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Abstract

This review explores the hypothesis that the repetitive contraction-relaxation that occurs during
chronic exercise activates skeletal myocyte Nrf2 to upregulate antioxidant enzymes. These
proteins are secreted into the circulation within extracellular vesicles and taken up by remote cells
thus providing remote organs with cytoprotection against subsequent oxidative stress.

Summary for Table of Contents:

We hypothesize that exercise training protects remote tissues by exosomal transport of antioxidant
proteins dependent on skeletal muscle Nrf2.
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Introduction

Physical activity is fundamental for human health(1). Conversely, inactivity or sedentary
behavior predisposes to cardiovascular disease(2). Furthermore, regular exercise not only
reduces the risk of diverse chronic diseases, such as heart failure, hypertension, diabetes,
cancers, and others, but also improves their prognosis. Indeed, exercise training (ExT) has
been recommended as one of the best non-pharmacological strategies for the attenuation,
prevention, and even reversal of several pathological conditions(3). Although it is generally
accepted that exercise-benefits rely on neurohumoral, metabolic and other mechanisms, the
precise mediators of these beneficial effects remain to be identified. Biochemical processes
involved in skeletal muscle work lead to the production of metabolic energy in the form of
ATP synthesis. As a consequence oxidative stress is increased during contraction. These
fundamental mechanisms provide the genesis for the global effects of EXT.
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The metabolic hallmark of contracting muscle is the marked increase in oxygen
consumption and mitochondrial respiration, resulting in an increase in reactive oxygen
species (ROS) consequent to the production of ATP. Excessive ROS (mostly superoxide and
hydrogen peroxide generated from cytosolic NADPH oxidase(4)) not only activate
antioxidant defenses in skeletal muscle, but may also be responsible for the systemic
adaptation to exercise. Considering the unstable nature and short half-life of ROS, it is
unlikely that muscle ROS per se can act as remote signaling molecules to provide adaptive
protection to other tissues, although exercise certainly evokes increases in plasma lipid
peroxides(5). A more reasonable rationale for remote protection following EXT is the
transfer of antioxidant proteins, microRNAs and transcription factors from skeletal muscle
to condition peripheral organs.

In this review, we develop the novel hypothesis that ExT-induced systemic antioxidant
defense relies, in part, on an intact nuclear factor erythroid-derived 2-like 2/ Kelch-like
ECH-associated protein 1 (Nrf2/Keapl) system in skeletal muscle. A second hypothesis is
that either Nrf2 or antioxidant proteins that are regulated by Nrf2 in muscle communicate
with remote tissues through a delivery system dependent on the muscle release of
extracellular vesicles (EVs). To support these hypotheses, we provide experimental evidence
and evidence from the literature to demonstrate that contracting muscle activates Nrf2 to
upregulate a group of cytoprotective proteins, which are released into the blood within
extracellular vesicles (EVs) and transferred to remote tissues. This organ-organ protein
communication may underlie the beneficial influence of EXT on autonomic function and
cardioprotection in chronic and acute cardiovascular disease.

Nrf2 determines the antioxidant defense of skeletal muscle

Contracting muscle produces high levels of ROS (6, 7). Correspondingly, this tissue is
equipped with potent protective mechanisms to neutralize excessive ROS via enzymatic and
non-enzymatic compounds and pathways, many of which are dynamically regulated by
Nrf2, a master transcriptional regulator responsible for cellular redox hemostasis(8, 9).
Under basal conditions, Nrf2 is sequestered in the cytoplasm by its tether, Keapl and rapidly
degraded via the Cullin 3 ubiquitin-proteasomal system(10). When ROS are increased, Nrf2
is liberated from Keapl and translocates to the nucleus where Nrf2 directly binds to
antioxidant response elements (ARES) or indirectly binds to ARE-like sequences within the
Nrf2 promoter(11), leading to coordinated upregulation of a broad array of genes encoding
proteins involved in anti-oxidation, anti-inflammation, detoxification, and metabolism(8, 9).

