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TaggedPAbstract

Cardiomyocytes comprise »70% to 85% of the total volume of the adult mammalian heart but only about 25% to 35% of its total number of

cells. Advances in single cell and single nuclei RNA sequencing have greatly facilitated investigation into and increased appreciation of the

potential functions of non-cardiomyocytes in the heart. While much of this work has focused on the relationship between non-cardiomyocytes,

disease, and the heart’s response to pathological stress, it will also be important to understand the roles that these cells play in the healthy heart,

cardiac homeostasis, and the response to physiological stress such as exercise. The present review summarizes recent research highlighting

dynamic changes in non-cardiomyocytes in response to the physiological stress of exercise. Of particular interest are changes in fibrotic path-

ways, the cardiac vasculature, and immune or inflammatory cells. In many instances, limited data are available about how specific lineages

change in response to exercise or whether the changes observed are functionally important, underscoring the need for further research.
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TaggedH11. Overview of exercise: Key cardiovascular adaptations TaggedEnd

TaggedPExercise, a subcategory of physical activity, is planned,

structured, repetitive, and intentional movement intended to

promote health. Most forms of exercise induce molecular,

structural, and functional changes that protect the mammalian

heart against pathological stress. While there are different

forms of exercise (e.g., resistance, strength, and plyometric

training), aerobic exercise is one effective way to help prevent

cardiovascular disease.1�3 Despite the long-recognized cardio-

vascular benefits of exercise in both healthy and diseased

humans, less is known about the optimal duration and intensity

of exercise or the dose�response relationship.4 In part this

reflects the challenges of long-term, large-scale adherence to

randomized lifestyle interventions. As a consequence, most of

our current recommendations are based on observational data,
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which are potentially confounded by many factors. The Phy-

sical Activity Guidelines for Americans set forth by the United

States (U.S.) Department of Health and Human Services

suggests children and adolescents complete at least 1 h of

moderate-to-vigorous intensity physical activity on a daily

basis; this includes aerobic, muscle, and bone-strengthening

exercise.5 For adults to receive cardiovascular benefit, at least

150 min of moderate intensity or 75 min of vigorous intensity

activity per week is recommended. Moreover, current guide-

lines suggest the addition of strength training will likely

provide adjunctive benefits.5 The Centers for Disease Control

and Prevention reported that, despite these recommendations

in support of cardiovascular health, only 23% of adults in the

U.S. have been shown to meet the aerobic and muscle-

strengthening exercise guidelines. TaggedEnd

TaggedPCardiac enlargement in endurance athletes was first

described over a century ago.6,7 Marked by increases in wall

thickness and dilation of all 4 cardiac chambers with preserva-

tion of function, these features are common to the “athlete’s
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heart”. The structural and functional changes observed with

exercise, also called exercise-induced cardiac remodeling or

physiological hypertrophy, represent a form of reversible

“physiological” heart growth. These changes are accompanied

by normal or sometimesmodestly improved contractile function

and associated predominantly with beneficial cardiovascular

outcomes. In contrast, disease states including hypertension,

myocardial infarction, or stenotic valve lesions lead to

“pathological hypertrophy”, which commonly precedes

impaired systolic and/or diastolic function, interstitial fibrosis,

and unfavorable cardiovascular outcomes. Analyses of animal

models of physiological and pathological remodeling have

revealed these growth states are associated with distinct and

often opposing transcriptional programs, signaling, and cellular

effects. Generally distinct from changes seen in pathological

hypertrophy, functionally important changes seen in exercise

protect against pathological cardiac stress with remarkable

consistency. Examples of pathways important in the hearts

response to exercise that also protect against pathological stress

when the changes seen in exercise are mimicked pharmacologi-

cally or genetically include phosphoinositide 3-kinase

(PI3K),8,9 serine/threonine kinase 1 (Akt1),10�12 endothelial

nitric oxide synthase (eNOS),13 peroxisome-proliferator-acti-

vated receptor coactivator 1a (PGC1a),14,15 CCAAT/enhancer-
binding protein b (C/EBPb),16 CBP/p300-interacting transacti-
vators with E (glutamic acid)/D (aspartic acid)-rich-carboxyl

terminal domain (CITED4),17 microRNA-222 (miR-222),18

and long noncoding exercise associated cardiac transcript 1

(lncExACT1).19 Cardiomyocyte-specific overexpression of

PI3K (which is activated in the heart during exercise20) protects

the heart against transverse aortic constriction (TAC)-induced

pathological growth and cardiac functional decline.9 In contrast,

C/EBPb, a member of the basic helix�loop�helix (bHLH)

gene family of DNA-binding transcription factors, was downre-

gulated in the hearts ofmicewith 14 days of swimming but upre-

gulated in TAC-induced pathological hypertrophy.16 Mice

heterozygous for C/EBPb (50% reduction) developed a gene-

expression pattern consistent with physiological hypertrophy,

with increased cardiomyocyte size and protection against TAC-

induced heart failure.16 Reduction of C/EBPb conferred these

effects partially through increasing CITED4, a transcriptional

regulator upregulated in the heart after exercise.16 Cardiac-

specific overexpression of CITED4 increased heart weight and

cardiomyocyte size, with normal fractional shortening consis-

tent with physiological hypertrophy.Moreover, cardiac-specific

overexpression of CITED4 protected against myocardial

ischemia-reperfusion-induced cardiac injury while cardiac-

specific CITED4 knockout accelerated dilation and heart failure

after TAC.16,21 Most recently, we identified a long noncoding

RNA (lncRNA), lncExACT1, whose cardiac expression was

downregulated by exercise but upregulated by TAC.19 Inhibi-

tion of lncExACT1, to mimic the change seen in exercise,

protected against TAC-induced heart failure and cardiac

dysfunction after ischemic injury.19 These effects were

conferred, in part, through the binding of lncExACT1 to miR-

222, an miR that increases in the heart after exercise and is

required for exercise-induced physiological cardiac growth.18
Together these observations suggest exercise studies can yield a

novel list of possible therapeutic targets.TaggedEnd

TaggedPThe cardinal feature of physiological hypertrophy is an

increase in cardiomyocyte size, which accounts for most of the

growth of the heart in this setting. Intriguingly, we found that

exercise also induces an increase in cardiomyocyte prolifera-

tion in both the young adult22 and aged23 mammalian heart.

