets to identify miRNA-
mRNA target interactions across multiple available bioinformatic data
sources. We adopted a conservative approach within the miRNA target
filter whereby only experimentally verified interactions, determined
via miRTarBase (Hsu et al., 2011), and/or highly predicted targets
containing binding sites with 8-mer seed binding, determined via
TargetScan (Bartel, 2009), were selected as miRNA-mRNA pairs. This
approach yielded a BMlI-related gene target list of mRNAs and an
exercise training-related gene target list of mRNAs. Each gene list
was used by IPA to determine enriched canonical pathways targeted
by exercise training and obesity miRNAs. Representation of each
canonical pathway was tested using Fisher’s exact test of ratios of
miRNA-targeted genes in our data set in comparison to the total
number of genes in each IPA pathway. The IPA z-score algorithm
was used to predict the direction of change for each pathway. A z-
score higher than two or less than minus two indicates significant
upregulation or downregulation, respectively.

2.13 | Statistical analysis

An unpaired student’s t-test was used to analyse group differences in
age, BMI, 1RM and Vozmax« All other data were analysed using a two-
way (two groups X two time points) mixed-factorial ANOVA. Following
a significant F-ratio, Fisher’s LSD post-hoc analysis was performed.
Relationships between variables were analysed using linear regression.
Significance was established at P < 0.05, and data are reported as
the mean + SD. All data were analysed in GraphPad Prism (v.9.20;
GraphPad Software, San Diego, CA, USA).

3 | RESULTS

3.1 | Subject characteristics

Subject characteristics for all participants are located in Table 1.
The subset of subjects for the LN versus OB microRNA sequencing
(miRNASEQ) subset are given in Supporting Information Table S4 and

for the exercise training subset in Supporting Information Table S5.

The characteristics of both the LN versus OB and the exercise training
miRNASEQ subset cohorts were representative of the full cohorts, as
evidenced by similar trends to those observed in the full cohort. No
significant differences were observed between either subset and the
full cohort.

As designed, OB had a significantly greater BMI than LN, and there
was no observed weight loss in either group as a result of the exercise
training. Group OB demonstrated lower relative vozmax before training
and higher fasting insulin, HOMA-IR, HOMA-8, TG, plasma TNF-« and
CRP before and after training. Concurrent exercise training reduced
HOMA-B and TG in both LN and OB groups and reduced TC only in the
LN group.

3.2 | microRNASEQ and IPA analysis by BMI

Differential analysis revealed that 22 miRNAs were differentially
expressed between LN and OB (Table 2). Using a conservative filter
(only miRNAs with experimentally confirmed or highly conserved pre-
dicted targets), we identified that the 22 differentially expressed
BMI miRNAs target 3,419 mRNAs (Supporting Information Table Sé).
Starting with the 3,419 BMI mRNA targets, IPA was used to identify
enriched biological pathways. Using a P-value filter of P < 0.01, 133
canonical pathways were identified as enriched in the BMI data set
(Supporting Information Table S7). Table 3 represents the top 10
(determined by P-value) canonical pathways identified by IPA in the
BMI data set. Breaking the top 10 canonical pathways identified
broadly into categories, five were related to growth signalling (cardiac
hypertrophy, Wnt/g-catenin, PI3K/AKT, IGF-1 and PTEN), three to
inflammation signalling (PEDF, death receptor and Gg;) and two to
cancer signalling (molecular mechanisms of cancer and ovarian cancer).

3.3 | microRNASEQ and IPA analysis by exercise
training

Differential analysis revealed that 28 miRNAs were differentially
expressed after exercise training (Table 4). Again, using a conservative
filter, we identified that the 28 differentially expressed exercise
training miRNAs target 3,070 mRNAs (Supporting Information Table
S8). Starting with the 3,070 exercise training mRNA targets, IPA was
used to identify enriched biological pathways. Using a P-value filter
for pathway significance of P < 0.01, 113 canonical pathways were
identified as enriched in the exercise training data set (Supporting
Information Table S9). Table 5 represents the top 10 canonical
pathways identified by IPA in the exercise training data set. Of the
top 10 canonical pathways identified, six were related to inflammation
signalling (IL-10, IL-6, role of macrophages, fibroblasts and endothelial
cells inrheumatoid arthritis, Toll-like receptor, HMGB1and NF-«xB), two
to growth signalling (cardiac hypertrophy and GBy), one to metabolism
(PPAR) and one difficult to identify in muscle signalling (hepatic

cholestasis).
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TABLE 1 Subject characteristics