Emerging evidence from studies in intact animals and cultured myocytes suggests that Nrf2
is the key factor responsible for the exercise-induced antioxidant enzyme expression in
skeletal myocytes. In hind limb muscle of C57BL/6J mice, 6 hours of treadmill running led
to the release of Nrf2 from Keapl, translocation into the nucleus and upregulated mRNA
expression of superoxide dismutase-1 (SOD1), superoxide dismutase-2 (SOD2), catalase
(CAT), and hemoxygenase-1 (HO-1), y-glutamyl cysteine ligase-catalytic (GCLc), -y-
glutamy!| cysteine ligase-modulatory (GCLm)(12). In cultured skeletal muscle (C2C12)
cells, electrical stimulation evoked Nrf2 activation and upregulation of NAD(P)H:quinone
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oxidoreductase 1 (NQO1), HO-1 and GCLm mRNAs that were significantly impaired when
Nrf2 was knocked down by siRNA(13).

Data from Nrf2 deficient mice reinforce the fact that Nrf2 plays a critical role in skeletal
muscle redox homeostasis and maintenance of skeletal muscle function. In muscle from
adult Nrf2 knockout (KO) mice, antioxidant enzymes (NQO1, G6PD, CAT, GCS, and GSR)
are significantly lower whereas ROS are elevated as compared with age-matched wild type
(WT) mice(14). Following chronic EXT, Nrf2 KO mice display an impairment of exercise
performance and attenuation of exercise-induced antioxidant enzyme expression and
activity(15). Moreover, in these Nrf2 KO mice, electrical stimulation-evoked contraction of
in situ gastrocnemius muscle was impaired, characterized by a greater rate of fatigue and a
decrease in force as compared with WT mice(16). The critical significance of Nrf2 in
skeletal muscle was recently validated and confirmed in a study from our laboratory(17).
Employing an inducible-skeletal muscle specific-Nrf2 or Keapl KO mouse model (Figure 1,
panel A), we demonstrated that deletion of muscle Nrf2 dramatically impaired treadmill
exercise performance and /.7 situ oxidative/glycolytic muscle contractility. In contrast,
overexpressing Nrf2, (i.e. deleting Keapl), markedly enhanced these functions. Importantly,
mass spectrometric proteomic analysis of skeletal muscle where Nrf2 was overexpressed,
resulted in upregulation of more than 100 proteins (Panel B, Figure 1). Deep bioinformatic
analysis suggested that these upregulated proteins were involved in cellular detoxification,
NADP metabolism, glutathione metabolism, electron transport chain function (Panel C,
Figure 1) and activated antioxidant defenses, xenobiotic detoxification, glutathione
synthesis, and the apelin adipocyte signaling pathway (Panel D, Figure 1)(17). We
postulated that these Nrf2-targeted proteins may not only protect skeletal muscle per se, but
also provide non-muscle tissues and organs with additional defense mechanisms, if they
could be delivered to remote targets by organ-organ communication. Indeed, skeletal muscle
has been identified as an active endocrine organ producing and releasing myokines,
cytokines and other signaling molecules(18). These substances can been transported by
circulating exosomes and other extracellular vesicles (EVs) from skeletal muscle to distant
tissues and organs to exert protection, particularly during exercise(19, 20).

Exercise training increases circulating extracellular vesicles

Extracellular Vesicles are small heterogeneous particles composed of a lipid bi-layer
containing multiple biomolecules derived from the cytosol and/or plasma membrane of the
parent cells(21). They were initially described as “garbage bags” by which the cells
eliminate their unneeded products(22). We now know that EVs are involved in a vast array
of functional intercellular communication and biomolecule transfer networks(23, 24). Based
on their size and biogenesis, EVs have been classified into three main categories. Apoptotic
bodies are large vesicles (50 — 5000 nm), released from cells during the programmed cell
death process. Apoptotic bodies harbor primarily apoptotic nuclear materials surrounded by
a permeable membrane. Exosomes are the smallest EVs (40 — 150 nm) and diffuse into the
extracellular medium when intracellular multivesicular bodies fuse with the cellular plasma
membrane via the active process of exocytosis. Classical microvesicles are distinguished
from the other two EVs by size (150 — 1000 nm) and mechanisms regulating vesicle
formation, such as cytoskeleton remodeling and externalization of phosphatidylserine(25).
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Although the relative concentration of each vesicle subtype is unknown, analysis of EV size
distribution in body fluids showed a greater abundance of small vesicles (< 300 nm in
diameter) than of larger vesicles(26).

