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Abstract

Exercise is a highly cost-effective and non-pharmacological intervention for
maintaining cardiovascular health and treating heart diseases. Exercise can protect the
heart through multiple effects, including regulations of cardiomyocytes and non-
cardiomyocytes. Immune cells can be regulated upon exercise under both physiological
and pathological conditions. The present review presents the current knowledge and
research advances about how exercise protects the heart, especially deciphering the
regulation of cardiomyocytes and immune microenvironment by exercise. This review
introduces the effect of exercise on the infiltration, phenotypic plasticity, and activation
of innate and adaptive immune cells, alongside their interactions with other cellular
components within the cardiac immune microenvironment. Moreover, we address the
role of lymphatic vessels in regulating immune cell trafficking and activation, as well
as the effects of exercise on cardiac lymphangiogenesis. It further discusses the
application of multi-omics approaches in investigating exercise-induced cardiac
adaptations, explores potential therapeutic strategies targeting the cardiac immune
microenvironment, and highlights the cardiotoxicity risks associated with excessive
exercise. A deep understanding of the effects of exercise on cardiomyocytes and cardiac
immune microenvironment will pave the way to promote the exercise interventions and

the development of exercise-mimetics in the treatment of heart diseases.

Keywords: Exercise, Cardiac Health, Cardiomyocytes, Immune Cells, Immune

Microenvironment, Lymphangiogenesis
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1. Introduction

Cardiovascular diseases (CVD) are among the leading causes of death and disability
worldwide(1). Although current pharmacological and surgical interventions improve
outcomes in CVD, many patients progress to advanced stages or even heart failure
(HF)(2). Therefore, identifying safe and cost-effective prevention and treatment
strategies are still urgent and crucial. Exercise is a non-pharmacological intervention
and has been extensively demonstrated to be effective to maintain cardiovascular health
and improve various cardiovascular conditions(3).

For healthy adults, achieving 150-300 minutes of moderate-intensity or 75—150
minutes of vigorous-intensity aerobic exercise per week significantly reduces risk
factors of CVD(4). Secondary prevention exercise programs based on endurance
training and resistance training also improve cardiovascular clinical outcomes(5, 6).
For those after an onset of CVD, exercise training under doctor directions has been
widely accepted as a cost-effective therapeutic intervention(6-8). A cardiovascular
rehabilitation study involving 4,846 patients with coronary heart disease found that the
risk of cardiovascular events remained low regardless of whether participants engaged
in high-intensity or moderate-intensity exercise(9). Compared with standard
percutaneous coronary intervention (PCI), exercise training via a daily 20-minute
bicycle training resulted in significantly higher event-free survival rates in patients with
stable coronary artery disease(10). Moreover, exercise training significantly improves
cardiopulmonary function in patients with HF(11). These clinical findings have
prompted further investigation into the mechanisms of exercise-mediated cardiac
protection.

Early research primarily focused on the direct improvement of cardiac muscle cell

functions through exercise. The heart is a complex system composed of multiple cell
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types, including cardiomyocytes, fibroblasts, endothelial cells, immune cells, etc(12).
The immune microenvironment plays a crucial role in maintaining cardiac homeostasis
and regulating disease progression(13). However, the crosstalk between these
components and pathways and their synergistic mechanisms underlying the exercise’s
cardioprotective effects remain incompletely elucidated. Moreover, the role of the
lymphatic vessels in the heart and its response to exercise are also crucial for
cardiovascular health and diseases, as it serves as a key pathway for immune cell
transport and fluid homeostasis(14-17).

This review integrates current evidence on exercise-mediated maintenance of
cardiac health and protection against CVD via cardiomyocyte and immune
microenvironment modulations. By summarizing current research advances and
controversies, we hope to provide new perspectives for future basic and translational
research on exercise-based cardiovascular interventions.

2. Exercise-induced regulation of cardiomyocytes: physiological mechanisms
and protective effects

Physical exercise serves as a powerful natural stimulus for the central nervous system,
triggering humoral responses essential for whole-body balance(18). These
neuroendocrine axes drive systemic release of diverse signaling molecules that work
together to enhance exercise capacity and exert systemic and local benefits(18, 19).
Notably, exercise triggers coordinated multi-organ responses to secrete a diverse
repertoire of signaling molecules (e.g., hormones, growth factors, cytokines,
metabolites) collectively defined as exerkines(20). Skeletal muscle, liver, and adipose
tissues are major organs that release exerkines(21). Interleukin (IL)-6 is the first
identified exercise-responsive myokine that is markedly induced after acute exercise(22,

23). Despite the elevation of IL-6 levels in response to acute exercise, long-term aerobic
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exercise re-calibrates the cytokine balance in coronary artery diseases (CAD)(24, 25).
The reduction of IL-1, IL-6, Interferon (IFN)-y and C-reactive protein (CRP) levels and
the increase in the anti-inflammatory IL-10 levels were observed in CAD patients with
exercise training(24, 26). To be noticed, this 12-week training shifted 46% of patients
from high to lower cardiovascular-risk categories, implying that cytokine modulation
by exercise directly translates into measurable improvement in cardiac prognosis(24).
In addition to neuroendocrine regulation, exercise is widely recognized as
beneficial for myocardial protection through its multifaceted effects on the myocardium,
including the regulation of cardiac redox homeostasis(27-29), mitochondrial biogenesis
and function(30-32), cardiac energy metabolism(33-35), and myocardial excitation-
contraction coupling and contractility(36-38). Moreover, chronic regular exercise is an
efficient stimulus to induce physiological cardiac hypertrophy, which is characterized
by enlarged cell size and increased proliferation activity of cardiomyocytes(39-42).
Different from pathological cardiac hypertrophy, physiological cardiac hypertrophy
represents a healthy adaptation to physiological stimuli such as long-term regular
exercise or pregnancy(43). The molecular mechanisms underlying exercise-induced
physiological cardiac hypertrophy, may also have the potential to protect against
myocardial apoptosis or pathological hypertrophy(44-46).
3. Exercise-mediated cardiac immune microenvironment modulations
Increasing evidence has shown that exercise not only regulates cardiomyocytes directly
but also modulates cardiac immune microenvironment(47). The healthy myocardium
harbors substantial leukocyte populations, including mononuclear phagocytes,
neutrophils, mast cells, and lymphocytes, which collectively form the cardiac immune
microenvironment(48). Notably, under disease conditions, growing evidence indicates

that a complex network of immune cells, together with cardiomyocytes, fibroblasts,
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endothelial cells, and others, actively regulates disease pathogenesis(49). In this section,
we first summarize the multifaceted roles of immune cells and interactions between
immune and non-immune cells during cardiac injuries. We then focus on the effect of
exercise in regulating immune cells and microenvironment in cardiac protection and
repair.

3.1 Immune cells and cardiac immune microenvironment involved in cardiac
injuries

In response to cardiac injury, damaged or stressed cardiac cells, particularly impaired
cardiomyocytes, actively release damage-associated molecular patterns (DAMPs),
thereby recruiting and polarizing immune cells(50). Meanwhile, the activation of
resident cardiac cells such as macrophages and fibroblasts, the expression of vascular
endothelial adhesion molecules and endothelial barrier disruption, as well as the
activation of neurohumoral axis sophisticatedly participate in the recruitment and
infiltration of inflammatory and immune cells(51). These recruited cells further secrete
a spectrum of inflammatory and immunomodulatory factors to influence the functional
states of different cardiac cells, by modulating cardiomyocyte survival, fibroblast
activation, extracellular matrix remodeling, endothelial barrier integrity, and
angiogenic capacity(52). These responses following cardiac injury play a dual role in
maintaining cardiac function and promoting repair. On one hand, the acute
inflammatory response helps prevent myocardial rupture and initiate repair. On the
other hand, chronic or excessive immune responses lead to myocardial fibrosis and
worsening cardiac function(53, 54). The interactions between immune and non-immune
cells in the cardiac microenvironment under heart disease conditions are discussed in
detail below, with schematic representation in Figure 1.

3.1.1 Immune cells and cardiomyocytes
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Under acute pathological conditions, a large number of myocardial cells die and release
DAMPs. Recognition of DAMPs by pattern recognition receptors (PRRs) triggers
activations of downstream mitogen-activated protein kinase (MAPK) and NF-«B
signaling pathways, leading to increased secretion of pro-inflammatory cytokines and
chemokines(55, 56). This drives the infiltration of leukocytes into the heart, including
monocytes/macrophages, neutrophils, natural killer (NK) cells and adaptive immune
cells(57-59). Damaged cardiomyocytes also mediate the infiltration of immune cells
via chemokines. Cardiomyocyte-derived chemokine C-X-C motif ligand 1 (CXCL1)
and monocyte chemoattractant protein-1 (MCP-1) have been demonstrated to
participate in monocyte infiltration during pressure overload (transverse aortic
constriction, TAC)-induced injury in mice(60). In cardiac ischemia/reperfusion (I/R)
injury, cardiomyocytes produce MCP-1 and IL-1 via the CaMKII-39 pathway, thereby
promoting the infiltration and activation of CD68" macrophages within the heart(61).
Moreover, in doxorubicin-induced cardiotoxicity, gasdermin E (GSDME) mediates
Chemokine ligand 2 (CCL2) secretion from cardiomyocytes. GSDME can be cleaved
by caspase-3, thereby altering non-inflammatory apoptosis into pyroptosis(62). This
cardiomyocyte-derived CCL2 subsequently promotes the recruitment of C-C
chemokine receptor type 2 (CCR?2) positive macrophages into the myocardium, thereby
driving cardiac inflammation and doxorubicin-induced myocardial injury and HF (63).