Before exercise training

After exercise training

WILEY -4

Exercise

Parameter LN (n=8) OB (n=8) LN (n=8) OB (n=8) INT OB training
Age, years 27.0 + 4.5 26.6 + 3.3 - - - 0.853 -
Height, m 18 + 0.1 1.7 + 0.1 = = = 0.506 =
Weight, kg 743 + 12.9 107.6 + 21.7 74.3 + 13.0 106.8 + 21.7 0.143 0.0019 0.074
BMI, kg/m? 228 + 2.3 352 + 5.6 229 + 24 350 + 5.7 0.159 0.0001 0.118
Glucose, mg/dl 90.6 + 10.4 86.3 + 11.1 89.8 + 5.5 90.6 + 9.7 0.347 0.657 0.527
Insulin, xlU/ml 88 + 21 290 + 195 78 42 25 26.4 + 20.9 0.836 0.0054 0.679
HOMA-IR, au 1.9 + 04 6.2 + 44 1.7 £ 0.6 58 + 45 0.934 0.007 0.763
HOMA-8, au 138.9 + 97.0 653.6 + 546.5 1104 + 41.7 395.1 + 358.7 0.0672 0.0219 0.027
TC, mg/dl 180.3 + 33.1 190.6 + 41.8 "163.9 + 31.1 201.9 + 36.2 0.0064 - -

HDL, mg/dl 471 + 94 424 + 10.9 47.5 £ 9.2 448 + 15.0 0.481 0.507 0.337
LDL, mg/dl 1130 + 294 120.9 + 44.4 101.3 + 26.5 135 + 40.1 0.0008 0.259 0.704
TG, mg/d| 100.3 + 29.0 136.9 + 41.3 764 + 22.0 110.8 + 34.8 0.908 0.0175 0.0204
Vo, max: L/min 25+08 28 +07 - - - 0.455 -

Vo, max: ml/kg/min 33.6 &+ 5.5 25.6 + 5.9 = = = 0.0142 =

1RM, kg 136.6 + 49.8 182.6 + 67.2 - - - 0.142 -
1RM, kg/kg 1.8 + 05 1.7 £ 05 = = = 0.544 =
TNF-a, pg/ul 0.7 + 0.3 26 +50 0.6 + 0.2 0.9 + 0.2 0.117 0.0372 0.669
CRP, pg/ul 1,175.3 + 1,134.9 5,283.7 + 2,477.6 906.2 + 370.9 53314 + 2,039.3 0.613 0.0001 0.723
11-6, pg/ul 14 +0.7 37 £ 4.6 18 +21 20+ 11 0271 0.171 0.509

Abbreviations: BMI, body mass index; CRP, C-reactive protein; HDL, high-density lipoprotein; HOMA-S, homeostasis model assessment, -cell function;
HOMA-IR, homeostasis model assessment, insulin resistance; IL-6, interleukin-6; INT, interaction; LDL, low-density lipoprotein; LN, lean; OB, obese; 1RM,
one-repetition maximum; TC, total cholesterol; TG, triglycerides; TNF-a, tumor necrosis factor-a; \'/o2 max,» Maximal oxygen consumption.

Note. Values are expressed as the mean + SD.
“Significantly different from all other groups.

3.4 | Muscle mRNA

Whole skeletal muscle mRNAs for components of the Wnt/g3-catenin
and IGF-1 signalling pathways were measured to investigate the
results from pathway analysis further (Figure 2). A significant inter-
action effect was observed for IGF-1 mRNA, whereby IGF-1 mRNA
was increased in LN after exercise training compared with LN before
and OB before and after exercise training. The expression of -catenin
mRNA was increased by 50% after exercise training, but no differences
were observed between LN and OB. The expression of key Wnt
ligands, Wnt3a, Wnt5a and Wnt7a, were all reduced in OB at rest and
after concurrent exercise training by approximately 45, 20 and 35%,
respectively. A trend was observed for an increase in Wnt5a expression
after concurrent exercise training (P = 0.07).

Whole skeletal muscle mRNAs for components of the IL-6 and IL-
10 pathways are shown in Figure 3. One week of concurrent exercise
training reduced IL-8, Jun and FOS mRNA expression in both LN and OB
by approximately 50, 25 and 65%, respectively. A trend for a reduction
in IL-10 was observed after exercise training (P = 0.10). No differences
were observed in muscle expression of IL-6, IL-8, IL-10, Jun or FOS
mMRNA between LN and OB either before or after exercise training.

4 | DISCUSSION

The present study demonstrates that obesity alters skeletal muscle-
derived small EV miRNAs targeting many inflammatory and anabolic
pathways, including the Wnt/g-catenin and IGF-1 signalling pathways.
In addition, 1 week of concurrent aerobic and resistance exercise
training alters skeletal muscle-derived small EV miRNAs targeting
several inflammatory pathways, including the IL-6 and IL-10 pathways,
indicative of reduced inflammation. To our knowledge, this is the
first report demonstrating that obesity and exercise training alter the

miRNA content of skeletal muscle-derived small EVs.