Evidence from animal and human experiments have suggested that exercise can significantly
increase circulating EV levels. Fruhbeis, et al.(27) demonstrated that, after a single bout of
exhaustive cycling exercise, the total amount of EVs in venous blood of healthy subjects
increased, on average, 2.7 times immediately and returned to baseline levels after 90 min.
This exercise-triggered rapid release of EVs into the circulation was further confirmed by
several additional human experiments(28-32). A milestone study on exercise-released EVs
was performed by Whitham, ef 4/.(33), who demonstrated that EXT not only elevated
circulating EV concentration, but also enriched their functional protein cargo. They further
suggested that these ExT-released EVs exerted remote biological effects, particularly on
glycolytic processes in hepatocytes.

Although it is assumed that EVs released following EXT are derived from skeletal muscle,
identification of the precise origin of circulating EVs is still unclear. One strategy to help
unravel this issue is to assay tissue-specific proteins carried by EVs, for example, using
CD105, CD62E, CD14, CD61, FABP, and SCGA as markers of EVs released by the total
endothelium, activated endothelium, monocytes/macrophages, platelets, adipose tissue, and
striated skeletal muscle, respectively(34). However, these protein markers cannot be used to
quantify the amount of EVs released. To overcome this challenge, we recently created a
muscle-specific membrane-GFP* transgenic mouse line, the MS-mG, by crossing the MLC-
cre mice with the mT/mG mice. MLC-cre mice express Cre recombinase driven by the
skeletal muscle specific myosin light polypeptide 1 promoter(35). The mT/mG line is a
double-fluorescent Cre reporter model that expresses membrane-targeted tandem dimer
Tomato (mT) prior to Cre-mediated excision and membrane-targeted green fluorescent
protein (mG) after excision(36). Thus, the MS-mG model expresses a dual fluorescent
protein reporter whose skeletal myocytes exclusively express green fluorescent protein
(GFP) while all other tissues express the red fluorescent protein, tdTomato. Accordingly,
their EVs are identifiable based on their origins, as illustrated in Panel A of Figure 2. Panel
B shows confocal images taken from one MS-mG mouse, demonstrating that GFP is
exclusively expressed in skeletal muscle and tdTomato is expressed in all non-muscle
tissues. Subpanel (a) is a cross section of the tail, indicating that only tail muscles (six
masses) exhibit green fluorescence, whereas all other tissues, including skin, subcutaneous
tissues, blood vessels, adipose, nerves, and caudal vertebra exhibit red fluorescence.
Subpanels (b) and (c) show a cross section of the gastrocnemius and a longitudinal image
of muscle fibers demonstrating GFP in myocytes whereas non-muscle tissues surrounded by
myocytes, such as blood vessels, nerve trunks and terminals, capillaries, and endplates
express tdTomato. Subpanel (d) shows EVs isolated from plasma grouped into green and
red particles, suggesting that their sources are either skeletal muscle or non-muscle tissues.
While dtTomato/GFP cre mice have been described in the literature(37), to our knowledge,
this is the only animal model currently available to distinguish skeletal muscle-derived EVs
from those derived from other tissues. Indeed, the EV populations isolated from plasma of
MS-mG mice can be recognized and characterized by nanoscale flow cytometry based on
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their fluorescent signals. Accordingly, the influence of exercise on skeletal muscle- and non-
muscle tissue-derived EVs can be determined in number and size. More importantly,
employing this reporter mouse, we can separate and enrich these two types of EVs by
fluorescence-activated cell sorting (FACS) for subsequent proteomic analysis, enabling us to
present a protein profile of circulating EVs derived from skeletal muscle and non-muscle
tissues, respectively. Accordingly, we can provide insight into the skeletal muscle
mechanisms responsible for exercise-induced systemic benefits.