The efficient clearance and degradation (phagocytosis) of apoptotic/necrotic
cardiomyocytes is crucial for the resolution of inflammation and tissue repair following
cardiac injury. Legumain (Lgmn) is a lysosomal cysteine protease that demonstrates
high specificities for cleaving protein substrates(64). Macrophages, particularly
cardiac-resident macrophages expressing Lgmn, have the capacity to phagocytose

necrotic cardiomyocytes, while Lgmn deficiency in mice increases the infiltration of
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MHCII"¢" CCR2* macrophages into the heart, suppresses the anti-inflammatory
mediators and promotes the expression of pro-inflammatory mediators after myocardial
infarction (MI)(65). Cardiomyocytes in both basal and during cardiac stress actively
release dysfunctional mitochondria encapsulated in membrane vesicles, which could be
efficiently cleared by macrophages via the myeloid-epithelial-reproductive tyrosine
kinase (Mertk) receptor, which is a crucial biomarker of impaired innate macrophage
phagocytosis(66), thereby preventing extracellular waste accumulation, inflammasome
activation, and autophagic dysfunction, collectively maintaining cardiac
homeostasis(67). On the other hand, evidence also shows that the post-phagocytic
macrophages can initiate interferon regulatory factor 3 (IRF3)-dependent amplification
of post-MI inflammation(68). Following MI, cardiomyocytes undergo necrosis, with
their cellular debris and released DNA being phagocytosed by macrophages. This
process induces the interferon response within cardiac macrophages through activating
the cGAS-STING-IRF3 signaling pathway, thereby inducing leukocyte accumulation
and amplifying inflammatory responses in MI(68).

Immune cells also participate in the regulation of cardiomyocytes fate via secreting
immunomodulators such as cytokines and immunoglobins. CD8" T cells rapidly
accumulate within ischemic myocardial tissue and release granzyme B, a substance
with cytotoxic activity that promotes cardiomyocyte death(69). [gM produced by B
cells initiates acute inflammatory responses in the myocardium following I/R injury,
while knockout of IgM in mice markedly reduces cardiomyocyte apoptosis, diminishes
infarct size, and decreases neutrophil infiltration(70). Conversely, following MI in both
humans and mice, elevated levels of eosinophils have been observed in both blood and
cardiac tissue, which might mitigate cardiomyocyte apoptosis by releasing IL-4 and

cationic protein mEar1(71).
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3.1.2 Immune cells and fibroblasts
Cardiac fibroblasts are key effector cells in cardiac fibrosis(72, 73). Tissue-resident
fibroblasts differentiate from multiple sources during early cardiac development,
forming a self-sustaining cell population(74). Under homeostatic conditions, these
cardiac fibroblasts primarily mediate extracellular matrix secretion and maintenance(75,
76). When stimulated by DAMPs or during other cardiac stress, fibroblasts are capable
of secreting substantial quantities of inflammatory cytokines and chemokines(77). With
the treatment of anti-cytotoxic T lymphocyte antigen-4 m2a antibody, the CXCLI
derived from cardiac fibroblasts promotes CCL5" neutrophil infiltration within the heart
of autoimmune myocarditis mice via the CXCL1-CXCR?2 signaling axis(78). This
subsequently enhances cytokine production and adaptive immune responses and
activates the NF-kB signaling pathway(78). A new fibroblast subset, the CD248"
fibroblasts, was found to enhance T-cell retention by upregulating fibroblast ACKR3
expression post MI(79). The CD248-mediated T cell-fibroblast communication, in turn,
promotes fibroblast activation and cardiac remodeling in mouse MI models(79).
TGF-B is a key regulator of tissue fibrosis, by activating the Smad2/3 signaling
pathway in fibroblasts(80, 81). Cardiac fibroblast activation undergoes precise
regulation by multiple cytokines derived from a variety of cells including immune
cells(82). WWP2-expressing Ly6Chig" monocytes constitute a major source of
macrophage expansion during the early stages of cardiac fibrosis. WWP2, an E3
ubiquitin ligase, is induced in pro-fibrogenic Ly6C "¢ monocytes under fibrotic stress,
where it upregulates CCL5 expression, thereby promoting macrophage infiltration and
activation as well as the trans-differentiation of myofibroblasts(83). Multiomic single-
cell gene expression, epitope mapping and chromatin accessibility profiling of acutely

infarcted and chronically failing human hearts revealed the immune-fibroblast cell
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communication(84). It has been further demonstrated that the IL-1p signaling pathway
mediates the interactions between CCR2" macrophages and fibroblasts; the activation
of IL-1P receptor expressed by fibroblasts drives the emergence of fibroblast activator
protein (FAP) and periostin (POSTN)-expressing fibroblasts which contribute to
cardiac fibrosis and HF in mice (84).

3.1.3 Immune cells and endothelial cells

Endothelial cells constitute a critical interface between the cardiovascular system and
the immune system(85). They actively participate to immunomodulation during both
acute injury such as MI and chronic adverse remodeling associated with HF(86). By
expressing cell adhesion molecules such as E-selectin, P-selectin, intercellular adhesion
molecule (ICAM), and vascular cell adhesion protein (VCAM), endothelial cells
regulate leucocyte infiltration into tissues at inflammatory sites (85, 87). Moreover,
endothelial cells can function as antigen-presenting cells by expressing MHC class 1
and II molecules and presenting endothelial antigens to T cells(88).

Immune cell migration is a critical process of the immune response to tissue injury.
Adenosine deaminase acting on RNA type 2 (ADAR2), an enzyme that converts
adenosine to inosine nucleotides in double-stranded RNA(89), regulates IL-6 signaling
in endothelial cells and the recruitment of immune cells to the vascular endothelium.
Knockout of ADAR?2 in endothelial cells impairs the rolling and adhesion capabilities
of immune cells on the vascular wall, thereby reducing immune cell infiltration within
ischemic tissues(90). Neutrophils constitute the primary leukocyte population
interacting with damaged endothelium, triggering the initial pro-inflammatory response
during acute vascular injury(91). Overexpression of interleukin-8 receptor alpha
(IL8RA) and interleukin-8 receptor beta (IL§RB) in endothelial cells attenuates

neutrophil infiltration, suppresses inflammatory responses, and promotes structural
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repair following vascular injury(92).

Immune cells are also crucial for maintaining endothelial cell function(93, 94).
The monocytes/macrophages-derived cytokines meteorin-like (METRNL) act as a
driver of angiogenesis, whose deficiency however inhibits the angiogenic response and
exacerbates post-infarction HF in mice (95). Following MI, M1 macrophages transfer
miR-155 to endothelial cells via exosomes, which inhibits the angiogenic capacity of
endothelial cells thereby exacerbating cardiac injury(96).
3.2 Exercise regulates cardiac immune microenvironment in cardiac protection
and repair
Exercise does not comprehensively suppress or activate the immune system, but rather
functions as a dynamic regulator, selectively recruiting, reprogramming, and
redistributing immune cell subsets. In physiological status, acute exercise can rapidly
mobilize large numbers of immune cells into the circulatory system, including
monocytes, neutrophils, NK cells, CD8" T cells, CD4" T cells, and B cells(97-104).
Comparatively, long-term or regular physical exercise can change the number and
distribution of immune cells accompanied by their functional changes. For example,
long-term exercise can reduce the number of B cells in human peripheral blood(105),
enhance NK cell activity and immune surveillance(106), delay the ageing of T
cells(107), and modulate monocyte/macrophage polarization(108). Under pathological
conditions, exercise plays a crucial role in regulating immune cell numbers, cellular
polarization responses, and levels of immune cell-mediated cytokines. Exercise training
can transform the pro-inflammatory cardiac immune microenvironment into an anti-
inflammatory state, promoting the repair of damaged cells and thereby improving the
progression of CVD including sepsis- or obesity-induced cardiomyopathy, myocardial

ischemic injury, and doxorubicin-induced cardiomyopathy(109-115).
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Studies have shown that exercise-responsive immune cells fall into two major
categories: innate immune cells (including monocytes/macrophages, neutrophils, and
NK cells) and adaptive immune cells (including T cells and B cells)(116). These cells
exert distinct regulatory effects on cardiac microenvironment to participate in the
benefits of exercise(117). This section reviews the mechanisms governing exercise-
induced immune cell modulations, and further focuses on how these processes and
signals integrate cardiac cells with their immune microenvironment to maintain cardiac
homeostasis and to improve cardiac protection and repair following injury. Both clinical
and animal studies have revealed that exercise modulates diverse innate and adaptive
immune cell populations, which serve as key mediators of exercise-induced cardiac
protection and repair (Figure 2).