4.1 | Obesity alters EV miRNAs targeting anabolic
pathways

Obesity is a disease of chronic inflammation characterized by an
increase in circulating inflammatory cytokines (Haddad et al., 2005;
Pedersen & Febbraio, 2012). Confirming this, circulating TNF-a and
CRP were higher in individuals with than without obesity (Table 1).
We hypothesized that small EVs isolated from skeletal muscle of
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TABLE 2 Skeletal muscle extracellular vesicle microRNAs differentially expressed in individuals with obesity in comparison to lean control

subjects
Raw counts
Mature microRNA Lean Obese Fold change P-value
hsa-let-7f-5p 82,558.7 68,740.5 0.65 0.0321
hsa-miR-1-3p 4,564,095.0 3,056,018.0 0.51 0.0067
hsa-miR-1275 3.0 15.8 4.10 0.0080
hsa-miR-143-5p 17.0 63.5 3.27 0.0019
hsa-miR-144-3p 281.3 169.3 0.43 0.0437
hsa-miR-155-5p 26.7 735 2.10 0.0050
hsa-miR-302b-3p 0.7 8.5 6.32 0.0265
hsa-miR-30c-1-3p 48.3 335 0.55 0.0293
hsa-miR-30e-5p 39,744.0 27,021.8 0.51 0.0311
hsa-miR-3168 13.7 6.8 0.39 0.0293
hsa-miR-337-3p 51.0 114.3 175 0.0442
hsa-miR-3613-5p 918.7 580.8 0.47 0.0464
hsa-miR-376b-5p 13 9.3 5.58 0.0145
hsa-miR-376c-5p 1.3 9.3 5.58 0.0145
hsa-miR-409-5p 20.7 55.5 2.10 0.0177
hsa-miR-432-5p 18.0 52.8 2.25 0.0193
hsa-miR-4485-3p 0.3 6.8 3.09 0.0279
hsa-miR-548a-3p 11.3 4.5 0.28 0.0195
hsa-miR-548ay-5p 16.7 6.8 0.33 0.0091
hsa-miR-654-5p 27 135 3.53 0.0177
hsa-miR-7641 10.7 36.0 2.80 0.0483
hsa-miR-7977 48.7 166.8 2.89 0.0205

individuals with obesity would contain pro-inflammatory signals.
Consistent with this hypothesis, three signalling pathways identified
were related to inflammation: SERPINF 1, death receptor and Ge;.

However, the larger share of pathways (5 of 10) were related to
growth: cardiac hypertrophy, Wnt/g-catenin, PISK/AKT, IGF-1 and
PTEN. Biological pathway analysis found that obesity alters the
expression of small EV miRNAs targeting components of the IGF-1 and
Whnt/B-catenin signalling pathways. In addition to growth signalling,
the Wnt/p-catenin signalling pathway regulates the release of pro- and
anti-inflammatory cytokines in different cell types and is implicated
in the progression of metabolic syndrome (Ma & Hottiger, 2016).
Alterations in Wnt/B-catenin signalling could contribute to an increase
in the production of pro-inflammatory cytokines, such as IL-6, IL-8 and
TNF-a (Ma & Hottiger, 2016).

Individuals with obesity appear to be resistant to anabolic stimuli,
which is likely to be the result of insulin resistance, lipid accumulation
and/or inflammation (Beals et al., 2019). Anabolic resistance in obese
individuals can lead to a reduction in the regenerative capacity of
skeletal muscle after injury (Fu et al, 2016). Impairments in IGF-
1/AKT/mTOR and Wnt/B-catenin signalling have been observed in
obese animals during muscle regeneration, suggesting that impaired

signalling in these pathways has negative consequences for the

maintenance of skeletal muscle mass (Brown et al., 2015; Zhou
et al,, 2012). Recently, we reported that skeletal muscle IGF-1 mRNA
and protein and the mRNA expression of key Wnt ligands are
reduced at rest and after acute resistance exercise in humans with
obesity (Sullivan et al., 2020). In the present study, skeletal muscle
IGF-1, Wnt3a, Wnt5a and Wnt7a mRNAs were all reduced in subjects
with obesity. Skeletal muscle EVs regulate Wnt signalling during myo-
genesis (Forterre et al., 2014; Rome et al., 2019), indicating that altered
small EV content could contribute to impaired regenerative capacity in
obesity (Fu et al., 2016). Consistent with a role for small EVs in cell-
to-cell communication, the present results suggest that muscle intra-
cellular growth and inflammation status are communicated via small
EVs.