Figure 3, Panel A shows the effects of a single bout of exhaustive exercise on plasma EVs of
MS-mG mice, demonstrating that acute exercise significantly increases circulating skeletal
muscle-EVs by 4-fold (GFP*-particles) and non-muscle-EVs by 2-fold (tdTomato™*-
particles).

Panel B of Figure 3 shows an overlay of the EVs detected in MS-mG mouse plasma on the
size of control beads ranging from 0.22 to 3.80 um. Although covering the whole range of
control beads, skeletal muscle-derived EVs (GFP™ particles shown as red dots) concentrated
in one cluster around 0.22 um, whereas non-muscle tissue-derived EVs (tdTomato™ particles
shown as purple dots) were separated into three main groups close to 0.22, 0.45, and 0.88
um areas, implying a single origin of GFP* particles and multi-organ origins for non-muscle
tissue-derived EVs, the tdTomato* particles.

Skeletal muscle secretes extracellular vesicles by two mechanisms

EVs can be released from all tissues by different mechanisms depending on cell type,
physiological circumstances, and pathological challenges. For instance, in endothelial cells,
laminar shear stress (SS) has been suggested as a physiological regulator of EV release,
where the sustained low SS stimulates EV release through activation of Rho kinases and
ERKZ1/2 pathways, while atheroprotective high SS limits EV release in a nitric oxide (NO)-
dependent regulation of ATP-binding cassette subfamily A, member 1- (ABCA1) expression
and of cytoskeletal reorganization(38). Redox status (an important metabolic mechanism) is
another key factor influencing EV biogenesis and release. Exposure of human alveolar and
bronchial epithelial cells to 100 uM H,0, causes a significant increase in EV release, which
was completely abolished by preincubation with the antioxidant N-acetyl-cysteine (NAC)
(39). H,0, treatment also led to time- and dose-dependent EV release from cultured human
retinal pigment epithelial cells that was strongly correlated to apoptosis(40). Benedikter, ef
al. demonstrated that oxidative stress was the major mechanism underlying cigarette smoke
extract-augmented EV release of human bronchial epithelial cells(41).

Given an association of EV release with increases in the levels of intracellular calcium(42)
and a rapid release of CaZ* from the sarcoplasmic reticulum following motor neuron
stimulation of skeletal muscle fibers(43), it has been proposed that a transient Ca2* increase
during skeletal muscle contraction is likely involved in EV release(44). While not
extensively studied in skeletal muscle, data from cancer cells indicates a sarcoplasmic
reticulum mechanism that is calcium and calpain dependent(45). Skeletal muscle
denervation significantly altered the miRNA component of released EVs with an increase in
miR-206 and a decrease in miRs 1, 133a, and 133b(46) however, it is not clear if EV
concentration or amount was changed by this intervention. By comparing cultured mouse
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soleus with extensor digitorum longus, Nie, et a/. found that oxidative muscle produces
significantly more EVs than glycolytic muscle(47), strongly suggesting that intrinsic
metabolic characterization can influence myocyte EV secretion. A recent study by our
laboratory assayed circulating EVs of mice with muscle-specific Nrf2 deletion or
overexpression. These data provide clues to understanding the mechanisms underlying EV
release by skeletal muscle during exercise. Panel A of Figure 4 shows representative
electronmicrographic images of isolated plasma EVs. Panel B shows representative
NanoSight® results indicating concentration and size distribution of EVs isolated from
plasma of WT sedentary mice or following 3 weeks of EXT. Panel C shows group data,
where it can be seen that although there were no differences in EV size among groups,
plasma EV concentration was dramatically altered by manipulating skeletal muscle Nrf2 and
the effects of exercise training. As predicted, we found a significantly higher EV
concentration in the plasma of sedentary mice with muscle Nrf2 deficiency that may be
attributed to oxidative stress-stimulated EV release from skeletal muscle. In contrast, we
unexpectedly found that circulating EVs were also increased in sedentary mice with muscle
Nrf2 overexpression (i.e. Keapl KO). Obviously, this cannot be explained by an increased
oxidative stress. Given that this model is characterized by increased expression of
antioxidant enzymes, glutathione synthetase, and glutathione in skeletal muscle(17), redox-
associated metabolic stressors are not likely the cause of this phenomenon. Indeed,
glutathione has been used to prevent ROS-induced EV secretion by scavenging thiol-reactive
compounds in cigarette smoke extract-treated airway epithelial cells(41) and preventing
ROS from reacting with cellular thiols in alcohol-mediated hepatic injury(48). Alternatively,
we believe that the enhanced mechanical activity of skeletal muscle contractility may
explain the increased EVs in this Nrf2 overexpression model. Indeed, we found that EXT
further increased the EV concentration of Keapl KO mice as compared with sedentary
animals. In contrast, EXT failed to change EVs of Nrf2 KO mice due to their poor exercise
performance during training(17). In summary, our data suggest that both metabolic and
mechanic factors reluate the EV secretion from skeletal muscle.