3.2.1 Innate immune cells involved in exercise-induced cardiac protection and
repair

Exercise regulates monocytes and macrophages

Innate immune cells serve as the first line of defense for the body which response
rapidly after cardiac injury (116). Their activation, trafficking, and polarization are
tightly regulated by exercise(47). Among them, monocytes/macrophages are the most
extensively studied innate immune cell population involved in exercise-mediated
cardiac immunomodulation(47). Monocytes develop from the common myeloid
progenitors in the bone marrow and constitute the largest type of leukocytes in the blood,
though they possess a short lifespan. These cells are released from bone marrow into
the circulation then migrate into tissues where they mature into macrophages and
dendritic cells. Monocytes and macrophages are present in numerous tissues and organs
including the heart, where they participate in both initial inflammatory response and

subsequent wound healing process following cardiac injury(118).
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Following 10 weeks of moderate-to-vigorous physical activity in healthy adults,
peripheral blood CD16" monocyte counts decreased, simultaneously with reduced
expressions of CD16 and Toll-like receptor (TLR) 2 and 4 on monocytes (119). Acute
exercise also alters the expression of TLR and human leukocyte antigen DR (HLA-DR)
on the surface of blood monocytes. After completion of an ergometer 60 km time trial,
cyclists exhibited elevated expression levels of TLR2 and TLR4 in their peripheral
blood monocytes, alongside reduced expression of HLA-DR(98). It is noteworthy that
sex-specific effect exists in the monocyte/macrophage response to exercise. For
example, an acute bout of moderate-intensity cycle ergometry significantly reduced
CCR2 expression on monocytes/macrophages in women, though it had no such effect
in men(108). Furthermore, post-exercise anti-inflammatory macrophage polarization
was markedly higher in women than in men, suggesting that an acute moderate-
intensity aerobic exercise differentially regulate monocyte CCR2 expression and
macrophage polarization in women and men(108).

In animal experiments, although exercise has been shown to improve the
inflammatory environment of the heart by upregulating anti-inflammatory factors such
as IL-10 and suppressing pro-inflammatory signaling, mechanistic studies specifically
focusing on the roles of monocytes/macrophages remain limited. A 4-week treadmill
running exercise was demonstrated to sufficiently increase the proportion of myeloid-
derived suppressor cells (MDSC) via macrophage-derived IL-10, which further triggers
STAT3/S100A9 signaling to regulate the differentiation of MDSC(120). This
mechanism mediates the protective effect of exercise in isoproterenol-induced HF by
improving cardiac function and reducing myocardial remodeling(120). In addition to
regulating macrophage functions, research indicates that exercise can diminish

inflammatory cell generation and ameliorate cardiovascular inflammation through
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reducing hematopoietic output of inflammatory cells(121). Mechanistic studies
revealed that voluntary running exercise can reduce leptin production in mice adipose
tissues and enhance quiescence-promoting hematopoietic niche factors in leptin-
receptor-positive stromal bone marrow cells(121). This consequently diminishes
hematopoietic stem and progenitor cell (HSPC) proliferation and leukocyte production,
as well as cardiac inflammation post MI, without altering emergency hematopoiesis in
mice(121).

The heterogeneous responses of macrophage subpopulations to exercise stimuli
have emerged as a critical determinant of cardiac homeostasis. Compared to earlier
research suggesting that exercise reduces macrophage antigen-presenting capacity and
surface major histocompatibility complex II (MHCII) expression(122, 123), recent
study indicates that low-intensity treadmill running for 5 weeks in mice increases the
percentage of MHCII'®Y cardiac-resident macrophages, while decreases the percentage
of MHCIIMe cardiac-resident macrophages(124). Moreover, exercise can differentially
regulate monocytes/macrophages in physiological and disease states. In left circumflex
coronary artery-occluded female pig, exercise training significantly reduces numbers
of pro-inflammatory M1 macrophages, upregulates anti-inflammatory genes such as
peroxisome proliferator-activated receptor gamma (PPARY), and weakens intercellular
communication between adipocytes and immune cells, thereby alleviating
inflammatory responses in epicardial adipose tissue of female pigs(111).

Exercise regulates neutrophils

Neutrophils, another key innate immune cell population, are closely involved in cardiac
repair and participate in early-stage debris clearance and inflammatory regulation(125,
126). As the first-line defenders against bacterial infection within the innate immune

system, neutrophils constitute 50%—60% of all circulating immune cells. Neutrophils
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are implicated in the development of various CVD. During myocardial I/R injury,
neutrophils exhibit enhanced migration and release neutrophil extracellular traps (NETs)
through S100A9 protein lactylation, exacerbating cardiomyocyte death(127). In atrial
fibrillation, NETs can induce mitochondrial damage and autophagy-dependent cell
apoptosis, prompting cardiomyocytes to release mitochondrial DNA and other
substances that in turn, amplify NET formation. Conversely, DNase I-induced
degradation of NETs can alleviate atrial fibrillation-related fibrosis(128).

In human studies, it has been shown that a single bout of moderate-intensity or
high-intensity treadmill running for 60 min in well-trained male runners reduce the
expression of the neutrophil surface receptor CD16(129). The effect of high-intensity
exercise is more pronounced than that of moderate-intensity exercise. However, this
reduction does not impair neutrophil degranulation or respiratory burst activity(129).
Clinically, an 8-month exercise intervention involving 98 patients with cardiovascular
risk factors revealed that exercise increases plasma deoxyribonuclease (DNase) activity,
enhancing the degradation capacity of NETs networks(130). This elevation in DNase
activity was not merely a compensatory response to cell-free DNA release following
exercise, but rather an independently enhanced homeostatic regulatory mechanism that
contributes to reduce pro-inflammatory and pro-thrombotic risks associated with
NETs(130). These observations imply that exercise is beneficial for training and
optimizing the immune system function of neutrophils.

Exercise has been suggested to regulate neutrophil infiltration and activation,
initiating tissue repair cascades, and facilitating adaptive remodeling via modulating
oxidant-antioxidant balance(131, 132). In animal studies, eighteen-month-old aged
mice undergoing a four-week swimming training program exhibited reduced migration

of Gr-1" neutrophils in the heart following myocardial I/R injury, accompanied by a

16

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

significant downregulation of inflammatory markers (IL-6, IL-8, and TNF-a) as well
as ICAM and VCAM proteins, thereby ameliorating I/R injury in the aged heart(32). A
9-week swimming training program activated the endothelial nitric oxide system to
regulate the oxidant-antioxidant balance, reduced neutrophil infiltration
(myeloperoxidase activity), and alleviated rat cardiac/endothelial dysfunction and
oxidative damage induced by renovascular hypertension(133). Exercise via a voluntary
wheel running for six weeks in mice was found to enhance hematopoietic progenitor
cell quiescence and reduce the numbers of neutrophils, monocytes, and lymphocytes in
peripheral blood, thereby improving cardiovascular inflammation(121). However, the
molecular mechanisms linking exercise-mediated neutrophil function to cardiac repair
remain to be further studied and it requires further investigation to clarify their
synergistic roles with other immune cells.

Moreover, it should be mentioned that the regulation of neutrophils is closely
related to exercise intensity and duration in animal studies. For example, an exhaustive
exercise in mice was reported to activate neutrophils and increase their infiltrations in
renal tissues, which might induce acute renal injury(134). Exhaustive exercise also
increased neutrophil infiltrations in skeletal muscles that further recruited immune cells
like macrophages, leading to muscle injury(135). Following the elimination of
neutrophils by neutralizing antibodies, the inflammatory levels could be decreased and
tissue damage was effectively mitigated(134, 135).

Exercise regulates NK cells

NK cells, as core cells of the innate immune system, also play a pivotal role in cardiac
immune microenvironment(136). In patients with acute MI, the abundance of NK cells
is negatively correlated with the expression of apoptosis-related genes following

MI(137). NK cells, as a subset of innate lymphoid cells, can alleviate viral myocarditis
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by suppressing eosinophil-associated chemokines produced by cardiac fibroblasts(138).
NK cells can suppress cardiac inflammatory responses by releasing 1L.-10, thereby
repairing the damaged myocardium(139). Research indicates that the mobilization of
bone marrow-derived NK cells and angiogenic cells contributes to improved cardiac
remodeling and function following MI(140)

Extensive research indicates that exercise serves as a potent physiological stimulus
for regulating both the distribution and activity of NK cells. Acute exhausted exercise
session rapidly mobilizes NK cells from peripheral reservoirs such as the spleen into
the circulating pool, causing their numbers to surge several-fold during exercise(141,
142). There is no conclusive evidence demonstrating that exercise can alter the number
of NK cells and such changes in NK cells are more likely attributable to the
redistribution of immune cells within tissues and organ(104). NK cells express [e-
adrenergic receptors on their surface, whose activation has been proved to be necessary
to mediate the effect of exercise on the mobilization of NK cells into the circulation(101,
143).