4.2 | Exercise training alters EV miRNAs targeting
inflammation

Concurrent aerobic and resistance exercise training has potent anti-
inflammatory effects and reduces local and systemic inflammation in
individuals with or without obesity (Balducci et al., 2010; Petersen
& Pedersen, 2005; You et al., 2013). In the present report, 1 week
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TABLE 3 Top 10 significant canonical pathways by P-value from biological pathway analysis for differentially expressed skeletal muscle
extracellular vesicle microRNAs in individuals with obesity compared with lean control subjects

Ingenuity canonical

pathways —log(P-value) Ratio
Cardiac 7.4 0.24
hypertrophy
signalling
(enhanced)
Molecular 7.24 0.25

mechanisms of
cancer

Ovarian cancer 5.35 0.30
signalling

SERPINF1 5.3 0.35
signalling

Ga; signalling 5.06 0.30

Whnt/S-catenin 4.98 0.28
signalling

Death receptor 4.88 0.33
signalling

PISK/AKT 4.85 0.30
signalling

IGF-1signalling 481 0.31

PTEN signalling 4.57 0.29

Z-score

-201

-0.89

-0.19

0.69

0.60

0.37

0.65

-1.96

0.17

Molecules

ACE, ACVR1, ACVR1C,ADRA2A, ADRB2, AGTR1, APEX1, ATF2, ATP2A2,
BORCS8-MEF2B, CAMK2A, CD40LG, CHP1, CTNNB1, DIAPH2, EDN1, EDNRA,
EDNRB, EIF2B3, EIF4E, ELK1, ENPP6, FASLG, FGF1, FGF10, FGF16, FGF17, FGF18,
FGF20, FGF7,FZD3,FZDé,FZD7,GDPD1, GNA13, GNAI2, GNG2, GNG5, GSK3A,
HAND1, HAND2, HDAC4, HDAC7,HSPB2, HSPB7, IGF 1, IGF1R, IKBKE, IL13,
IL13RA1,IL17C,IL17RD, IL2RB, IL3, IL36G, IL4R, INPP5F, ITGA2, JUN, KRAS, LIF,
MAP3K1, MAP3K13, MAP3K2, MAP3K8, MAPK13, MEF2A, MEF2B, MKNK2, MRAS,
MYC, NFATC2, NRAS, PDE12, PDE3A, PDE4A, PDE6B, PDE6D, PDE6G, PDE7A,
PIK3CB, PIK3Ré, PLCD3, PLCH2, PPP3CA, PPP3R1, PPP3R2, PRKACA, PRKACB,
PRKAR2A, PRKCA, PRKCG, PRKCI, PTGS2, RALA, RALB, RAP1A, RAP1B, RASD2,
RELA, RHOA, ROCK1, RPS6KB1, TGFBR1, TGFBR2, TGFBR3, TNFSF10, TNFSF11,
TNFSF13B, TNFSF15, TNFSF9, WNT1, WNT11, WNT4, WNT5A, WNT7B, WNT8A,
WNT9A

APAF1, ARHGEF18, ARHGEF3, ATR, BAK1, BCL2, BCL2L1, BMP1, CAMK2A, CASP3,
CCND1, CCND2,CCNE2,CDC25A, CDK11B, CDK14, CDK15, CDK18, CDK19,
CDKé,CDK8, CDK9, CDKN1A, CDKN1B, CDKN2B, CRK, CTNNB1, CTNND1, CYCS,
E2F5, E2F6, E2F7, ELK1, FADD, FANCD2, FAS, FASLG, FOS, FZD3, FZD6, FZD7,
GNA13, GNAI2, GNAT1, GRB2, GSK3A, HIF1A, ITGA2, JUN, KRAS, LRP1, MAPK13,
MRAS, MYC, NAIP, NFKBIA, NRAS, PAK1, PIK3CB, PIK3R6, PMAIP1, PRKACA,
PRKACB, PRKAR2A, PRKCA, PRKCG, PRKCI, PSENEN, RALA, RALB, RAP1A, RAP1B,
RASA1, RASD2, RASGRF1, RELA, RHOA, RHOB, RHOG, RHOJ, RND2, SMAD1,
SMAD2, SMAD9, SUV39H1, TAB1, TAB2, TCF4, TGFBR1, TGFBR2, TP53, TYK2,
WNT1, WNT11, WNT4, WNT5A, WNT7B, WNT8A, WNT9A

BCL2,CCND1,CD44,CTNNB1, EDN1, EDNRA, EGFR, FSHB, FZD3, FZDé, FZD7, GJAL,
KRAS, MLH1, MRAS, NRAS, PIK3CB, PIK3R6, PRKACA, PRKACB, PRKAR2A, PTGS2,
RALA, RALB, RAP1A, RAP1B, RASD2, RPS6KB1, SUV39H1, TCF4, TCF7, TCF7L2,
TP53, VEGFA, VEGFB, WNT1, WNT11, WNT4, WNT5A, WNT7B, WNT8A, WNT9A