ExT-induced systemic antioxidant defense relies on skeletal muscle Nrf2

Regular physical activity confers potent antioxidant effects universally(49). Accordingly,
EXT has been recommended as an important intervention to enhance systemic and organ
antioxidant capacity in aging(50) and in pathological conditions, such as cardiovascular
diseases(51), type 2 diabetes mellitus(52), obesity(53), and Alzheimer’s disease(54). More
than 10 years ago, we found a significant increase in oxidative stress in the rabbit rostral
ventrolateral medulla (RVLM), a primary central nucleus located in the lower brainstem
responsible for the sympathetic regulation, in a model of pacing-induced chronic heart
failure (CHF)(55). We further demonstrated that this disturbed central redox balance could
be rectified by a four-week treadmill EXT program by enhancing antioxidant defenses that
reduced CHF progression(56). These observations were recently reinforced by several
studies from our laboratory utilizing transgenic mouse models with coronary artery ligation-
induced CHF. We found that the redox status in the RVLM determined the central regulation
on sympathetic outflow(57). Impaired antioxidant capacity in the RVLM contributed to
sympatho-excitation in CHF(58), and more importantly, EXT ameliorated autonomic activity
in the CHF state by upregulating antioxidant enzymes in the RVLM(59). Although the
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underlying mechanisms are not completely clear, we postulated that this ExT-enhanced
central antioxidant effect could be attributed to at least two potential mechanisms. One is
induced activation of endogenous antioxidant defenses intracellularly in RVLM neurons by
increased neuronal and metabolic activity(60), a well-known phenomenon observed during
exercise(61). Another mechanism is the transfer of contracting muscle-derived enzymatic
and non-enzymatic antioxidants into the brain from the peripheral circulation; an organ-
organ communication pathway with the assistance of circulating EVs. Indeed, it has been
proposed that there is a muscle-brain endocrine loop by which the myokine cathepsin B,
when increased peripherally by exercise, can pass through the blood-brain barrier (BBB) and
enhance brain-derived neurotrophic factor (BDNF) production and hence neurogenesis,
memory and learning(62). In addition, it has been demonstrated that circulating EVs derived
from different species (human vsmouse) and cell types (cancerous vsnon-cancerous cell
lines) can cross the BBB and be taken up by the brain(63). Exercise-released EVs contains a
vast array of signaling proteins and other functional molecules that targets the brain to slow
or prevent the progression of neurodegenerative diseases such as Alzheimer’s disease(33,
64). Accordingly, we propose that contracting muscle-generated antioxidant proteins also
enter the brain by similar mechanisms and enhance central antioxidant capacity, resulting in
an improvement of autonomic regulation of cardiovascular diseases such as CHF. Consistent
with this notion, we found a dramatic enrichment of antioxidant cargo, including NQO1 and
SOD2, in circulating EVs following EXT, which relies on intact Nrf2 in skeletal muscle. As
can be seen in Figure 5, NQO1 and SOD2 in EVs isolated from plasma of EXT-WT mice
was significantly higher than that in sedentary controls, whereas this effect was completely
abolished when skeletal muscle Nrf2 was deleted. In this study, we also found a significantly
lower NQO1 and SOD?2 in the EVs of sedentary Nrf2-deficient mice as compared with
sedentary WT mice, suggesting that skeletal muscle Nrf2 is responsible for not only the
exercise-induced but also baseline enzymatic antioxidants in circulating EVs.