A study in older women found that chronic resistance exercise promotes the
activity of NK cells(102). A moderate-intensity exercise training via 45 min of brisk
walk, 5 sessions/week for 6 weeks did not alter NK cell counts, but enhanced their
activity, accompanied by an improvement of cardiorespiratory fitness and a reduction
in upper respiratory tract infection symptoms, but these effects were no longer present
after 15 weeks of exercise(106). Some studies have found that despite an increase of
NK cell activity during acute exercise, the NK cell activity can rapidly decrease to
almost half the pre-exercise level within 1 hour following acute exercise, which
returned to baseline levels after 2 hours of recovery(100, 103).

In animal experiments, research indicates that a 4-week swimming exercise
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training prevents stress-induced myocardial hypertrophy by suppressing the IL-
6/JAK/STAT pathway and reducing inflammatory response(144). Other studies
indicated that IL-6 blocking antibodies could attenuate voluntary wheel running-
induced NK cell mobilization and activation in tumor-bearing mice(145). Although the
anti-inflammatory effects of exercise on CVD may partially involve NK cells, whether
and how exercise regulates NK cells and the related mechanisms require further
investigation.

3.2.2 Adaptive immune cells involved in exercise-induced cardiac protection and
repair

Exercise regulates T cells

Adaptive immune cells, including T cells and B cells, exert precise and sustained
regulatory effects on cardiac immune homeostasis and repair processes. T cells,
particularly CD8* T cells and Treg, complement B cells’ humoral regulation as key
adaptive immune regulators in exercise-mediated cardiac protection. Exercise
dynamically regulates the mobilization, activation, metabolic adaptation, and
senescence processes of CD8* T cells through multiple integrated pathways involving
neuroendocrine, vascular, and metabolic regulations(146).

T cells originate from lymphoid stem cells in the bone marrow. After
differentiating and maturing in the thymus, they circulate throughout the body and
distribute to immune tissues. As the core effector cells of adaptive immunity, they
primarily mediate cellular immune responses(147). CD8" T cells are crucial for
maintaining cardiac immune homeostasis especially under healthy status(148). While
in specific disease status such as cardiac ischemic stress, CD8 * T cells are an important
driver of myocardial injury (146, 149). A bout of acute aerobic exercise or

supramaximal high-intensity exercise was shown to promote transient mobilization and
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activation of CD8* T cell subsets in healthy human subjects(150, 151). Similar to NK
cells, B2-adrenergic receptor signaling is involved in the mobilization of differentiated
subsets of CD8" T cells to the blood in response to acute exercise in humans(101). In
addition to mobilization, physical exercise is able to maintain the function of CD8" T
cells and delay immune aging in elder man by enhancing mitochondrial function(107).
Functional characterization of CD8" T cells has shown that high-intensity interval
training in healthy subjects significantly increased the circulating CD8 T cell counts
and enhanced their cytotoxic capacity, which may improve the immune surveillance
function(151). Moreover, regular physical activity also promotes an increase in Treg in
the human blood(152).

In patients with ischemic heart diseases, the post-exercise serum IL-35 and 1L-33
levels and FoxP3 gene expression in peripheral blood mononuclear cells show a
significant increase, suggesting that aerobic exercise may improve the inflammatory
state of atherosclerosis by regulating Treg(153). The transcription factor Foxp3 is a key
regulator of Treg development, driving the conversion of naive CD4" T cells into
immunosuppressive Tregs(154). Conversely, high-intensity endurance exercise
(marathon and half-Ironman triathlon) may markedly increase Th17 cell numbers while
concomitantly reducing peripheral blood Treg(155). Meanwhile, serum concentrations
of IL-6 and TGF-B were significantly elevated. These exercise-induced cytokine
alterations drive shifts within Treg and Th17 cell populations, potentially biasing the
immune response toward inflammation(155).

Animal experiments revealed a significant increase in Th17 cells and a marked
decrease in Treg cells in a rat model of ischemic cardiomyopathy(156). Regarding
cytokines, peripheral blood level of IL-6, IL-17, and TNF-a were markedly elevated,

while TGF-B levels were significantly reduced. After 12 weeks of treadmill running,

20

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

the Th17/Treg ratio in the exercised group was significantly lower than that in the non-
exercise group, accompanied by a recovery of cytokines(156). These findings indicate
that aerobic exercise may improve the Th17/Treg imbalance, thereby enhancing cardiac
function in HF(156). Moreover, in pigs with ischemia-induced cardiomyopathy, a 14-
week running exercise significantly reduced the number of CD8" T cells in epicardial
adipose tissue and upregulated the anti-inflammatory genes such as PPARY, thereby
alleviating inflammatory responses(111). In regards of cell-cell communication, CD8*
T cells directly induce cardiomyocyte apoptosis through the perforin-granzyme
pathway and the Fas-Fas ligand (FasL) pathway, while simultaneously secreting
proinflammatory factors such as IFN-y and TNF-a to amplify the inflammatory
cascade(69, 157). However, how exercise modulates T cell interactions with other cells
remains to be further investigated.
Exercise regulates B cells
B cells, the primary mediators of humoral immunity, also play a role in the effects of
exercise on cardiac health and diseases(158, 159). The number, proportion, and
immunoglobulin production levels of B cells are modulated by exercise, though these
changes may vary in dependent of the type, intensity and duration of exercise(160). B
cells, as a vital component of the immune system, play a pivotal role in the development
and progression of HF(161). They not only directly damage myocardial tissue by
producing autoantibodies targeting cardiac antigens but also function as antigen-
presenting cells to activate other immune cells(162). Furthermore, they regulate
inflammatory responses and influence myocardial fibrosis and remodeling by secreting
chemokines and cytokines(161).

A study of healthy men demonstrated that circulating absolute CD19" B-cell

counts were significantly reduced at 30 minutes and 24 hours after a total duration of
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53 minutes of high-intensity interval exercise, sprint interval exercise, or moderate-
intensity continuous exercise(105). However, no changes in B cell counts were
observed among participants undertaking low-intensity cycling or eccentric leg
exercise, indicating that the response of circulating B cells are highly dependent on
exercise modality(99, 163). Compared to short-term exercise, chronic exercise training
has been shown to reduce both the number and proportion of B cells, whereas acute
bouts of peak aerobic exercise transiently increased B cell count immediately post-
exercise (164, 165). Moreover, an increase in the proportion of bone marrow-derived
naive B cells was observed following 14 weeks of endurance exercise in healthy
human(166). Animal studies have shown that bone marrow-derived naive B cells can
improve cardiac function in mice following MI(167). The potential of exercise to
ameliorate CVD through modulation of bone marrow-derived naive B cell abundance
and function warrants further investigation.

Long-term exercise training can increase levels of secretory IgA (s-IgA) and
plasma IgA, suggesting that regular physical activity may help enhance mucosal and
humoral immunity, offering potential benefits for infection prevention(168, 169).
Different from IgA or s-IgA, chronic exercise commonly maintains circulating IgG
levels(170), while high-intensity endurance exercise like exhaustive marathon or
overtraining may reduce serum levels of IgG and IgM, which may be responsible for
the increased risk of infection(171, 172). Compared to chronic exercise training, acute
bouts of high-intensity exercise could transiently increase the serum concentrations of
IgG associated with hemoconcentration; IgG levels will subsequently fall below
baseline as B cells redistribute to lymphoid tissues, and finally return to baseline within
24—78 hours post-exercise(159).

Beyond general subset and immunoglobulin regulation, exercise can also regulate
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B cell receptors and their intercellular communications to alleviate cardiac injury. Eight
weeks of treadmill running was shown to effectively suppress doxorubicin-induced
cardiotoxicity in mice by upregulating the expression of the inhibitory receptor FcyRIIB
on B cell surfaces(113). The increased FcyRIIB expression elevates the activation
threshold of B cells, via inhibiting the phosphorylation of proto-oncogene tyrosine-
protein kinase SRC (Src), spleen tyrosine kinase (Syk), Bruton tyrosine kinase (Btk),
and phospholipase gamma 2 (PLCy2) (113). These molecular alterations ultimately
reduce B cell activation and their release of antibodies and inflammatory
mediators(113). Moreover, exercised mice-derived B cells isolated from the spleen
tissues significantly inhibited cardiomyocyte apoptosis and fibroblast activation in vitro,
when compared to the B cells derived from sedentary mice(113). However, this study
did not consider the sex differences and the influence of different types and intensity of
exercise. The effect of exercise-modulated B cells on the cardiac microenvironment
across various cardiac injury contexts also remains to be fully characterized.