Given the centrality of changes in cardiomyocyte phenotype, it

was understandable that initial studies focused on this cell. In

mice with cardiomyocyte-specific expression of dominant

negative PI3K, 4 weeks of swimming nullified its protective

effect against TAC-induced pathological cardiac growth.9 This

suggests that cardiomyocyte PI3K is necessary for exercise’s

beneficial cardiac effects. LncRNA cardiac physiological

hypertrophy-associated regulator (CPhar) was increased in the

hearts of mice after 8 weeks of swimming.24 Knockdown of

CPhar by short hairpin RNA canceled out 3 weeks of swim-

ming-induced cardiomyocyte hypertrophy and markers of

proliferation.24 These results provide direct evidence of the

effect of exercise on cardiomyocytes and suggest that CPhar is

necessary in this process. However, in this study, short hairpin

RNA was delivered by adeno-associated virus 9 under the

control of U6, which is not cardiomyocyte specific. Thus, it is

possible that CPhar from sources other than cardiomyocytes

could also contribute to the attenuation of exercise’s effect on

the heart. For more on exercise-mediated changes in cardio-

myocytes, the interested reader is referred to prior reviews on

that topic.25�28 There is less information available, however,

on the roles of other cell types in the heart’s response to exer-

cise. This partially reflects technical considerations, such as the

challenges of genetically manipulating specific cell types in the

heart. It may also reflect a bias that is being addressed by an

increasing number of studies highlighting the important roles

played by non-cardiomyocytes in the heart in disease states,

which we hope will increasingly be applied in studies of exer-

cise. As illustrated below, even the limited data available on

other cell types suggest that they are altered in exercised hearts

and may also play important—and sometimes surprising—

roles in the cardiac exercise response. In some instances, non-

cardiomyocytes appear necessary for the cardiomyocyte

responses to exercise that have been so well documented. In

this review, we discuss the current state of knowledge with

respect to non-cardiomyocytes in the exercise response. In

many cases, existing data are ambiguous as to whether effects

are cell-autonomous or indirect and related to cross-talk from

other lineages, as well as to the functional importance of such

effects. We also highlight lineages whose role in the cardiac

exercise response is not well characterized but which represent

fertile ground for future investigation. We have omitted some

cell types (e.g., pericytes and smooth muscle cells) due to the

paucity of data available and in the interest of brevity.TaggedEnd

TaggedH12. Non-cardiomyocytes and exercise TaggedEnd

TaggedH22.1. Fibroblasts TaggedEnd

TaggedPFibroblasts originating from epicardial and endocardial

resident populations in development and after injury28
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comprise approximately 20% of all non-cardiomyocytes in the

heart at baseline.29 They reside in the interstitial space of the

myocardium, epicardium, and perivascular areas of the

heart.30 Fibroblasts were previously thought to be the predomi-

nant cell of the adult mammalian heart, more numerous than

endothelial cells.31�34 This conclusion was likely influenced

by a lack of fibroblast-specific genes, making it difficult to

identify and study fibroblasts unambiguously.35�37

Litvi�nukov�a et al.38 used single-nucleus RNA sequencing

(snRNA-seq) to identify 6 fibroblast subpopulations in the

adult human heart, estimating that fibroblasts constitute »24%

of the nuclei in atrial tissues and »15% in ventricular tissues.

In adult mouse hearts, collagen Type 1 a 1-green fluorescent

protein reporter labeling identified <5% of all cells as fibro-

blasts in healthy, unperturbed hearts. After myocardial infarc-

tion, this number increased to »8% and 15% at Day 7 and Day

30, respectively.39 At 7 days after myocardial infarction, the

percentage of fibroblasts increased in both infarct zone

(»40%) and border zone (»30%).39 In cardiac homeostasis,

fibroblasts play a major role producing extracellular matrix, an

important structural scaffold for all cardiac lineages that influ-

ences the distribution of mechanical stress.30,40�43 The role of

cardiac fibroblasts has been extensively studied under patho-

logical conditions such as ischemic injury or infarction,44

heart failure,45 hypertrophic cardiomyopathy,46 and other

disease states. In these contexts, fibroblasts aid in scar forma-

tion, often replacing necrotic or dead cardiomyocytes and

marking resolution of the early inflammatory phases. This

“reparative” fibrosis can be critical to maintaining overall

myocardial structural integrity after ischemic injury and

infarction.47 In contrast, exercise does not typically induce

fibrotic remodeling as seen in disease states.48�51 Moreover,

exercise appears to mitigate fibrosis in some settings (e.g.,

TAC-induced pathological growth and left anterior descending

coronary artery ligation-induced myocardial infarction) and

induces transcriptional changes in expression of both protein-

coding (e.g., CITED416,17,21) and noncoding RNA (both

miRNAs (e.g., miR-29,52,53 miR-22218) and lncRNA (e.g.,

lncExACT119)) that suppress the fibrotic response. TaggedEnd

TaggedPPrevious studies have reported minimal or no significant

changes in collagen expression, total collagen concentra-

tion, collagen ratios (Type III to Type I), or cross-link-

ing54�57 after 10�13 weeks of treadmill or 4 months of

voluntary wheel running exercise. These studies suggest

exercise induces physiological responses in cardiac fibro-

blasts that are distinct from the fibrotic programs induced in

disease (Table 1 and Fig. 1). A seminal study by Lighthouse

et al.48 investigated fibroblasts in the exercised heart,

highlighting this concept and implicating potential under-

lying mechanisms. The authors compared transcriptomes in

cardiac non-cardiomyocytes (»77% of which were fibro-

blasts) isolated from mice with 4 days or 10 days of swim-

ming-induced cardiac growth, TAC-induced pathological

growth, and left anterior descending coronary artery liga-

tion-induced myocardial infarction.48 In fibroblasts from the

pathological models, well-known myofibroblast gene

programs such as Rho/Rho-kinase, serum response factor-
dependent, and integrin-linked kinase signaling were upre-

gulated, while nuclear factor erythroid 2-related factor 2

(Nrf2)-dependent reactive oxygen species scavenging path-

ways were downregulated. Opposite changes in these

signaling pathways (e.g., upregulation of pro-inflammatory

transcription factors like signal transducer and activator of

transcription 1, nuclear factor of activated T cells 2, and

interferon regulatory factor 3 (IRF3), IRF5, and IRF749)

were observed in fibroblasts from exercised hearts. No

changes in typical fibroblast genes, including those

encoding extracellular matrix proteins and myofibroblast

activation markers (e.g., periostin, Col1a1, Col1a2,
Col3a1), were observed. This suggests fibroblasts may

contribute to the beneficial effects of exercise by mitigating

oxidative damage through Nrf2 and potentially by inter-

fering with myofibroblast activation. The authors further

showed that 2 key genes in the Nrf2 signaling pathway,

metallothionein 1 (Mt1) and Mt2, were upregulated in

cardiac fibroblasts by exercise, yet they were downregulated

in pathological animal models and samples from heart

failure patients.48 In fibroblasts isolated from the cardiac

tissue of heart failure patients, p38 inhibition increased

Mt1/Mt2 expression, suggesting a role for MAPK signaling

in Mt1/Mt2 suppression. In mice lacking Mt1/Mt2, 4 weeks

of swimming did not induce physiological cardiac growth

but did lead to increased fibrosis, vascular rarefaction, and

diastolic and systolic dysfunction, which suggests that Mt1/

Mt2 are required for physiological hypertrophy and at least

some of the cardiac benefits of exercise. Of note, these mice

were global Mt1/Mt2 knockouts, leaving open the possi-

bility that Mt1/Mt2 from other lineages also contributes to

these phenotypes and the normal exercise response.