BCL2, BCL2L1, BDNF, ELK1, FAS, FASLG, GDNF, HNF 1B, IKBKE, KRAS, MAPK13,
MRAS, NFKBIA, NGF, NRAS, PIK3CB, PIK3R6, RALA, RALB, RAP1A, RAP1B, RASD2,
RELA, RHOA, ROCK1, TCF4, TCF7, TCF7L2, TP53

ADRA2A, AGTR1, APLNR, CHRM2, CNR1, CNR2, DRD3, GNAI2, GNG10, GNG12,
GNG13,GNG2, GNG5, GPR17,GRB2, HRH3, HTR1A, HTR1E, HTR1F, KRAS, MRAS,
NPR3, NPY1R, NRAS, PRKACA, PRKACB, PRKAR2A, RALA, RALB, RAP1A, RAP1B,
RASD2, RGS14, RGS4, RGS7,S1PR1, TBXA2R, XCR1

ACVR1,ACVR1C,CCND1, CD44, CSNK1A1, CSNK1D, CSNK1G2, CSNK2A1,
CSNK2A2,CTNNB1, DKK1, DKK4, FZD3, FZDé6, FZD7, GJA1, GSK3A, JUN,
KREMEN1, LRP1, MAP4K1, MYC, PIN1, PPP2CA, PPP2R1A, PPP2R5A, PTPA, RARB,
RARG, SFRP1, SOX12, SOX13,S0X21, TAB1, TCF4, TCF7, TCF7L2, TGFBR1, TGFBR2,
TGFBR3, TP53, WNT1, WNT11, WNT4, WNT5A, WNT7B, WNT8A, WNT9A

ACTA1, ACTB, ACTC1, APAF1, BCL2, CASP2, CASP3, CYCS, DFFB, FADD, FAS, FASLG,
HSPB2, HSPB7, IKBKE, LIMK1, MAP4K4, NAIP, NFKBIA, PARP11, PARP16, PARP3,
RELA, RIPK1, ROCK1, TNFRSF10A, TNFRSF10B, TNFSF10, TNFSF15, TNKS2

BCL2,BCL2L1, CCND1, CDKN1A, CDKN1B, CTNNB1, EIF4E, GRB2, GSK3A, GYS1,
IKBKE, INPP5B, INPP5D, INPP5F, INPP5J, ITGA2, KRAS, MAP3K8, MRAS, NFKBIA,
NRAS, PIK3CB, PPP2CA, PPP2R1A, PPP2R5A, PTGS2, PTPA, RALA, RALB, RAP1A,
RAP1B, RASD2, RELA, RHEB, RPS6KB1, THEM4, TP53, TYK2, YWHAQ

CCN1,CCN2,CCN3, CSNK2A1, CSNK2A2, ELK1, FOS, GRB2, IGF1, IGF1R, IGFBP5,
JUN, KRAS, MRAS, NEDD4, NRAS, PIK3CB, PIK3R6, PRKACA, PRKACB, PRKAR2A,
PRKCI, RALA, RALB, RAP1A, RAP1B, RASA1, RASD2, RPS6KB1, SOCS1, SOCS3,
SOCS4, YWHAQ

BCL2,BCL2L1, CASP3,CCND1, CDKN1A, CDKN1B, CSNK2A1, CSNK2A2, EGFR,
FASLG, FLT4, FOXG1, FOXO4, GRB2, GSK3A, IGF1R, IKBKE, INPP5B, INPP5D,
INPP5F, INPP5J, ITGA2, KRAS, MRAS, NRAS, PIK3CB, RALA, RALB, RAP1A, RAP1B,
RASD2, RELA, RPS6KB1, SIRTé, TGFBR1, TGFBR2, TGFBR3

Note. The ratio indicates the number of molecules in the data set/total number of molecules in the pathway. The z-score indicates predicted upregulation or
downregulation of the pathway compared with lean control subjects.
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TABLE 4 Skeletal muscle extracellular vesicle microRNAs differentially expressed after 1 week of concurrent aerobic and resistance exercise