4. Exercise-regulated cardiac lymphatic vessels: Implications for cardiac
microenvironment

The cardiac lymphatic system plays pivotal roles in cardiac development, homeostasis
maintenance, and cardiac repair after injury(173, 174). This network begins forming
during the embryonic period and continues to mature postnatally, with its core functions
in regulating myocardial fluid homeostasis and immune surveillance(173, 175).
Following cardiac injury such as MI, the cardiac lymphatic system contributes to reduce
excess tissue oedema, mediate immune cell trafficking, and regulate functions of
immune cells as well(176). These processes are crucial for controlling inflammation
and initiating repair after cardiac injury(177, 178).

Macrophages play a crucial role in cardiac regeneration, and cardiac lymphatics
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in postnatal day 1 (P1) mice contained zipper-like junctions with continuous VE-
cadherin expression, thus retaining LY VE-1" macrophages which play an essential role
to promote cardiac regeneration and repair in neonatal mouse(179). However, the
button junctions were more evident compared to the zipper-like junctions in postnatal
day 7 (P7) mice heart, which increased the permeability of cardiac lymphatic vessels
and macrophage trafficking(179). In adult mice, prompt and effective lymphatic
formation and functional enhancement following MI have been shown to accelerate the
clearance of inflammatory cells, necrotic cell debris, and excessive inflammatory
mediators from cardiac tissues, which facilitates the transition from the acute
inflammatory response phase to the tissue repair phase(180, 181). Bone Morphogenetic
Protein 9 (BMP9), also known as growth differentiation factor 2 (GDF2), is a member
of the TGF-B superfamily(182). Exogenous supplementation of BMP9 in mice was
shown to improve MI by enhancing lymphatic drainage function(183). On the contrary,
impaired branched-chain amino acid (BCAA) catabolism in lymphatic endothelial cells
via the branched-chain ketoacid dehydrogenase kinase triggers lymphangiogenic
defects, ultimately emerging as a key factor in the onset of HF with preserved ejection
fraction (HFpEF) in mice(184). Increasing evidence has suggested that delivery of
vascular endothelial growth factor (VEGF)-C to the heart stimulates lymphatic vessel
formation, thereby reducing myocardial edema and cardiac fibrosis following
myocardial injury and ultimately improving cardiac function(185, 186).

Exercise can promote both angiogenesis and lymphangiogenesis in multiple
organs including the heart, by upregulating VEGF, hypoxia-inducible factor-1a (HIF-
la), and endothelial nitric oxide synthase (eNOS)(14). It was shown that swimming
exercise can significantly enhance cardiac lymphatic vessel density in a vascular

endothelial growth factor receptor 3 (VEGFR3)-dependent manner, which is necessary
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to mediate exercise-induced physiological cardiac hypertrophy(16). The conditioned
culture medium from lymphatic endothelial cells was found to promote both
physiological hypertrophy and proliferation of cardiomyocytes in vitro, through
activating AKT and modulating the CCA AT/enhancer binding protein B(C/EBPf)-ED-
rich carboxyterminal domain 4 (CITED4) pathway(16). The insulin-like growth factor-
1 (IGF-1) and the extracellular protein Reelin (RELN) may serves as mediators of cell-
cell communication between lymphatic endothelial cells and cardiomyocytes in
exercise-induced physiological cardiac hypertrophy(16).

Exercise has been recently shown to induce cardiac lymphatic remodeling which
mitigates cardiac inflammation in the aged mice(17). Compared to young mice, aged
mice exhibited a significantly reduced density of cardiac lymphatic vessel networks,
which is closely associated with chronic immune cell infiltrations (e.g. CD3" T cells
and CD68"CD206" macrophages), fibrosis, and increased perivascular fat deposition in
the aged mouse heart. Interestingly, eight weeks of voluntary wheel running was
efficient to enhance cardiac lymphatic vessel density and branching while reducing
their dilation in aged mice, thus alleviating inflammatory responses, fibrosis, and lipid
deposition and simultaneously facilitating  physiological cardiomyocyte
hypertrophy(17). The interplay between exercise, cardiac lymphatic vessels, and
immune microenvironment dynamics in CVD requires further exploration.

5. Exercise-induced protective effects from a multi-omics perspective

The application of multi-omics technologies has greatly promoted our understanding of
the molecular responses triggered by exercise. Various ‘omics’ platforms, including
transcriptomics, epigenomics, proteomics and metabolomics, have been used to explore
how exercise improves health and contributes to disease management.

Following a five-week course of voluntary wheel running training in young and
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aged mice, single-cell transcriptomic analyses of skeletal muscle, subventricular zone
(SVZ) of the brain, hematopoietic stem and progenitor cells (HSPCs) of the bone
marrow, and peripheral blood immune cells were performed which found that exercise
exerts substantial effects on the phenotypic composition and transcriptional profiles of
both circulating and tissue-resident immune cells. Especially, exercise alleviates the
upregulation of multiple inflammatory pathways in aged mice, restored the number of
resident CD206" monocytes in skeletal muscles of aged mice, and increased the
expression of Osteopontin in skeletal muscles and promoted muscle regeneration(187).
A 12-month wheel running exercise program in young and aged mice, conducted in a
model of lipopolysaccharide (LPS)-induced infectious injury, revealed through single-
cell sequencing analysis of 14 tissues and organs that exercise protects tissues from
infectious injury and promotes tissue renewal by inhibiting inflammatory aging. In
particular, exercise delays aging and improves infectious injury by resetting the
circadian rhythm program via the circadian rhythm protein basic helix-loop-helix
ARNT like 1 (BMALL)(188), which is one of the most important regulatory proteins
of the circadian clock and is closely associated with the regulation of metabolism, cell
growth and physiological functions(189).

Multi-omic response to endurance exercise training at different exercise training
time points have recently been reported (https://motrpac-data.org/)(190). Male and
female rats aged six months underwent eight weeks of treadmill endurance training. It
was found that the male group experienced an 18% increase in aerobic capacity (VO:
max) and a 5% reduction in body fat percentage, compared to the female group, which
exhibited a 16% increase in acrobic capacity; however, whilst body fat percentage did
not decrease in the female group, it increased in the sedentary control group. Whole

blood, plasma and 18 solid tissues (including the muscle, heart, liver, white adipose
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tissue, lungs, kidneys, brain, etc.) were collected for multi-time-point, multi-omics
analysis including transcriptome, proteome, metabolome, lipidome, phosphoproteome,
acetylproteome, ubiquitylproteome, epigenome and immunome(190). The findings
revealed that exercise-induced molecular adaptations are highly tissue-specific, with
shared pathways across tissues (such as the heat shock response and mitochondrial
metabolism), and that gender differences are widespread across multiple tissues and
time points. Immune, metabolic, stress responses and mitochondrial pathways all
respond to the effects of exercise. Furthermore, the rat data show a high degree of
consistency with human health, including cardiovascular health and injuries(190).

Recently, researchers have undertaken a systematic integration and in-depth
analysis of existing exercise-related transcriptomic data. To address the challenges
posed by the diversity of exercise modalities, complex individual variations, and multi-
tissue coordinated responses, the ExerGeneDB database (https://exergenedb.com) has
been established to systematically collect and re-analyze 6,194 samples from humans,
mice and rats, including skeletal muscle, blood, heart, liver, adipose tissue, brain, spinal
cord, bone marrow, and more than 13 other tissues and organs(191). It integrates
multiple data types, including RNA-seq, microarrays and single-cell transcriptomics,
and standardizes clinical and exercise parameters such as sex, age, body mass index
(BMI), exercise mode, intensity and frequency. ExerGeneDB provides a vital platform
for investigating the molecular mechanisms underlying exercise-induced
adaptations(191).

These studies, ranging from the single-cell to the whole-tissue level, from single
time point to temporal dynamic research, and from single-sex to sex-comparative
analyses, have collectively constructed a molecular map of the protective effects of

exercise and will promote further exploration for the mechanistic understanding of
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exercise’s systemic and local effects for maintaining homeostasis and improving health.
6. Exercise-related therapeutic strategies targeting cardiac immune
microenvironment

Accumulating evidence has reported that a deep understanding of the cellular and
molecular changes in response to exercise may provide potential therapeutic targets or
strategies for CVD(192, 193).