However, in mouse cardiac fibroblasts in vitro, Mt1 overex-

pression reduced myofibroblast activation supporting

important cell autonomous effects. Interestingly, condi-

tioned media from cardiac fibroblasts overexpressing Mt1

protected cardiomyocytes from H2O2-induced oxidative

injury and cell death, thereby underscoring the potential

importance of cellular cross-talk to the cardiac benefits of

exercise. TaggedEnd

TaggedPOther work has examined the role of fibroblasts in exercise-

mediated mitigation of cardiac disease and aging. For

example, 4 weeks of swim training attenuated isoproterenol-

induced (isoproterenol injected during the last 2 weeks of

swim training) cardiac fibrosis and induction of nicotinamide

adenine dinucleotide phosphate (NADPH)-oxidase-reactive

oxygen species in wild-type but not adenosine monophos-

phate-activated protein kinase knockout mice, suggesting that

exercise alleviates cardiac fibrosis and oxidative stress in an

adenosine monophosphate-activated protein kinase (AMPK)-

dependent manner.57 Similarly, swim training (doxorubicin

injected 4 days after swim training;58 at the same time as swim

training;59,60 after 14 weeks of swim training;61 4 days before

swim training62) has been shown to have a multitude of protec-

tive effects against doxorubicin-induced cardiac injury. Exer-

cised hearts treated with doxorubicin show a reduction in

fibrosis, potentially via protein expression of transforming



TaggedEndTable 1

Cardiac fibrosis in response to exercise.

Exercise model Outcome Species Age (week) Sex

Swimming

(50 min/day for 4 weeks)57
Exercise reduced isoproterenol-induced cardiac

fibrosis in wild-type but not in AMPK knockout

mice

Mice 10 Male

Treadmill

(40 min, 4 days/week for 5 weeks)58
Exercise did not prevent doxorubicin-induced

fibrosis or ejection fraction. It preserved cardiac

strain, alleviated doxorubicin-induced atrophy

Mice 8 Male

Treadmill

(velocity increased every 3 min to max

after warmup at Weeks 0 and 4)60

Exercise reduced doxorubicin-induced fibrosis

and preserved myofibril integrity and sarcomere

organization

Rats 12 Male

Treadmill

(1 week of acclimation and 4 weeks of

moderate intensity for 60 min/day for 28

days)59

Exercise reduced doxorubicin-induced gene

expressions of fibrosis factors, cardiac remodeling

factors, and inflammatory mediators

Mice Unclear Male

Swimming

(1 h/day, 5 days/week for 14 weeks, with

4% body weight load attached to tail)61

Exercise improved myocardial tolerance to doxoru-

bicin-induced damaged

Mice 6�8 Male

Treadmill

(1 week of training, 50 min, 5 days/week

for 8 weeks)63

Exercise preserved cardiac function and reduced

collagen volume fraction after myocardial infarction

Rats 7 Male

Treadmill

(speeds increased every 2 weeks until

reaching 27 m/min, 60 min, 5 days/week

for 8 weeks)64

Exercise reduced cardiac fibrotic-related protein

expressions in spontaneously hypertensive ovariec-

tomized rats

Rats 15 Female

Swimming

(speeds increased for 2 weeks, then

90 min/day, twice daily for 2 weeks)50

Exercise increased heart weight and succinate

dehydrogenase but did not change myofibrillar

ATPase

Mice 8 Female

Treadmill

(training for 1 week then 45 min,

5 days/week for 10 weeks up to 70% of

max oxygen capacity)65

Exercise reduced collagen deposition and cross-

linking in left ventricular septum but not left

ventricular or right ventricular free wall in

older rats

Rats 23 and 111 Male

Treadmill

(15, 13, and 10 m/min, respectively, for

50 min/day, progressively increased with

30, 24, and 15 m/min for 60 min/day,

5 days/week at termination)66

Exercise prevented age-related decline mRNA

expressions of fibrillar collagens Type 1 and Type 3

in left ventricle

Rats 20, 60, and 104 Female

Treadmill

(1 week of training, 60 min, 5 days/week

for 8 weeks, then 4 days/week until 48 h

before sacrifice)67

Exercise reduced fibrosis and advanced glycation

end products associated with aging and diabetes

Rats 28 and 116 Male

Treadmill

(1 week of training 15 min/day, then 8

weeks of moderate intensity exercise

60 min/day, 5 days/week)68

Exercise reversed diabetes-induced alterations in

factors of myocardial fibrosis

Rats 8 Male

Treadmill

(4 weeks starting at 30 min/day working

up to 60 min/day by Week 5, 5 days/

week)69

Exercise restored bioavailability of hydrogen

sulfide in aged rats; likely protective against cardiac

fibrosis. Exercise also reduced expression of

Collagen I and a-smooth muscle actin in hearts of

aged rats

Rats 12 and 92 Male

Treadmill

(45 min, 5 days/week for 7 weeks)70
Exercise reduced aged-related fibrosis and

dysregulation of matrix metalloproteinase

Rats 12 and 124 Unclear

Treadmill

(60 min, 5 days/week for 12 weeks)71
Exercise reduced age-related cardiac remodeling

and fibrosis in the left ventricle

Rats 12 and 96 Unclear

Treadmill

(60 min, 5 days/week for 10 weeks)54
Exercise did not change the ratio of Collagen III/

Collagen I in the heart after isoproterenol

stimulation

Rats Unclear Male

Abbreviation: AMPK = adenosine monophosphate-activated protein kinase.
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growth factor-b (TGF-b), a smooth muscle actin, Collagens I

and III, NAPDH oxidase-4 and p53, as well as markers of

oxidative stress.58�63
TaggedEnd

TaggedPStarting exercise 1 week after myocardial infarction has

also been shown as effective in reducing fibrosis following
myocardial infarction.63 Inflammatory and fibrotic genes

(TGF-b, p-Smad2/3, connective tissue growth factor, tissue-

type plasminogen activator, matrix metalloproteinase-9

(MMP-9), and Collagen I) expression were also reduced in

ovariectomized hypertensive rats after 8 weeks of treadmill



TaggedFigure

Fig. 1. Potential roles of different types of cells in cardiac response to exercise. The schematic depicts ways that exercise may confer its cardiac effects working

through distinct cell lineages and molecular pathways. In cardiomyocytes, exercise increases the expression of the transcriptional co-regulator CITED4 and down-

regulates the long noncoding RNA lncExACT1, increasing available miR-222 and decreasing its transcriptional target, DCHS2. These effects contribute to hyper-

trophic and proliferative cardiomyocyte responses to exercise. Exercise-induced upregulation of CITED4 in cardiomyocytes negatively regulates cardiac fibroblast

activation via cross-talk mediated in part by the miR-30d family and miR-222. In fibroblasts themselves, exercise inhibits myofibroblast activation via Mt1/Mt2

and fibrosis via AMPK, while also inhibiting pathologic fibrosis in ischemic injury, aging, and diabetes through modulation of renin-angiotensin signaling. In

hematopoietic stem cells, aerobic exercise exerts a cardioprotective effect by reducing hematopoietic stem cell recruitment of leukocytes to the heart, thereby atten-

uating cardiac inflammation. Cardiac endothelial cells are both key regulators and responders to exercise, directing beneficial angiogenesis and, in part, cardiac

hypertrophy via b3-adrenergic/eNOS, neuregulin/ErbB, and Akt signaling. MicroRNAs, miR-16, -126, -210, and -342 also contribute to the cardiac angiogenic

response to aerobic exercise. Lastly, it was found that endothelial VEGFR3 participates in cardiac lymphangiogenesis, leading to increased lymphatic density and

growth of the exercised heart. ACE = angiotensin-converting enzyme; Akt = serine/threonine kinase; AMPK =AMP-activated protein kinase; AT1 = angiotensin II

type 1 receptor; CITED4 = CBP/p300-interacting transactivators with E (glutamic acid)/D (aspartic acid)-rich-carboxylterminal domain4; DCHS2 = Dachsous