training compared with baseline

Raw counts
Mature microRNA Pre Post Fold change P-value
hsa-let-7f-2-3p 87.4 57.0 0.63 0.0382
hsa-miR-101-5p 20.4 9.6 0.47 0.0090
hsa-miR-1301-3p 74.8 132.8 1.91 0.0345
hsa-miR-1307-3p 179.8 317.0 1.81 0.0375
hsa-miR-146b-5p 181.6 312.6 1.87 0.0094
hsa-miR-190a-5p 126.8 712 0.53 0.0320
hsa-miR-199a-5p 1,881.2 1,072.2 0.61 0.0462
hsa-miR-199b-5p 2,681.4 1,524.8 0.61 0.0085
hsa-miR-208b-5p 79.2 40.0 0.50 0.0239
hsa-miR-23a-5p 9.4 19.2 211 0.0251
hsa-miR-296-3p 34 8.0 248 0.0302
hsa-miR-3605-3p 4.2 10.0 2.38 0.0355
hsa-miR-3609 16.6 8.2 0.49 0.0165
hsa-miR-3615 10.6 25.0 2.39 0.0336
hsa-miR-370-3p 334 56.8 1.93 0.0124
hsa-miR-3960 20.2 43.0 2.39 0.0251
hsa-miR-409-3p 140.6 2720 1.92 0.0028
hsa-miR-4326 2.8 8.4 2.81 0.0282
hsa-miR-4485-3p 18.6 87.2 6.03 0.0002
hsa-miR-4485-5p 3.6 18.4 5.92 0.0009
hsa-miR-4488 6.0 31.6 6.36 <0.0001
hsa-miR-4497 16.8 35.2 2.34 0.0078
hsa-miR-483-3p 43.6 86.8 1.99 0.0418
hsa-miR-483-5p 222 52.6 2.29 0.0196
hsa-miR-485-5p 20.0 37.2 1.90 0.0293
hsa-miR-486-5p 19,897.6 35,386.8 1.82 0.0410
hsa-miR-629-5p 28.0 46.2 1.70 0.0414
hsa-miR-7-5p 141.0 209.6 1.59 0.0383

of concurrent aerobic and resistance exercise training did not reduce
the circulating markers of inflammation (IL-6, TNF-a or CRP) in either
LN or OB individuals. This is likely to be attributable to the short
duration of exercise training in the present study, suggesting that a
longer duration of exercise training is necessary to observe changes in
these circulating inflammatory markers.

One week of concurrent aerobic and resistance exercise training did
reduce markers of intracellular muscle inflammation, because the gene
expressions of IL-8, Jun and FOS were reduced after exercise training.
Consistent with intercellular communication of intracellular muscle
status, the majority of pathways (6 of 10) targeted by muscle small
EV miRNAs and altered by concurrent exercise training were related
to inflammation signalling: IL-10, IL-6, role of macrophages, fibroblasts
and endothelial cells in rheumatoid arthritis, Toll-like receptor, HMGB1
and NF-«B.

Additionally, small EV miRNAs were altered after concurrent

aerobic and resistance exercise training, consistent with
increased PPAR signalling. Upregulation of PPAR signalling leads
to improvements in exercise tolerance, lipid metabolism and
mitochondrial biogenesis via peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1-a) (Calvo et al., 2008).
Increased mitochondrial biogenesis is a hallmark of adaptation to
aerobic exercise training. Although our knowledge of the regulation
of muscle small EV content and release remains limited, it would be
anticipated that changes in intracellular status with chronic disease
or exercise training (anti-inflammation, mitochondrial biogenesis, etc.)
would translate to alterations in small EV intercellular communication.

The target cells for the small EVs released from skeletal muscle
are an important, but poorly explored topic. In mice, muscle-derived

EVs are present in the circulation, triple in response to exercise



SULLIVAN ET AL. Wl LEY 471

TABLE 5 Top 10 significant canonical pathways by P-value from biological pathway analysis for differentially expressed extracellular vesicle
microRNAs after 1 week of concurrent aerobic and resistance exercise training

Ingenuity canonical
pathways —log(P-value) Ratio z-score Molecules

IL-10 signalling 9.21 0.44 - CCR5, CHUK, FCGR2A, FOS,HMOX1, IL10, IL10RB, IL1F10, IL1R1, ILARAP, ILIRAPL2,
ILIRL2, ILIRN, IL33,IL36A, IL36B, IL36G, IL36RN, IL37, JUN, LBP, MAP4K4,
MAPK13, MAPK14, RELA, SOCS3, SP1, TNF, TRAF6, TYK2

IL-6 signalling 8.81 0.34 —-4.1 AKT2, CHUK, CRP, CSNK2B, CXCL8, FOS, GRB2, HRAS, HSPB7, IL1F10, IL1R1, IL1IRAP,
ILIRAPL2, IL1RL2, ILIRN, IL33, IL36A, IL36B, IL36G, IL36RN, IL37, IL6ST, JUN, LBP,
MAP2K7, MAP4K4, MAPK13, MAPK14, MAPK3, MAPKAPK2, MRAS, NGFR, PIK3R2,
RAF1,RAP1A,RASD1, RASD2, RELA, SOCS3, SOS2, TNF, TRAF6, VEGFA