A three-month treadmill exercise program in mice revealed that exercise induces the
reprogramming of mice monocytes via histone acetylation (H3K18la), transforming
them into iNOS*Argl* macrophages with pro-inflammatory and pro-repair functions,
thereby restoring cardiac immune homeostasis. The adoptive transfer of these modified
monocytes can mimic the cardioprotective effects of exercise in a sepsis-induced
cardiomyopathy mouse model, offering a new direction for cell therapy strategies(109).
Additionally, it has been shown that exercise training activates macrophages to secrete
IL-10, which in turn amplifies cardiac myeloid-derived suppressor cells (MDSCs) via
the STAT3/S100A9 signaling pathway; depletion of MDSCs attenuates the exercise-
induced cardioprotective effect, suggesting that MDSC amplification may serve as a
potential therapeutic target for HF(120). Investigators employed a two-sample
Mendelian randomization (MR) method to assess the causal relationship between
physical activity and CVD, and found that physical activity partially mediates its
cardioprotective effects by modulating immune pathways (particularly IL-10 receptor
subunit beta signaling). Exercise reduces the risk of CVD through immune modulation,
suggesting that targeting the IL-10 signaling pathway may serve as a potential
therapeutic strategy to mimic the cardioprotective effects of exercise(194). Research
has also shown that moderate-intensity treadmill training, at a speed of 10 m/min for

30 minutes per time over an 8-week period, can alter the microbial composition of the
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spleen in mice fed a high-fat diet and increase the abundance of Lactobacillus johnsonii,
a bacterial species that is positively correlated with Tregs and can improve cardiac
function. This suggests that probiotic or metabolite intervention may serve as an
indirect strategy to mimic the immunomodulatory effects of exercise(195). An
integrated multi-omics analysis revealed that repeated exercise boost circulating
metabolite betaine partly through renal synthesis, a metabolite that may serve as an
exercise “memetic” to reduce senescence and inflammation and promote multi-organ
geroprotection(196).

Collectively, the cardioprotective effects of exercise may be mimicked or
enhanced through cell adoptive transfer, targeting specific immune cell subsets (such
as MDSCs) or key signaling pathways (such as [L-10, histone lactylation, etc), as well
as by modulating gut microbiota or metabolites. These findings provide important
foundational theory and potential targets for the development of “exercise mimetics”.
7. Beyond the benefits: Potential cardiotoxicity of excessive exercise
Although extensive research demonstrates that regular exercise effectively improves
cardiovascular health, others have reviewed the potential dangers of excessive exercise,
such as marathons, ironman distance triathlons, and very long distance bicycle races,
that may induce adverse cardiac remodeling(197). The study of long-term marathon
participation found that the total coronary artery plaque volumes, calcified plaque
volumes, and non-calcified plaque volumes may be increased in marathon runners
compared to the sedentary matched group(198). Extreme endurance training may lead
to atherosclerotic plaque formation and myocardial cytotoxicity and increase
cardiovascular disease mortality(199). A prospective observational cohort study
involved 106 asymptomatic male competitive cyclists and triathletes (age>50 years,

exercising>10 hours per week for>15 years). Cardiac magnetic resonance imaging
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(MRI) revealed that 47.2% of the athletes had myocardial fibrosis. During exercise
testing, athletes with fibrosis had a higher incidence of ventricular premature beats, and
fibrosis was associated with a 4.7-fold increased risk of ventricular arrhythmias(200).
Using cardiac MRI, the researchers examined 93 highly trained endurance athletes
(who had trained for at least 12 hours per week over the past 5 years; mean age 36+6
years; 53% male) versus 72 age- and sex-matched control subjects. The prevalence of
cardiac fibrosis was significantly higher in high-level endurance athletes than in
sedentary individuals, and cardiac fibrosis was positively correlated with training load
(annual training volume and years of training), suggesting that long-term, high-intensity
endurance exercise may promote the development of cardiac fibrosis(201).

In animal experiments of mice subjected to three different overtraining protocols
(including overtrained by downhill running, uphill running, or running without
inclination), it was found that overtraining significantly reduced the adenosine
monophosphate-activated protein kinase (AMPK) activation, promoted the expression
of proinflammatory cytokines IL-6, and upregulated pathological cardiac hypertrophy
marker gene B-isoform of myosin heavy-chain (B-MHC) (202). A rat experimental
study demonstrated that long-term intensive exercise training induced cardiac fibrosis,
accompanied by ventricular dysfunction and increased susceptibility to
arrhythmias(203). In another eight-week program of forced treadmill running in mice
with induced myocarditis via Coxsackievirus B3 (CVB), it was found that endurance
exercise led to an increase in pro-inflammatory immune cells, including M1
macrophages and CD8* T cells and promoted cardiac fibrosis(204).

The mechanisms through which the health and longevity benefits of moderate
exercise begin to diminish when training intensity exceeds a critical threshold remain

to be elucidated(205). Emerging evidence has suggested that high-intensity training is
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closely associated with immune dysfunction and inflammatory responses(206, 207).
NK cells and CD8" T cells decreased significantly within 1-2 hours following acute
exercise(100, 103). However, there is currently no conclusive evidence demonstrating
that strenuous exercise increases the risk of opportunistic infections. Moreover, it has
been proposed that the marked decline in lymphocyte numbers and function observed
shortly after exercise represents a redistribution of immune cells within tissues rather
than immune suppression(208).

Thus, exercise intensity and duration warrant careful consideration when
evaluating exercise effects, particularly in vulnerable populations such as the elderly,
individuals with genetic predispositions, or those with underlying viral infections. The
cardiac fibrosis, immune-inflammatory dysregulation, and metabolic pathway
disturbances induced by excessive exercise may increase the risk of arrhythmias and
myocardial damage. These findings will provide important evidence for developing
personalized exercise prescriptions, defining safe exercise limits, and identifying high-
risk populations.

8. Perspectives and conclusions

The present review summarizes exercise as a cardioprotective strategy via coordinated
modulation of cardiomyocytes and cardiac immune microenvironment. Future studies
are expected to go deep into elucidating the molecular mechanisms, deciphering
intercellular communication signals, and advancing translational applications of
exercise-induced cardiac protection.

First, despite characterization of exercise-responsive signaling mediators, their
spatiotemporal coordination of intercellular communication across distinct cardiac cell
populations, particularly among immune cells, cardiomyocytes, and other cell types,

requires further investigation. Moreover, it is of considerable significance to investigate
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the specific immune cell subsets and signaling molecules regulated by exercise. Single-
cell RNA sequencing, spatial transcriptomics and proteomics, metabolomics, and novel
genetic tools will be preferentially applied to investigate the dynamic changes and
interactions of cardiac cell populations before and after exercise, thereby elucidating
the molecular mechanisms and intercellular crosstalk underlying exercise-induced
cardioprotection.

Second, the development of exercise prescriptions represents an urgent clinical
priority. The functional roles of exercise in cardiovascular protection and its specific
regulations on immune cells may be closely related to the mode of exercise (aerobic or
resistance exercise), as well as the intensity, frequency, and duration of exercise.
Moreover, the immunomodulatory effects of exercise exhibit temporal specificity,
varying markedly between the acute injury, reparative, and chronic remodeling stages
of CVD. Developing more refined animal disease models and integrating these with
clinical cohort studies will promote the translational application of exercise-induced
cardiac protection.

Third, individual differences must be taken into careful consideration. Genetic
background, sex, age, and gut microbiota may influence the response to exercise. By
integrating genomic, metabolism, immunological, and metagenomic data through
artificial algorithms, it is possible that we might develop machine-learning models to
help predict how well an individual may benefit from exercise-induced cardioprotection.

In conclusion, elucidating the mechanisms through which exercise modulates the
myocardium and cardiac immune microenvironment will provide a scientific
foundation for designing personalized exercise prescriptions and potentially “exercise

mimetics”, to achieve precision prevention and treatment of CVD.

32

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803
804
805
806
807
808
809

810
811

812
813
814

815
816
817

Fundings

This work was supported by grants from Noncommunicable Chronic Diseases-National
Science and Technology Major Project (2025ZD0547100 to Y.B.), National Natural
Science Foundation of China (82570345 to Y.B., 82225005 to J.X.), Science and
Technology Commission of Shanghai Municipality (23410750100 to J.X), the “Dawn”
Program of Shanghai Education Commission (24SG36 to Y.B.), the Oriental Scholars
of Shanghai Universities (TP2022057 to Y.B.), the grants from Postdoctoral Fellowship
Program of CPSF (GZC20250996 to S.L.) and the Shanghai Postdoctoral Excellence
Program (2024240 to S.L.).

Disclosures

No conflicts of interest, financial or otherwise, are declared by the authors.

Author Contributions

S.L., M.H., and X.L. drafted manuscript. S.L. prepared figures; G.L., D.C., T.S.B.,
J.PG.S, Y.B. and J.X. edited and revised manuscript. All the authors approved final

version of manuscript.