cadherin-related 2; eNOS = endothelial nitric oxide synthase; ErbB = Erb-B2 receptor tyrosine kinase; IRI = ischemia reperfusion injury; lncExACT1 = long

noncoding exercise-associated cardiac transcripts; miR =microRNA; Mt1 = metallothionein 1; NRG1 = neuregulin-1; VEGFR3 = vascular endothelial growth

factor receptor 3.TaggedEnd
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exercise training.64 The authors posited this occurs via down-

regulation of the angiotensin II type I receptor. In rats

subjected to myocardial infarction, 8 weeks of treadmill

running (starting 1 week after myocardial infarction)

reduced cardiac angiotensin-converting enzyme expression

in remote zones of the left ventricle, with lower collagen

volumes, thus attenuating fibrosis in non-infarcted myocar-

dial tissue.63 In aged (25.5- to 26.0-month-old) mice, 10

weeks of treadmill exercise reduced aging-related collagen

deposition and cross-linking in the left ventricular septum

of rats.65,66 Exercise treadmill training in late middle-aged

(29-month-old) rats attenuated fibrosis and advanced glyca-

tion end products associated with aging and diabetes.67

There was a reduction in collagen cross-linking and an age-

related rise in cardiac fibrosis, but no change in fibrotic

gene expression programs. A similar study using a strepto-

zotocin and high fat diet-induced type 2 diabetes mellitus

cardiomyopathy in rats showed that 8 weeks of moderate-

intensity exercise (starting 5 weeks after high fat diet

feeding) reduced myocardial oxidative stress and fibrosis

through TGF-b1/Smad signaling, which downregulated
expression of MMP-2, connective tissue growth factor,

TGF-b1, p-Smad2, p-Smad3 while increasing tissue inhib-

itor of MMP Type 1 and Smad7 expression.68 Other studies

have shown that exercise reduces age-related cardiac

fibrosis partly through restoring bioavailability of hydrogen

sulfide in aged (23-month-old) mice.69 Twelve weeks of

exercise training reduced collagen staining as well as extra-

myocyte interstitial space in aging (24- and 31-month-old)

rat hearts.70,71 The downregulated MMP activation in these

aged hearts was reversed by exercise, likely through a

reduction in the protein expression of tissue inhibitor of

MMP Type 1 and TGF-b1. TaggedEnd
TaggedPRecently, the CITED4 signaling pathway, which plays an

established role in exercise-induced growth and the proliferation

of cardiomyocytes,16,17 was shown to regulate an expansive

network of microRNAs governing fibrosis in mice with

TAC-induced pressure overload.21 In particular, miR-30d, a

mediator of fibroblast-cardiomyocyte cross-talk, was found to

be downregulated in cardiomyocyte-specific CITED4 knockout

mice after TAC, and its induction was sufficient to induce

fibrotic response and cardiac dysfunction in this model.21TaggedEnd
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TaggedPOther exercise-modulated miRNA pathways have been

shown to play important roles in cardiac fibrosis. In Wistar rats

subjected to 10 weeks of swimming, left ventricle miR-29c

expression was positively correlated with training duration and

early and late ventricular filling velocity ratio while negatively

correlated with Col1a1 and Col3a1 expression, suggesting

involvement of miR-29c in exercise-mediated reduction in

cardiac fibrosis and diastolic dysfunction.52 Conversely, in adult

mice subjected to TAC, global genetic deletion or pharmacolog-

ical inhibition (antimir, daily for 3 days, starting 1 day after

TAC) of miR-29 attenuated cardiac hypertrophy and fibrosis.53

These results suggest cardiomyocyte miR-29 plays a dominant

role in regulating fibrosis in pathological hypertrophy. While

there are studies examining the functional role of miR-29 in

regulating fibrosis with gain- and loss-of-function of miR-29

across a variety of organs,72,73 further investigation is needed to

decipher the causal role of miR-29 in regulating fibrosis in

different organs, particularly during exercise.TaggedEnd

TaggedPIt should be emphasized that in many of these reports it is

unclear whether the anti-fibrotic effects of exercise are due to

cell-autonomous effects on fibroblast biology, cross-talk with

other cell lineages, or some combination of the two. For

example, cardiomyocyte-specific deletion of the exercise-

induced transcriptional co-activator CITED4 results in a

dramatic increase in fibrosis after TAC. Logically, this

suggests cardiomyocyte-fibroblast cross-talk, an inference

supported by mechanistic in vitro studies.21 Similarly, overex-

pression of the exercise-induced miR-222 reduces fibrosis

even when expression is confined to cardiomyocytes.18 In

contrast, inhibition of lncExACT1 (which decreases in hearts

after exercise training) reduces fibrosis after aortic constriction

and ischemic injury most likely through a combination of

direct effects on fibroblasts and indirect effects on

cardiomyocytes.19 TaggedEnd
TaggedH22.2. Endothelial cells TaggedEnd

TaggedPVascular endothelial cells are the most abundant cell type in

the adult heart, constituting approximately 40% of cardiac

cells and 60% of total non-cardiomyocytes in the heart.29 The

endothelium serves as an interface between circulating blood

and cardiac tissues, controlling diffusion and transport of

nutrients and other circulating molecules from the blood into

the surrounding cardiomyocytes and other cell types to meet

the demands of homeostasis and cardiac growth.74,75 It has

been suggested that the coupling of angiogenesis to cardiac

growth may occur early on in pathological hypertrophy, but

may not persist, potentially contributing to the development of

heart failure.76 Prior work demonstrated that this failure of

angiogenesis may be related to p53-mediated inhibition of

hypoxia-inducible factor 1-a.77 In contrast, macroscopic and

microscopic vascular adaptations occur in athletes and animals

with physiological growth. Enlarged coronary lumens78,79 and

expansion of the vascular bed cross-sectional area are both

observed with exercise-induced physiological cardiac hyper-

trophy in proportional response to the increased demand for

oxygen and nutrients75 (Table 2 and Fig. 1), which suggests
the involvement of endothelial cells in exercise-induced physi-

ological cardiac hypertrophy. Indeed, exercise-induced physi-

ological cardiac hypertrophy is associated with increases in

cardiac eNOS expression and NO production. Inhibition of

NOS80 or eNOS knockout81 abolishes exercise-induced

cardiac hypertrophy. These findings indicate the necessary

role endothelial cells play in cardiac growth during exercise,

despite there being a possibility the changes in eNOS and NO

seen in these studies may come from multiple sources (e.g.,

endothelial cells, cardiomyocytes). Taken together, this work

underscores the essential role of endothelial cells and coupled

angiogenesis in supporting cardiac growth and preventing the

transition to heart failure. TaggedEnd

TaggedPOther work suggests vascular endothelium may play an

even more direct role in regulating cardiac hypertrophy. In

mice with inducible expression of the pro-angiogenetic,

macrophage-derived, secrete peptide PR39 in cardiomyocytes,

Tirziu et al.82 demonstrated that 3 weeks of forced PR39 secre-

tion from cardiomyocytes increased vascular density. Both

increases in vascular density and cardiac growth were

observed after 6 weeks of PR39 induction, while these changes

were reversed by NOS inhibition with NG-nitro-L-arginine

methyl ester (L-NAME).82 In addition, in mice with cardio-

myocyte-specific overexpression of placental growth factor (a

member of the vascular endothelial growth factor (VEGF)