Role of 7.83 0.25 - AKT2, APC2, CAMK2D, CCL5, CEBPA, CHP1, CHUK, CREB1, CREB3L3, CSF1, CXCLS,
macrophages, FOS, FRZB, FZD3, FZD4, FZD6,HRAS, IL10, IL17A, IL1F10, IL1R1, IL1RAP, ILIRAPL2,
fibroblasts and ILIRL2, ILIRN, IL33,IL36A, IL36B, IL36G, IL36RN, IL37, IL6ST, IRAK1, IRAK2, IRAK4,
endothelial cells JUN, LRP1, LRP6, LTB, MAP2K7, MAPK14, MAPK3, MAPKAPK2, MIF, MRAS, NGFR,
in rheumatoid NOS2, OSM, PDGFC, PIK3R2, PLCH2, PLCZ1, PPP3R2, PRKCQ, PRKCZ, PROK1,
arthritis RAF1,RAP1A,RASD1, RASD2, RELA, RHOA, ROR2, RYK, SOCS3, TCF7L2, TLR1,

TLR10, TLR4, TLRY, TNF, TRAF1, TRAF6, VEGFA, VEGFD, WNT1, WNT2, WNT3A

PPAR signalling 7.68 0.35 4.12 CHUK, CITED2, FOS, GRB2, HRAS, IL1F10, IL1R1, IL1RAP, ILIRAPL2, IL1RL2, IL1RN,

IL33, IL36A, IL36B, IL36G, IL36RN, IL37, INS, JUN, MAP4K4, MAPK3, MRAS, NCOR2,
NGFR, PDGFC, PDGFRA, PPARA, PPARGC1A, RAF1, RAP1A,RASD1, RASD2, RELA,
SOS2, TNF, TRAF6

Toll-like receptor 7.37 0.38 -3.9 CHUK, FOS, IL12A, IL1F10, IL1RN, IL33, IL36A, IL36B, IL36G, IL36RN, IL37, IRAK1,
signalling IRAK2, IRAK4, JUN, LBP, MAP4K4, MAPK13, MAPK14, PPARA, RELA, TLR1, TLR10,
TLR4, TLR9, TNF, TOLLIP, TRAF1, TRAF6
Hepatic cholestasis  6.46 0.27 = ADCY1, CD40LG, CHUK, CXCL8, CYP7B1, IL12A, IL17A,1L17C, IL1F10, IL1R1, IL1IRAP,

ILIRAPL2, IL1RL2, ILIRN, IL2, IL33, IL36A, IL36B, IL36G, IL36RN, IL37, INS, IRAK1,
IRAK2, IRAK4, JUN, LBP, LEP, LTB, NGFR, OSM, PPARA, PRKACA, PRKAG1, PRKAG2,
PRKAR1B, PRKCQ, PRKCZ, RARA, RELA, SLC10A1,SLCO1C1, TGFB2, TLR4, TNF,
TNFSF10, TNFSF13, TNFSF14, TNFSF4, TRAF6

HMGB1 signalling 6.26 0.28 -3.02 AKT2, CD40LG, CXCL8, FOS, HRAS, IL12A, IL17A,1L17C, IL1F10, IL1R1, L2, IL33,
IL36A, IL36B, IL36G, IL37, JUN, KAT6B, LEP, LTB, MAP2K7, MAPK13, MAPK 14,
MAPKS3, MRAS, NGFR, OSM, PIK3R2, RAC2, RAP1A, RASD1, RASD2, RELA, RHOA,
RHOB, RHOG, RHOV, RND1, SP1, TGFB2, TLR4, TNF, TNFSF10, TNFSF13, TNFSF 14,

TNFSF4
Cardiac 5.66 0.21 -4.75 ADCY1, AKT2, ATP2A3, CAMK2D, CD40LG, CHP1, CHUK, CTF1, CXCL8, EDN1,
hypertrophy EDNRA, EIF2B5, EIF4E, FGF1, FGF10, FGF11, FGF14, FGF17, FGF23, FGF7, FICD,
signalling FZD3,FZD4,FZDé,GDE1, GDPD1, GNA11, GNAI2, GNG5, GSK3A, H2BFM, HDAC4,
(enhanced) HDACS8, HRAS, HSPB7, IFNAR1, IGF1, IL10RB, IL12A, I[L12RB2, IL17A, IL17C, IL1F 10,

IL1R1, IL1RL2, IL2, IL2RB, IL33, IL36A, IL36B, IL36G, IL37, IL6ST, ITGAS, JUN, LEP,
LTB, MAP2K7, MAP3K11, MAP3K8, MAP3K9, MAPK13, MAPK 14, MAPKS,
MAPKAPK2, MKNK1, MKNK2, MRAS, NGFR, NKX2-5, NPPA, OSM, PDE2A, PDE4A,
PIK3R2, PLCH2, PLCZ1, PLN, PPP3R2, PRKACA, PRKAG1, PRKAG2, PRKAR1B,
PRKCQ, PRKCZ, PTEN, RAF1, RAP1A, RASD1, RASD2, RELA, RHOA, TGFB2, TNF,
TNFSF10, TNFSF13, TNFSF14, TNFSF4, WNT1, WNT2, WNT3A