References

1. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk V, Gonzalez-
Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C, Nihoyannopoulos P, Parissis JT,
Pieske B, Riley JP, Rosano GMC, Ruilope LM, Ruschitzka F, Rutten FH, and van der Meer
P. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task
Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of
Cardiology (ESC)Developed with the special contribution of the Heart Failure Association (HFA)
of the ESC. Eur Heart J 37: 2129-2200, 2016 https://.doi.org/10.1093/eurheartj/ehw128

2. Heidenreich P, and Sandhu A. Advances in management of heart failure. BMJ 385: €077025,
2024 https://.doi.org/10.1136/bmj-2023-077025

3. QiuY, Fernandez-Garcia B, Lehmann HI, Li G, Kroemer G, Lopez-Otin C, and Xiao J.
Exercise sustains the hallmarks of health. J Sport Health Sci 12: 8-35, 2023
https://.doi.org/10.1016/j.jshs.2022.10.003

4. Kasargod Prabhakar CR, and Stewart R. Physical activity and mortality in patients with
stable  coronary  heart disease. Cwrr  Opin  Cardiol 33:  653-659, 2018
https://.doi.org/10.1097/hco.0000000000000563

33

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



818
819
820

821
822
823

824
825
826
827

828
829

830
831
832

833
834
835
836

837
838
839

840
841
842

843
844
845
846

847
848
849
850

851
852
853
854

855
856
857

858
859
860
861

862
863
864

865

5. Tucker WJ, Fegers-Wustrow I, Halle M, Haykowsky MJ, Chung EH, and Kovacic JC.
Exercise for Primary and Secondary Prevention of Cardiovascular Disease: JACC Focus Seminar
1/4. J Am Coll Cardiol 80: 1091-1106, 2022 https://.doi.org/10.1016/j.jacc.2022.07.004

6. Piercy KL, Troiano RP, Ballard RM, Carlson SA, Fulton JE, Galuska DA, George SM,
and Olson RD. The Physical Activity Guidelines for Americans. Jama 320: 2020-2028, 2018
https://.doi.org/10.1001/jama.2018.14854

7. Ding D, Lawson KD, Kolbe-Alexander TL, Finkelstein EA, Katzmarzyk PT, van
Mechelen W, and Pratt M. The economic burden of physical inactivity: a global analysis of major
non-communicable diseases. Lancet 388: 1311-1324, 2016 https://.doi.org/10.1016/s0140-

6736(16)30383-x

8.  [Physical Activity Guidelines for Chinese (2021)]. Zhonghua Liu Xing Bing Xue Za Zhi 43: 5-
6, 2022 https://.doi.org/10.3760/cma.j.cn112338-20211119-00903

9. Rognmo @, Moholdt T, Bakken H, Hole T, Mglstad P, Myhr NE, Grimsmo J, and Wisleff
U. Cardiovascular risk of high- versus moderate-intensity aerobic exercise in coronary heart disease
patients. Circulation 126: 1436-1440, 2012 https://.doi.org/10.1161/circulationaha.112.123117

10. Hambrecht R, Walther C, Mobius-Winkler S, Gielen S, Linke A, Conradi K, Erbs S,
Kluge R, Kendziorra K, Sabri O, Sick P, and Schuler G. Percutaneous coronary angioplasty
compared with exercise training in patients with stable coronary artery disease: a randomized trial.
Circulation 109: 1371-1378, 2004 https://.doi.org/10.1161/01.Cir.0000121360.31954.1f

11. Mounsey LA, Guo M, Lau ES, and Ho JE. Exercise Training in Heart Failure: Clinical
Benefits and Mechanisms. Circ Res 137: 273-289, 2025
https://.doi.org/10.1161/circresaha.124.325533

12. Yang D, Liu HQ, Liu FY, Tang N, Guo Z, Ma SQ, An P, Wang MY, Wu HM, Yang Z, Fan
D, and Tang QZ. The Roles of Noncardiomyocytes in Cardiac Remodeling. Int J Biol Sci 16: 2414-
2429, 2020 https://.doi.org/10.7150/ijbs.47180

13. Zuurbier CJ, Abbate A, Cabrera-Fuentes HA, Cohen MYV, Collino M, De Kleijn DPV,
Downey JM, Pagliaro P, Preissner KT, Takahashi M, and Davidson SM. Innate immunity as a
target for acute cardioprotection.  Cardiovasc  Res  115: 1131-1142, 2019
https://.doi.org/10.1093/cvr/cvy304

14. Jiang J, Zheng Y, Wang R, Yang H, Zang S, Chatterjee E, Li G, Cretoiu D, Zhao C, and
Xiao J. Exercise-induced angiogenesis and lymphangiogenesis: A potential therapeutic tool to fight
aging and disease. Chin Med J (Engl) 138: 2552-2587, 2025
https://.doi.org/10.1097/cm9.000000000000383 1

15. Trager LE, Lyons M, Kuznetsov A, Sheffield C, Roh K, Freeman R, Rhee J, Guseh JS, Li
H, and Rosenzweig A. Beyond cardiomyocytes: Cellular diversity in the heart's response to
exercise.  Journal  of  Sport and  Health  Science 12: 423-437, 2023
https://.doi.org/https://doi.org/10.1016/.jshs.2022.12.011

16. BeiY, Huang Z, Feng X, Li L, Wei M, Zhu Y, Liu S, Chen C, Yin M, Jiang H, and Xiao J.
Lymphangiogenesis contributes to exercise-induced physiological cardiac growth. J Sport Health
Sci 11: 466-478, 2022 https://.doi.org/10.1016/].jshs.2022.02.005

17. Roh K, Li H, Freeman RN, Zazzeron L, Lee A, Zhou C, Shen S, Xia P, Guerra JRB,
Sheffield C, Padera TP, Zhou Y, Kim S, Aguirre A, Houstis N, Roh JD, Ichinose F, Malhotra
R, Rosenzweig A, and Rhee J. Exercise-Induced Cardiac Lymphatic Remodeling Mitigates
Inflammation in the Aging Heart. Aging Cell 24: €70043, 2025 https://.doi.org/10.1111/acel.70043

18. Athanasiou N, Bogdanis GC, and Mastorakos G. Endocrine responses of the stress system
to different types of exercise. Rev Endocr Metab Disord 24: 251-266, 2023
https://.doi.org/10.1007/s11154-022-09758-1

19. Paltoglou G, Fatouros IG, Valsamakis G, Schoina M, Avloniti A, Chatzinikolaou A,
34

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



866
867
868
869

870
871
872

873
874
875

876
877
878
879
880
881

882
883

884
885
886

887
888
889

890
891
892

893
894

895
896
897

898
899
900

901
902
903
904
905

906
907
908

909
910
911

912
913

Kambas A, Draganidis D, Mantzou A, Papagianni M, Kanaka-Gantenbein C, Chrousos GP,
and Mastorakos G. Antioxidation improves in puberty in normal weight and obese boys, in positive
association with exercise-stimulated growth hormone secretion. Pediatr Res 78: 158-164, 2015
https://.doi.org/10.1038/pr.2015.85

20. Novelli G, Calcaterra G, Casciani F, Pecorelli S, and Mehta JL. 'Exerkines" A
Comprehensive Term for the Factors Produced in Response to Exercise. Biomedicines 12: 2024
https://.doi.org/10.3390/biomedicines12091975

21. Jin L, Diaz-Canestro C, Wang Y, Tse MA, and Xu A. Exerkines and cardiometabolic benefits
of exercise: from bench to clinic. EMBO Mol Med 16: 432-444, 2024
https://.doi.org/10.1038/s44321-024-00027-z

22. Wedell-Neergaard AS, Lang Lehrskov L, Christensen RH, Legaard GE, Dorph E, Larsen
MK, Launbo N, Fagerlind SR, Seide SK, Nymand S, Ball M, Vinum N, Dahl CN, Henneberg
M, Ried-Larsen M, Nybing JD, Christensen R, Rosenmeier JB, Karstoft K, Pedersen BK,
Ellingsgaard H, and Krogh-Madsen R. Exercise-Induced Changes in Visceral Adipose Tissue
Mass Are Regulated by IL-6 Signaling: A Randomized Controlled Trial. Cell Metab 29: 844-
855.e843, 2019 https://.doi.org/10.1016/j.cmet.2018.12.007

23. Schmidt-Arras D, and Rose-John S. IL-6 pathway in the liver: From physiopathology to
therapy. J Hepatol 64: 1403-1415, 2016 https://.doi.org/10.1016/].jhep.2016.02.004

24. Goldhammer E, Tanchilevitch A, Maor I, Beniamini Y, Rosenschein U, and Sagiv M.
Exercise training modulates cytokines activity in coronary heart disease patients. Int J Cardiol 100:
93-99, 2005 https://.doi.org/10.1016/j.ijcard.2004.08.073

25. Thompson G, Davison GW, Crawford J, and Hughes CM. Exercise and inflammation in
coronary artery disease: A systematic review and meta-analysis of randomised trials. J Sports Sci
38: 814-826, 2020 https://.doi.org/10.1080/02640414.2020.1735684

26. Tayebi SM, Poorhabibi H, Heidary D, Amini MA, and Sadeghi A. Impact of aerobic
exercise on chronic inflammation in older adults: a systematic review and meta-analysis. BMC
Sports Sci Med Rehabil 17: 229, 2025 https://.doi.org/10.1186/s13102-025-01279-z