family that induces angiogenesis), Jaba et al.83 observed

increased angiogenesis and endothelial cell-derived NO

production and subsequent cardiac growth, likely via G protein

bg/PI3Kg/Akt/ mammalian target of rapamycin complex 1

signaling.83 These effects of placental growth factor were

attenuated by L-NAME. Taken together, these studies provide

evidence that angiogenesis can regulate cardiac hypertrophy. TaggedEnd

TaggedPIn addition to its signaling effects, which as discussed above

can regulate cardiomyocyte growth,83 NO is the dominant

vasodilator released by the endothelium. The endothelium’s

production of L-arginine by way of NOS enzymes is enhanced

by exercise—likely a response to increased blood flow and

shear stress.84,85 In rats, 2 weeks of swim training increased

heart weight to body weight ratios, promoted cardiac function,

and increased cardiac eNOS activation/phosphorylation and

NO production.80 These beneficial effects were abolished by

the NOS inhibitor, L-NAME,80 indicating the essential role of

eNOS-mediated NO production in the cardiac benefits of exer-

cise. Similarly, Vettor et al.81 showed that 6 weeks of swim

training enhanced cardiac eNOS expression, mitochondrial

biogenesis, and insulin sensitivity in wild-type mice, while

such beneficial effects of exercise were lost in eNOS knockout

mice. Of note, Akt inhibition abrogated exercise-induced

cardiac eNOS phosphorylation and NO production, while

NOS inhibition by L-NAME had no impact on exercise-

induced cardiac Akt phosphorylation.80 Taken together, these

data suggest that exercise confers some of its effects on the

heart through Akt-dependent eNOS activation and NO produc-

tion. In addition to Akt-dependent NO generation, exercise

can also enhance NO generation in a b3-adrenergic receptor-

dependent manner. Calvert et al.13 showed that, in wild-type

mice, 4 weeks of voluntary wheel running increased cardiac



TaggedEndTable 2

The roles of endothelial cells in cardiac response to exercise.

Exercise model Outcome Species Age (week) Sex

Treadmill

(30 min at 70%�80% of

maximal heart rate at Week 1. In

weeks 2�8, exercise effort was

increased by 5 min. After

8 weeks: 70 min, 5 days/week)158

Exercise increased endothelial cell proliferation up to

16 weeks and increased vessel density at Week 3 until a

decrease at Week 8

Yucatan

minipigs

3�24 Male

Swimming

(90 min, 5 days/week for

8 weeks)159

Exercise improved age-related reduction in VEGF

angiogenic signals

Rats 16 and 92 Male

Wheel running

(8 weeks, voluntary)160
Exercise improved left ventricular function after myocar-

dial infarction in wild-type but not eNOS knockout mice

Mice 12 Male and

female

Swimming

(5 days/week, increased from

30 min/day to 180 min/day for

10 weeks)80

Exercise increased eNOS expression and insulin-induced

myocardial NO expression

Rats 8 Male

Wheel running

(4 weeks, voluntary)13
Exercise increased cardiac eNOS phosphorylation and NO

production, which protected against myocardial reperfusion

injury in wild-type but not b3 receptor knockout mice

Mice 8�10 Male

Treadmill

(5 days/week for 4 weeks at 60%

of max aerobic velocity)86

Exercise normalized iNOS expression and conveyed a

cardioprotective effect against reperfusion injury

Mice 8 Male

Treadmill

(3 days of training, then

5 days/week for 4 weeks)91

Exercise increased post-ischemic cardiac function and

increased ErbB/PI3K/Akt, which were blocked by ErbB

inhibitor

Rats 12 Male

Wheel running

(6 weeks, voluntary)97
Exercise and garlic improved angiogenesis through miR-

126 and miR-210

Rats Unclear Male

Swimming

(5 days/week for 10 weeks with 4%

caudal body weight workload)98

Exercise restored cardiac miR-16 and VEGF expression as

well as angiogenesis in obese rats

Rats 20 Male

Swimming

(10 min twice/day, then increased

by 10 min/day until reaching

90 min/day for a total of

3 weeks)112

Exercise induced physiological cardiac growth with

increases in cardiac lymphangiogenesis, which were

blocked by VEGFR3 inhibitor

Mice 8�10 Male

Abbreviations: Akt = serine/threonine kinase; eNOS = endothelial nitric oxide synthase; ErbB = Erb-B2 receptor tyrosine kinase; iNOS = inducible nitric oxide

synthase; miR =microRNA; NO = nitric oxide; PI3K = phosphoinositide 3-kinase; VEGF = vascular endothelial growth factor; VEGFR3 = vascular endothelial

growth factor receptor 3.
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b3-adrenergic receptor protein expression and eNOS phos-

phorylation at Ser1177 as well as increased cardiac and

plasma NO production and protected the heart against ische-

mia�reperfusion injury. However, these effects of voluntary

wheel running were lost in b3-adrenergic receptor knockout

mice, indicating the essential role of b3-adrenergic receptor in

exercise-mediated activation of NO production and cardiopro-

tection. Interestingly, in high fat/high sucrose diet-induced

diabetic mice, cardiac b3-adrenergic receptor and eNOS phos-

phorylation was reduced and ischemia-reperfusion injury was

increased. Four weeks of treadmill running attenuated post-

ischemic injury without affecting cardiac b3-adrenergic

receptor and eNOS phosphorylation,86,87 suggesting that in

diabetic hearts, exercise confers its protective effects through

pathways independent of b3-adrenergic receptor/eNOS.

Indeed, in diabetic hearts, cardiac inducible NOS was accom-

panied by enhanced nitrosative stress and reactive oxygen

species production. All these changes were attenuated by exer-

cise, suggesting that exercise protected the diabetic heart

through inducible NOS and nitro-oxidative stress
normalization. These differences may be due to the type of

exercise and/or disease studied (e.g., non-diabetic vs. diabetic),

but they highlight the diverse mechanisms contributing to

exercise-induced NO production. It is also worth noting

that despite the name, “eNOS” is not specific to endothelial

cells and is expressed, for example, in cardiomyocytes;

therefore, many of the results above could reflect changes

in non-endothelial lineages. TaggedEnd

TaggedPIn the adult heart, endothelial cells also synthesize and

secrete neuregulin-1 (NRG1), a member of the epidermal

growth factor family,87, 88 which binds to erythroblastic

leukemia viral oncogene homolog 3 (ErbB3) and ErbB4 to

form heterodimers with ErbB2 and confer effects on cardio-

myocytes through diverse signaling pathways.88 The

NRG1�ErbB axis has been studied in pregnant rodents, a

model and condition that produces physiologic cardiac

growth, although often with differences in gene expression

when compared to exercise-induced hypertrophy.89 From

early (7�14 days) and late (18�20 days) pregnancy, protein

expression of NRG1, ErbB2, and ErbB4 in left ventricles
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increased in association with left ventricular mass and