Gpy signalling 5.29 0.29 —4.35 ADCY1, AKT2, BTK, CACNA1B, CACNA2D4, CACNB1, CACNB2, CACNB4, CACNG2,
CACNG4, CACNG7,CACNGS, CAV3, EGFR, GNA11, GNAI2, GNAT1, GNG5, GRB2,
HRAS, KCNJ5, MAPK3, MRAS, PAK1, PRKACA, PRKAG1, PRKAG2, PRKAR1B,
PRKCQ, PRKCZ, RAF1, RAP1A, RASD1, RASD2, SOS2

Nuclear factor-xB 521 0.26 -5.73 AKT2, BCL10, CD40, CD40LG, CHUK, CSNK2B, EGFR, FADD, HRAS, IL1F10, IL1R1,
signalling ILIRN, IL33, IL36A, IL36B, IL36G, IL36RN, IL37, INS, IRAK1, IRAK4, MAP2K7,
MAP3K8, MAP4K4, MRAS, NGFR, PDGFRA, PIK3R2, PRKACA, PRKCQ, PRKCZ,
RAF1,RAP1A, RASD1, RASD2, RELA, TGFA, TLR1, TLR10, TLR4, TLR9Y, TNF,
TNFRSF11A, TNIP1, TRAF6, ZAP70

Note. The ratio indicates the number of molecules in the data set/total number of molecules in the pathway. The z-score indicates predicted upregulation or
downregulation of the pathway compared with lean control subjects.
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FIGURE 2 Whole skeletal muscle mRNA expression for (a) IGF-1, (b) f-catenin, (c) Wnt3a, (d) Wnt5a and (e) Wnt7a before and after exercise
training in lean (LN) and obese (OB) humans. " Significantly different from all other groups (P < 0.05). LN Pre was set to one. Black bars, LN; grey

bars, OB. Values are the mean + SD; n = 8 per group

and contribute to the systemic antioxidant defense (Gao et al.,
2021). Recently, we have demonstrated the potent paracrine effects
that small skeletal muscle-derived EVs are capable of exerting on
endothelial cells. Small muscle-derived EVs improve inflammatory
signalling and increase endothelial cell proliferation, migration and
tube formation via activation of the nuclear factor-xB pathway (Nie
et al,, 2019). Recent evidence indicates that EVs exert endocrine
effects in addition to their potent paracrine effects (Rome et al., 2019).
However, the extent of these endocrine effects is likely to be limited,
because only 5% of circulating EVs are of myogenic origin despite the
robust ability of skeletal muscle to secrete EVs, (Estrada et al., 2021).
After intraperitoneal injection in mice, skeletal muscle-derived EVs
can be found within cells of at least eight different organs in addition
to skeletal muscle, including brain, liver, heart, lungs, gastrointestinal
tract, spleen, kidney and pancreas (Jalabert et al., 2016). Additionally,
it appears that skeletal muscle EVs contribute to the crossover effects
of unilateral exercise (Pietrangelo et al., 2018). Twenty-four hours after
injection of green fluorescent protein-labelled skeletal muscle EVs into
the right tibialis anterior of mice, fluorescence was detected in the right
quadriceps and the left tibialis anterior (Jalabert et al., 2016). Thus,

small skeletal muscle-derived EVs have both paracrine and endocrine

functions, and this raises the possibility that they might contribute to
exercise-induced improvements in systemic inflammation.

4.3 | Limitations

Skeletal muscle contains a variety of cell types, including endothelial
cells, satellite cells, neural cells, macrophages and pericytes. Thus, it is
possible that the EVs isolated were not from myofibres. However, the
contribution of EVs of non-skeletal muscle origin is likely to be minimal,
because ~80% of total mapped reads were for skeletal muscle-specific
miRNAs (miR-1, miR-133, miR-206, miR-486 and miR-499; data not

shown).

4.4 | Conclusion

In conclusion, obesity alters the miRNA content of small skeletal
muscle-derived EVs targeting several growth and inflammatory
pathways, including the anabolic pathways IGF-1 and Wnt/g-catenin.

Also, 1 week of concurrent aerobic and resistance exercise training
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FIGURE 3 Whole skeletal muscle mRNA expression for (a) IL-6, (b) IL-8, (c) IL-10, (d) Jun and (e) FOS before and after exercise training in lean
(LN) and obese (OB) humans. LN Pre was set to one. Black bars, LN; grey bars, OB. Values are the mean + SD; n = 8 per group

alters the miRNA content of small skeletal muscle-derived EVs
targeting several inflammatory pathways, including IL-6 and IL-10,
indicative of reduced inflammation. Thus, skeletal muscle EV content
is different in individuals with obesity compared with lean individuals,
but exercise training is able to alter miRNAs towards a beneficial
signalling profile. Considerable work remains in understanding
the physiological role of small muscle-derived EVs in cell-to-cell
communication in health and disease.
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