Exercise training protects the cardiovascular system by influencing autonomic regulation, as
well as having direct effects on the myocardium. Oxidative stress is a hallmark of
myocardial ischemia/reperfusion (I/R) injury(65, 66). Reperfusion of ischemic myocardium
generates a massive increase in ROS from the mitochondrial respiratory chain and cytosol/
cytomembrane NOX family of enzymes(65). These excessive ROS elicit cardiomyocyte
death by opening the mitochondrial permeability transition pore, acting as neutrophil
chemo-attractants, mediating dysfunction of the sarcoplasmic reticulum and contributing to
intracellular CaZ* overload, damaging the cell membrane by lipid peroxidation, inducing
enzyme denaturation, and causing direct oxidative damage to DNA(67, 68). Therefore,
supplementation with exogenous antioxidants have been demonstrated to salvage the
ischemic myocardium from impending infarction and reduce infarct size(65, 66). Similarly,
contracting muscle-generated antioxidant enzymes, once transported to heart, are able to
provide the myocardium with additional antioxidant capacity and protect against I/R injury.
Panel A of Figure 6 provides experimental evidence showing transfer of skeletal muscle-
derived EVs to the heart in skeletal muscle-specific GFP reporter mice, where increased
GFP signal in the myocardium following EXT can be observed. Panel B of Figure 6 shows
Evans blue/TTC double staining data of mouse hearts indicating that EXT significantly
decreased infarct area in WT mice subjected to cardiac ischemia/reperfusion injury as
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compared with the sedentary controls. On the other hand, in mice with skeletal muscle Nrf2
deficiency, this ExT-evoked cardioprotective effect was impaired (i.e. infarct size was
larger), suggesting that skeletal muscle Nrf2 plays a critical role in ExT-protection of the
myocardium against I/R injury. The literature suggests that EVs can transfer diverse
protective signals from remote conditioned organs to ischemic myocardium(69-72). These
include miRNAs(73), cytokines(74), and growth factors(75).

While there is evidence that mechanical forces can mediate the release of EVs from muscle
(20, 76, 77) the specific role of Nrf2 in mediating these events is completely unknown thus
opening up a wide field of investigation into specific mechanisms. It will be important to
determine the role of oxidative stress and antioxidant proteins in mediating EV release from
skeletal muscle. Our data suggest a novel cardioprotective signal from EVs derived from
contacting muscle containing a group of enzymatic antioxidants under the governance of
Nrf2.

Global benefits of EXT have been recognized for centuries, particularly on the cardiovascular
system(78). This effect, we believe, is an orchestrated result involving multiple systems and
diverse mechanisms. In this brief review, we propose a novel mechanism to explain the
protective effects of EXT on neural and cardiac function based on the published literature
and new data obtained in our laboratory that is dependent on skeletal muscle Nrf2-activated
antioxidant genes and EV-mediated organ-organ communication. Certainly, this review is
not exhaustive and there are multiple mechanisms to explain the beneficial effects of EXT. A
simplified schematic of this pathway is shown in Figure 7. These concepts integrate exercise
training, skeletal muscle Nrf2, and EV-mediated inter-organ communication to provide
insight into the mechanisms underpinning the benefits of EXT and a new strategy for
developing pharmacological therapy to those patients who may benefit from, but are
intolerant of EXT.
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Key points

Skeletal muscle nuclear factor erythroid-derived 2-like 2 (Nrf2) plays a
crucial role in maintaining redox homeostasis by upregulating more than 100
proteins, that not only protect skeletal myocytes against oxidative stress
locally but may also provide distant cells with an additional cytoprotective
defense via tissue to tissue communication.

Exercise training (EXT) dramatically increases circulating extracellular
vesicles (EVs), that are derived from both skeletal muscle and non-muscle
tissues. Skeletal muscle-released EVs mediate delivery of cytoprotective
proteins from contracting muscle to remote tissues and may be responsible for
ExT-induced beneficial effects.