preserved fractional shortening as well as enhanced phosphor-

ylation of Akt and extracellular signal-regulated kinase 1/2.90

Moreover, inhibition of ErbB2 by Lapatinib inhibited ErbB2

and extracellular signal-regulated kinase 1/2 phosphorylation,

reduced fractional shortening, and exacerbated left ventricular

dilation but did not affect left ventricular mass. These results

suggest a role of NRG1/ErbB signaling in the physiological

cardiac growth seen in pregnancy. In rats subjected to ische-

mia�reperfusion, 4 weeks of treadmill exercise also increased

cardiac NRG1 and phosphorylation of ErbB2, ErbB4, and Akt

in conjunction with improved cardiac function, reduced

cardiac fibrosis, and reduced cardiomyocyte apoptosis.91

These beneficial effects of exercise were abrogated by ErbB

inhibition,91 demonstrating an important functional role for

exercise-induced NRG1/ErbB signaling. These data are

consistent with other studies documenting a role for NRG1/

ErbB4 in protecting the heart against ischemia-reperfusion

injury92 and heart failure,93, 94 as well as in enhancing cardio-

myocyte proliferation94 and cardiac angiogenesis.95 TaggedEnd

TaggedPEndothelial cells also express miRNAs, small noncoding

RNAs that generally inhibit gene expression. While many

miRNAs have been implicated in the beneficial effects of exer-

cise, we focus here on miRNAs likely to originate in the endo-

thelium. In exosomes isolated from the plasma of Sprague-

Dawley rats subjected to 4 weeks of swimming exercise, 12

differentially expressed miRNAs were identified. Among

them, miR-342-5p was the only one that exerted protective

effects in cardiomyocytes subjected to hypoxic reoxygena-

tion.96 Increased exosomal miR-342-5p was also observed in

the plasma of student-athletes after 1 year of rowing training

when compared to untrained controls.96 While both mature

and pre-miR-342-5p were increased in many tissues after 4

weeks of exercise training, the largest increases were seen in

the aorta, and removal of aortic endothelium reduced exercise-

induced miR-342-5p,96 suggesting that aortic endothelial cells

are a major source of miR-342-5p whose expression and

release appear to be induced by laminar shear stress. Further,

inhibition of miR-342-5p in exercised rats abolished the

protective effects of exercise against ischemia-reperfusion

injury. Mechanistically, exosomal miR-342-5p conferred its

effects by binding Ppm1f and enhancing Akt phosphorylation,

thus attenuating cell death.96 This study provides some of the

most direct evidence for a causal role of an endothelial

miRNA in exercise-mediated cardioprotection. TaggedEnd

TaggedPCardiac miR-126 was downregulated and cardiac miR-210

was upregulated in diabetic rats as compared to non-diabetic

rats, in association with reduced cardiac angiogenesis and

elevated serum triglycerides. These changes were reversed by

6 weeks of voluntary wheel running.97,98 The results indicate

potential roles of miR-126 and miR-210 in exercise-mediated

enhancement of angiogenesis and lipid metabolism in diabetic

hearts. Similarly, cardiac miR-16, which targets VEGF-A, was

upregulated in obese Zucker rats, which manifest cardiac

hypertrophy with capillary rarefaction.98 This was reversed by

10 weeks of swim training. Of note, the benefits of exercise

were seen in obese but not lean Zucker rats,98 which likely
reflects higher baseline cardiac miR-16 levels in lean rats.

Importantly, while many of the studies discussed in this

section document important endothelial phenotypes seen in

the exercised heart, the miRNAs discussed were not shown to

be endothelial-specific, making it impossible to infer that they

solely reflect contributions from endothelial cells. In addition

to providing evidence for the role of non-cardiomyocyte line-

ages, identification of endothelial-specific miRNAs or

networks could give rise to targetable approaches for human

translation. TaggedEnd

TaggedPRecent work suggests that the lymphatic endothelium may

also play important and potentially distinct roles in the cardiac

exercise response. The cardiac lymphatic vasculature is essen-

tial in interstitial fluid homeostasis, lipid transport, and

immune surveillance, mediating antigen clearance and inflam-

matory resolution.99�103 The network of cardiac lymphatics is

extensive,103,104 and therapeutic activation of lymphangiogen-

esis through overexpression of VEGF-C has shown benefits in

models of myocardial infarction in limiting injury, acceler-

ating repair, and improving cardiac function.105�108 Exercise

as an intervention to promote lymphatic flow and vessel integ-

rity has been studied clinically, principally in patients with

peripheral edema after oncologic surgery,108�111 and in

animal models of obesity.111 Exercise leads to a higher density

of lymphatic vessels in the heart, as assessed by lymphatic-

specific markers endothelial hyaluronan receptor 1 and podo-

planin.112 A major driver of lymphangiogenesis is VEGF-C

and -D activation of vascular endothelial growth factor

receptor 3 (VEGFR3),112 and chemical inhibition of VEGFR3

not only attenuates exercise-induced increase in lymphatic

vessel density in the heart but also blocks cardiomyocyte

growth.112 This suggests that cardiac lymphangiogenesis may

be necessary for physiological hypertrophy. Indeed, condi-

tioned media from lymphatic endothelial cells promotes the

proliferation and hypertrophy of neonatal rat cardiomyocytes

in vitro.112 Interestingly, this cross-talk from lymphatic endo-

thelial cells to cardiomyocytes leads to activation of Akt and

CITED4-dependent pathways of hypertrophy.112 Further,

in vivo studies of cardiac lymphatic vasculature size, function,

and content will help elucidate the critical role these vessels

play in exercise-mediated growth and repair after injury. TaggedEnd

TaggedH22.3. Immune cells TaggedEnd

TaggedPThe important role of immune cells in mediating cardiac

adaptions to pathological stresses is well documented.113�121

However, changes in immune cell signatures in the heart have

not yet been thoroughly investigated, nor has the direct

involvement of cardiac resident or recruited immune cells in

the heart’s response to physiological stress (e.g., exercise),

though there are some reports pointing to the possible roles

immune cells play to that effect Table 3. TaggedEnd

TaggedH22.4. Hematopoietic stem cells TaggedEnd

TaggedPRecent work by Frodermann et al.120 examined the relation-

ship between immune cells and exercise. In this study, they

found that 6�10 weeks of voluntary exercise can influence
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immunologic signatures in the adult mouse heart through

modulation of cell signaling in adipose tissue and bone

marrow.120 They found that 6 weeks of voluntary wheel

running in mice increased hematopoietic stem cell quiescence

while reducing hematopoietic proliferation, myeloid and

lymphoid colony production, and mobilization of precursor

immune cells into the circulation when compared to sedentary

mice.120 These effects of exercise protected mice from chronic

leukocytosis, atherosclerosis, and maladaptive systemic leuko-

cytosis in myocardial infarction.120 However, it should be

noted that these changes in the heart were primarily due to a

reduction in leptin production in adipose tissue and subse-

quently reduced leptin signaling in bone marrow immune cell

niches. Leptin receptor knockout mice had reduced cardiac

inflammation and improved recovery from myocardial infarc-

tion compared to wild-type controls. Interestingly, abrupt

withdrawal of mice from 6 weeks of wheel running reversed

these changes, but long-term epigenetic and transcriptional

changes remained, including reduced chromatin accessibility

in hematopoietic precursor cells.120 These results suggest that

the regulation of circulating immune cells by exercise may

occur through modulating leptin signaling in adipose tissues. TaggedEnd
TaggedH22.5. Cardiac macrophages TaggedEnd

TaggedPMacrophages make up 7%�8% of the total noncardiomyo-

cyte cell population and are distributed throughout the entire

heart.121 There are 2 distinct lineages of cells with unique

origins, characterized by the cellular expression of a key cell

surface marker known as chemokine (C�C motif) receptor-2

(CCR2) in the adult heart.122 It has been shown that CCR2-

negative macrophages are present in the embryo and are main-

tained locally in the heart postnatally, while CCR2-positive

macrophages derive from circulating monocytes and represent

5%�15% of total cardiac macrophages.113,119 Additional

subsets within the CCR2-positive and negative populations are

grouped according to high or low expression of lymphocyte

antigen 6C and major histocompatibility complex II.38,119

Cardiac macrophages have important housekeeping functions

within the adult heart, influencing extracellular matrix micro-

environment, phagocytosis of dead cardiomyocytes, and cell

turnover. In contrast, monocytes found within the adult heart

likely represent mobilized or circulating cells.123TaggedEnd

TaggedPDisease states such as hypertension, heart failure, myocar-

ditis, diastolic dysfunction, and myocardial infarction are asso-

ciated with cardiac immune activation and disruptions in

cardiac macrophage homeostasis.35,124 This often occurs via

CCR2-positive macrophage secretion of inflammatory cyto-

kines (tumor necrosis factor-a, interleukin 1b (IL-1b), IL-6,
IL-8) and MMPs, recruitment of myeloid cells (primarily

neutrophils) to the heart, and growth factors (e.g., TGF-a and

TGF-b) that influence acute inflammation, thrombosis, and

fibrosis in response to various cardiac injuries.122 Importantly,

macrophages also participate in reparative phases after inflam-

mation in both physiologic and pathologic states via local

proliferation within the heart and secretion of anti-inflamma-

tory proteins, such as IL-10 and VEGF, to promote beneficial
cardiac remodeling through angiogenesis and cardiomyocyte

proliferation.35 TaggedEnd

TaggedPPrior studies have shown that exercise models like wheel

running and ladder climbing reduced systemic inflammation and

macrophage infiltration in the heart of aged mice.125,126 These

studies demonstrate that resident cardiac macrophage popula-

tions are affected by exercise. However, the results do not

conclusively establish a primary role for macrophages in medi-

ating the benefits of exercise. A recent study by Feng et al.127

showed that isoproterenol-induced heart failure was accompa-

nied by an increase in IL-10 release, mainly secreted by

macrophages in the heart. They further found that 4 weeks of

treadmill running attenuated isoproterenol-induced (isopro-

terenol injected 5 days after running for a total of 2 weeks)

cardiac functional decline and fibrosis.127 These beneficial

effects of exercise were lost in mice with macrophage/mono-

cyte-specific IL-10 knockout (C-X3-C motif chemokine

receptor 1 (CX3CR1)CreER crossed with IL-10flox/flox

mice).127 These results highlight the importance of macro-

phage in the beneficial effects of exercise on the heart.

However, it should be noted that the knockout mice were

systemic macrophage and monocyte knockout, meaning that

IL-10 from non-cardiac macrophage sources may contribute

to the effects of exercise seen in this study. TaggedEnd

TaggedH22.6. Cardiac mast cells TaggedEnd

TaggedPCardiac mast cells have pathological and physiological

protective roles within cardiac remodeling and can be found

in the myocardium, aortic valve, coronary arterial walls,

atherosclerotic lesions, and near nerves.128 Exercise is a

physiologic trigger for mast cell activation, also called

degranulation, in skeletal muscle.129 Mast cells also expand

in the heart after cardiac injury.130 Mast cell production and

release of histamine induces a potent post-exercise vasodila-

tory response to increase local blood flow to tissues.131,132 In

ovariectomized rats, where ovarian hormone deprivation led

to an increased density of cardiac mast cells and degranula-

tion, regular exercise (11 weeks of running) reduced cardiac

mast cell activation and degranulation without affecting mast

cell density.133 Similarly, in ovariectomized rats treated with

angiotensin II, 9 weeks of treadmill training reduced angio-

tensin II-induced cardiac fibrosis and cardiac mast cell

degranulation but had no effect on mast cell density.134

However, in ovariectomized rats treated with doxorubicin,

12 weeks of treadmill running had no effect on doxorubicin-

induced cardiac dysfunction and cardiac mast cell density

but did partially reduce mast cell hyperactivation.135 In mice

subjected to 4 weeks of swim training, there was an upregula-

tion of CD34+ cells, a marker expressed by mast cells, along

with physiological cardiac growth, suggesting a possible

association between mast cells and exercise. TaggedEnd

TaggedH22.7. Neutrophils TaggedEnd

TaggedPNeutrophils, the body’s first responders to injury and

inflammation and the predominant blood leukocyte, have

reported roles in angiotensin II-induced cardiac hypertrophy
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and fibrosis.136�143 However, there are few studies on the role

of neutrophils in the heart in exercise. After high-intensity

acute bouts of exercise, neutrophils demarginate from the

vasculature in response to shear stress and circulating cate-

cholamines, producing a neutrophilia that is maintained by

cortisol’s influence on bone marrow release of additional

neutrophils.142,143 Changes to neutrophil demargination and

activation after exercise appear to be dose-dependent, with

some studies reporting maladaptive neutrophil effects with

longer-duration and higher-intensity bouts of exercise.144�148

Aerobic exercise can activate neutrophil responses in the

absence of pathogenic stimuli, and after exposure to inflam-

matory challenges, this pro-inflammatory response is

dampened.143,147,148 It remain unknown whether these changes

to circulating neutrophils influence recruitment into the heart

during exercise, as has been shown in skeletal muscle.149 TaggedEnd
TaggedH22.8. Lymphocytes TaggedEnd

TaggedPThe predominant adaptive immune cells in the mammalian

heart are B and T lymphocytes, which are recruited to sites of

cardiac injury to promote acute and chronic inflammatory

responses.150,151 It appears that Th1 CD8+ cells exert pro-

inflammatory effects, while Th2 CD4+ cells promote fibrotic

effects in the heart.152 Regulatory T cells (Tregs) are associ-

ated with suppression of pro-inflammatory signaling and

expand locally in the heart after infarction and in heart failure

states to attenuate hypertrophic remodeling.150 Patients with

heart failure have lower levels of circulating Tregs, which

positively correlate with overall cardiac function.151 Another

important subpopulation of cardiac T cells includes Th17

cells. These are inactivated by Tregs and secrete IL-17, which

is pathogenic in hypertensive cardiac remodeling.153 There is

also a pathologic role for CD8+ T cells after myocardial infarc-

tion, which have been shown to influence maladaptive

ischemic remodeling in murine models using left anterior

descending artery ligation.154 Adamo et al.155,156 have shown

that B lymphocytes—which are the most numerous of all

leukocytes within the murine heart, with 95% lying within the

vasculature and 5% extravasating into myocardial tissue—are

important regulators of the heart’s immunologic response to

injury. TaggedEnd

TaggedPDespite these provocative studies on the roles played by

immune cells in the effects of exercise on the heart, many

crucial questions remain to be addressed. First, there are

multiple sources of immune cells in the body, so further study

is warranted to determine whether exercise has an impact on

immune cells native to the heart (i.e., not recruited or influ-

enced by external cross-talk pathways) and whether these

changes contribute to the cardiac benefits of exercise. Second,

diverse effects of immune cells (e.g., macrophages in angio-

genesis, fibrosis, and sympathetic and parasympathetic

nervous system influence on cardiomyocytes) have been

reported to affect cardiomyocytes. An important area of future

research may be to better characterize their role, if any, in

physiologic stress.121 Third, because of a lack of specificity of

markers for certain immune cells (e.g., CD34 is not specific to
mast cells134), additional work utilizing multiple markers and/

or advanced cell identity measurements is needed to under-

stand whether exercise modulates the function of specific

immune cells or whether their signaling directly contributes to

the cardiac benefits of exercise. Finally, current studies reveal

only a small aspect of the role immune cells play in exercise’s

effects on the hearts. More work is needed to fully elucidate

the function of immune cells (e.g., T and B lymphocytes of the

adaptive immune system) in the physiologic exercise response

and cardioprotective benefits of exercise. TaggedEnd
TaggedH13. Cellular cross-talk during exercise TaggedEnd