Nrf2 indirectly influences EV release of skeletal muscle at the rest and during
EXT by altering intracellular redox status of myocytes (metabolic mechanism
for EV release) and muscle contractility (mechanical mechanism for EV
release).

ExT-evoked systemic antioxidant defense is associated with contracting
skeletal muscle-released EVs enriched with antioxidant enzymes under the
control of skeletal muscle Nrf2 (both cargo and number of circulating EVS).
Antioxidant protein transfer from contracting muscle to the central nervous
system and myocardium represents a novel mechanism underpinning ExT-
induced suppression of sympathetic nerve hyperactivity in the chronic heart
failure state and protection of the heart during ischemia/reperfusion injury.
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Proteomic and bioinformatic analyses of skeletal muscle in animals with Nrf2
overexpression (Modified from (17). Copyright © 2020 John Wiley & Sons. Used with
permission.). A. Transgenic mouse construct with selective muscle Nrf2 overexpression by
deletion of exons 2 and 3 of the Keapl gene. B. Proteomic analysis revealing over 100
proteins that are upregulated; C. Canonical pathway analysis suggesting 4 major metabolic
processes potentially impacted; D. Gene ontology analysis suggesting 4 intracellular
signaling pathways that are activated (orange bars in subpanel (A)) via upregulating over 20
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pivotal proteinss (red rhombi in subpanel (B)) in each of the corresponding pathways labeled
as (a), (b), (c), and (d).
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Figure 2.

Schematic diagram of gene construct for the double-fluorescent protein expression in MS-
mG mice (A) and confocal images from one MS-mG mouse (B) showing that GFP is
exclusively expressed in tail muscles (a), gastrocnemius (b), muscle fibers (c), and muscle-
derived EVs in plasma (d; arrows indicate the EVs generated by skeletal muscle), while
tdTomato is expressed in non-muscle tissues.
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Figure 3.
Flow cytometry data showing an increase in skeletal muscle- (GFP+) and non-muscle tissue-

(tdTomato+) derived EVs in the plasma following a single bout of exhaustive exercise (A).
**p<0.01 and ***p<0.001 vs sedentary mice; n = 6/group. (B) shows size distribution of
plasma EVs by overlaying particles on the control beads (dots surrounded by rectangles).
GFP+-particles (red) are present in one group, whereas tdTomato+-particles (purple) are
present as three distinct size groups. SSC-A: side scatter area; FSC-A: forward scatter area.
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Figure 4.
Effects of exercise on circulating EVs of mice with skeletal muscle Nrf2 deficiency or

overexpression. (A) Representative electron micrograph of isolated exosomes; (B)
Representative results of nanoparticle tracking analysis showing concentration and size
distribution of EVs purified from the plasma of sedentary and exercised mice. (C) Mean data
of EV concentration and average diameter. *P < 0.05 compared with corresponding mice in
sedentary cohort; #P < 0.05 compared with WT mice in the same category. n = 4/group.
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Figure 5.
(A) Western blot data showing NQO1 and SOD?2 proteins from circulating EVs of WT and

skeletal muscle Nrf2-deficient mice that were either sedentary or following EXT. *p<0.05
and **p<0.01 vs sedentary; @p<0.05 vs WT EXT mice; n = 7/group. (B) Confocal image
showing appearance of skeletal muscle-derived EVs in T3 dorsal root ganglia following
ExT.
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Figure 6.
(A) Confocal images showing transfer of skeletal muscle-derived EVs (GFP+) to the

myocardium following ExT. (B) Representative images of whole heart/heart sections and
quantified data showing the area at risk (AAR) and infarct area (INF) of the left ventricle
(LV) subjected to ischemia/reperfusion of mice with muscle Nrf2 intact or deleted following
EXT or being sedentary. *p<0.05 and **p<0.01 vs sedentary mice; @p<0.05 vs wildtype
EXT mice; n = 7/group.
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Skeletal muscle - brain communication suppresses
sympatho-excitation of chronic heart failure
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Figure 7.

Proposed mechanisms underlying ExT-evoked protection of the cardiovascular system via
intercellular communication from contracting skeletal muscle with the central nervous
system and the myocardium in the chronic heart failure state and during acute cardiac
ischemia.
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