TaggedPAs noted above, there is increasing recognition thatmultiple

cell lineages and subtypes contribute to cardiac biology,

although detailed information about their roles in exercise is

available for only a few of these cell types. It is perhaps not

surprising that even less is known about the potentially

complex interactions among these lineages in exercise in vivo.

Lighthouse et al.48 showed that Mt1/Mt2 were highly

expressed in cardiac fibroblasts and were upregulated by exer-

cise. In vitro overexpression of Mt1 in NIH-3T3 fibroblasts

partially blocked TGF-b1-induced myofibroblast markers.

Further, they showed that conditioned media from fibroblast

overexpressing Mt1 protected cardiomyocytes against H2O2-

induced oxidative stress and cell death,48 suggesting a potential

exercise-induced paracrine cardioprotective mechanism. We

recently showed that conditioned media from ventricular

cardiomyocytes with knockdown of CITED4, a mediator of

exercise-induced cardiac benefits,16 promoted expression of

extracellular matrix genes and myofibroblast gene markers in

ventricular fibroblasts.21 This cardiomyocyte�fibroblast

cross-talk was mediated by alterations in networks of micro-

RNAs, including miR-30d.21 Of note, conditioned media from

cardiomyocytes overexpressing miR-30d blocked fibroblast

activation.21 This suggests CITED4-driven paracrine transfer

of miR-30d as well as the possibility that other factors (e.g.,

cardiomyocytes, fibroblasts) could contribute to the antifi-

brotic effects of exercise (Fig. 1). An interesting avenue for

future research is investigating changes that occur to non-cardi-

omyocyte cell populations in the cardiac interstitium in

response to exercise. A 1980 study from Guski et al.157 used

ultrastructural morphometric examination of rat myocardium

in the left ventricle to show that it contains about 15% intersti-

tial connective tissue, 6% of which is interstitial cells. This

percentage was found to vary based on the number of hours of

swim training the rats experienced. The volume ratio of extra-

cellular space to interstitium in the left ventricle decreased

after 45 h of training, suggesting increased cellular density

with aerobic exercise. The specific cellular lineages involved

in the expansionof the interstitium in exercise are notwell char-

acterized; however, as highlighted in this review, observed

changes include increased capillary density (endothelial cell

lineage) and reduction in fibrosis (fibroblast cell lineage). Ulti-

mately, studieswill need to be extended beyond in vitromodels

to document the in vivo importance of cellular cross-talk in

exercise. TaggedEnd
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Cardiac immune cell responses in exercise.

Exercise model Outcome Animal model

Voluntary wheel running

(6 weeks)120
Exercise increased hematopoietic stem cell quiescence; and

reduced hematopoietic proliferation, myeloid and lymphoid colony

production, and mobilization of circulating precursor immune

cells, primarily via reduced leptin production in adipose tissue

7- to 8-week-old

C57BL/6J male mice,

leptin receptor knockout

(Leprfl/fl mice)

Wheel running (2 weeks, 1 h of daily exercise at

a speed of 5.2 m/min)126
Exercise upregulated PGC-1a and reduced cardiac (macrophage

infiltration, iNOS and TNF-a expression) and systemic

inflammation

8-month-old male

diabetic mice

Voluntary wheel running (12 weeks), ladder

resistance training (3 times/week, 12 weeks),

using a climbing ladder (90 cm, 1 cm grid, 80˚

incline, increased to 100% body weight)125

Both forms of exercise prevented increase in circulating TNF-a,

with decreases in tissue cytokine (TNF-a and IL-1b) mRNA

expression in the heart, attenuating age-related chronic

inflammation

38-week-old male

SAMP1 mice

Isoproterenol-induced cardiac stimulation,

treadmill running (6 times/week, 4 weeks)127
Isoproterenol increased IL-10 release via cardiac macrophage acti-

vation, producing heart failure phenotype; exercise reversed

cardiac dysfunction and fibrosis. Beneficial effect was absent in

macrophage/monocyte IL-10 knockout mice

6- to 8-week-old

C57BL/6 male mice

Wheel running (11 weeks),133

treadmill training (9 weeks),134

treadmill training (12 weeks, max of 21 m/min,

30 min twice a day, 5 days/week at 5.5% grade,

65%�75% max oxygen consumption)135

All 3 exercise models reduced cardiac mast cell activation and

degranulation in ovariectomized rats

Treadmill training for 9 weeks reduced angiotensin II-induced

cardiac fibrosis, mast cell degranulation and activation

Treadmill training for 12 weeks did not reduce doxorubicin-

induced cardiac dysfunction, but reduced mast cell activation

8- to 9-week-old

Sprague-Dawley

female rats,

ovariectomized

Abbreviations: IL = interleukin; iNOS = inducible nitric oxide synthase; Leprfl/fl = leptin receptor flox/flox mice; PGC-1a = peroxisome proliferator-activated

receptor-gamma coactivator -1alpha; SAMP1 = senescence-accelerated prone mouse 1; TNF-a = tumor necrosis factor-a.
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TaggedH14. Conclusions and perspectives TaggedEnd

TaggedPThe potent cardiac beneficial effects of exercise have

been observed in different animal models and human

subjects, and they involve the manipulations of different

signaling pathways on different types of cells in the

heart. We are just beginning to uncover the mechanisms

underlying the benefits of exercise. Non-cardiomyocytes,

including fibroblasts, endothelial cells, immune cells, and

others, have been less extensively studied in the exer-

cised heart. However, available information suggests they

have roles distinct from cardiomyocytes. In some

instances, notably with respect to fibroblasts and endo-

thelial cells, it appears these non-cardiomyocytes actively

contribute to the functional benefits of exercise. In other

cases, the biology of non-cardiomyocytes is modified by

signals for cardiomyocytes or other cell types in ways

that contribute to the effects of exercise. At this point,

however, the role of many of these non-cardiomyocyte

populations in the physiological adaptation to exercise

remains unknown. Nevertheless, given the demonstrated

importance of other cell lineages in other contexts, it

may be reasonable to assume these lineages have an

additional role to play in the exercise response. Rapidly

evolving technologies such as transcriptomics provide

single-cell resolution for molecular analyses. These tech-

nologies have the potential to uncover previously unrec-

ognized roles for non-cardiomyocyte lineages, thereby

enhancing our understanding of the benefits of exercise

and aiding in the identification of new therapeutic strate-

gies for cardiovascular disease. TaggedEnd
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