27. Félix-Soriano E, and Stanford KI. Exerkines and redox homeostasis. Redox Biol 63: 102748,
2023 https://.doi.org/10.1016/.redox.2023.102748

28. Jiang J, Ni L, Zhang X, Gokulnath P, Vulugundam G, Li G, Wang H, and Xiao J.
Moderate-Intensity Exercise Maintains Redox Homeostasis for Cardiovascular Health. Adv Biol
(Weinh) 7: 2200204, 2023 https://.doi.org/10.1002/adbi.202200204

29. Zhang H, Zhang Y, Zhang J, and Jia D. Exercise Alleviates Cardiovascular Diseases by
Improving Mitochondrial Homeostasis. J Am Heart Assoc 13: e036555, 2024
https://.doi.org/10.1161/jaha.124.036555

30. JinL, Geng L, Ying L, Shu L, Ye K, Yang R, Liu Y, Wang Y, Cai Y, Jiang X, Wang Q, Yan
X, Liao B, Liu J, Duan F, Sweeney G, Woo CWH, Wang Y, Xia Z, Lian Q, and Xu A. FGF21-
Sirtuin 3 Axis Confers the Protective Effects of Exercise Against Diabetic Cardiomyopathy by
Governing Mitochondrial Integrity. Circulation 146: 1537-1557, 2022
https://.doi.org/10.1161/circulationaha.122.059631

31. Zhou G, Wang X, Guo M, Qu C, Gao L, Yu J, Li Y, Luo S, Shi Q, and Guo Y. Mitophagy
deficiency activates stimulator of interferon genes activation and aggravates pathogenetic cardiac
remodeling. Genes Dis 11: 101074, 2024 https://.doi.org/10.1016/j.gendis.2023.08.003

32. MalL, Li K, Wei W, Zhou J, Li Z, Zhang T, Wangsun Y, Tian F, Dong Q, Zhang H, and
Xing W. Exercise protects aged mice against coronary endothelial senescence via FUNDCI-
dependent mitophagy. Redox Biol 62: 102693, 2023 https://.doi.org/10.1016/j.redox.2023.102693

33. Strem CC, Aplin M, Ploug T, Christoffersen TE, Langfort J, Viese M, Galbo H, Haunse
S, and Sheikh SP. Expression profiling reveals differences in metabolic gene expression between

35

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



914
915

916
917
918
919

920
921
922
923
924

925
926
927
928
929

930
931
932
933
934

935
936
937

938
939
940

941
942
943
944
945

946
947
948

949
950
951
952

953
954

955
956
957
958

959
960
961
962

exercise-induced cardiac effects and maladaptive cardiac hypertrophy. Febs j 272: 2684-2695, 2005
https://.doi.org/10.1111/].1742-4658.2005.04684.x

34, Jiang H, Jia D, Zhang B, Yang W, Dong Z, Sun X, Cui X, Ma L, Wu J, Hu K, Sun A, and
Ge J. Exercise improves cardiac function and glucose metabolism in mice with experimental
myocardial infarction through inhibiting HDAC4 and upregulating GLUT1 expression. Basic Res
Cardiol 115: 28, 2020 https://.doi.org/10.1007/s00395-020-0787-1

35. BeiY,ZhuY, Zhou J, Ai S, Yao J, Yin M, Hu M, Qi W, Spanos M, Li L, Wei M, Huang Z,
Gao J, Liu C, van der Kraak PH, Li G, Lei Z, Sluijter JPG, and Xiao J. Inhibition of Hmbox 1
Promotes Cardiomyocyte Survival and Glucose Metabolism Through Gck Activation in
Ischemia/Reperfusion Injury. Circulation 150: 848-866, 2024
https://.doi.org/10.1161/circulationaha.123.067592

36. Kaumann A, Bartel S, Molenaar P, Sanders L, Burrell K, Vetter D, Hempel P, Karczewski
P, and Krause EG. Activation of beta2-adrenergic receptors hastens relaxation and mediates
phosphorylation of phospholamban, troponin I, and C-protein in ventricular myocardium from
patients with terminal heart failure. Circulation 99: 65-72, 1999
https://.doi.org/10.1161/01.¢ir.99.1.65

37. Molenaar P, Bartel S, Cochrane A, Vetter D, Jalali H, Pohlner P, Burrell K, Karczewski
P, Krause EG, and Kaumann A. Both beta(2)- and beta(1)-adrenergic receptors mediate hastened
relaxation and phosphorylation of phospholamban and troponin I in ventricular myocardium of
Fallot infants, consistent with selective coupling of beta(2)-adrenergic receptors to G(s)-protein.
Circulation 102: 1814-1821, 2000 https://.doi.org/10.1161/01.cir.102.15.1814

38. Bupha-Intr T, Laosiripisan J, and Wattanapermpool J. Moderate intensity of regular
exercise improves cardiac SR Ca2+ uptake activity in ovariectomized rats. J App! Physiol (1985)
107: 1105-1112, 2009 https://.doi.org/10.1152/japplphysiol.00407.2009

39. Bass-Stringer S, Tai CMK, and McMullen JR. IGF1-PI3K-induced physiological cardiac
hypertrophy: Implications for new heart failure therapies, biomarkers, and predicting cardiotoxicity.
J Sport Health Sci 10: 637-647, 2021 https://.doi.org/10.1016/.jshs.2020.11.009

40. McMullen JR, Amirahmadi F, Woodcock EA, Schinke-Braun M, Bouwman RD, Hewitt
KA, Mollica JP, Zhang L, Zhang Y, Shioi T, Buerger A, Izumo S, Jay PY, and Jennings GL.
Protective effects of exercise and phosphoinositide 3-kinase(p110alpha) signaling in dilated and
hypertrophic  cardiomyopathy. Proc Natl Acad Sci U S A4 104: 612-617, 2007
https://.doi.org/10.1073/pnas.0606663 104

41. Weeks KL, Bernardo BC, Ooi JYY, Patterson NL, and McMullen JR. The IGF1-PI3K-
Akt Signaling Pathway in Mediating Exercise-Induced Cardiac Hypertrophy and Protection. Adv
Exp Med Biol 1000: 187-210, 2017 https://.doi.org/10.1007/978-981-10-4304-8 12

42. Bostrom P, Mann N, Wu J, Quintero PA, Plovie ER, Panakova D, Gupta RK, Xiao C,
MacRae CA, Rosenzweig A, and Spiegelman BM. C/EBPJ controls exercise-induced cardiac
growth and protects against pathological cardiac remodeling. Cell 143: 1072-1083, 2010
https://.doi.org/10.1016/j.cell.2010.11.036

43. Nakamura M, and Sadoshima J. Mechanisms of physiological and pathological cardiac
hypertrophy. Nat Rev Cardiol 15: 387-407, 2018 https://.doi.org/10.1038/s41569-018-0007-y

44. Liu X, Xiao J, Zhu H, Wei X, Platt C, Damilano F, Xiao C, Bezzerides V, Bostrom P, Che
L, Zhang C, Spiegelman Bruce M, and Rosenzweig A. miR-222 Is Necessary for Exercise-
Induced Cardiac Growth and Protects against Pathological Cardiac Remodeling. Cell Metabolism
21:584-595, 2015 https://.doi.org/10.1016/j.cmet.2015.02.014

45. Gao R, Wang L, Bei Y, Wu X, Wang J, Zhou Q, Tao L, Das S, Li X, and Xiao J. Long
Noncoding RNA Cardiac Physiological Hypertrophy—Associated Regulator Induces Cardiac
Physiological Hypertrophy and Promotes Functional Recovery After Myocardial Ischemia-
Reperfusion Injury. Circulation 144: 303-317, 2021

36

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



963

964
965
966
967

968
969

970
971

972
973

974
975
976
977
978

979
980
981

982
983
984

985
986

987
988
989
990
991

992
993
994

995
996
997

998
999
1000

1001
1002
1003

1004
1005

1006
1007
1008

1009

https://.doi.org/10.1161/circulationaha.120.050446

46. Wang L, Feng J, Feng X, Meng D, Zhao X, Wang J, Yu P, Xu GE, Hu M, Wang T,
Lehmann HI, Li G, Sluijter JPG, and Xiao J. Exercise-induced circular RNA circUtrn is required
for cardiac physiological hypertrophy and prevents myocardial ischaemia-reperfusion injury.
Cardiovasc Res 119: 2638-2652, 2023 https://.doi.org/10.1093/cvr/cvadl61

47. Luo Q, Zhang Q, Kong Y, Wang S, and Wei Q. Heart failure, inflammation and exercise. Int
J Biol Sci 21: 3324-3350, 2025 https://.doi.org/10.7150/ijbs. 109917

48. Epelman S, Liu PP, and Mann DL. Role of innate and adaptive immune mechanisms in
cardiac injury and repair. Nat Rev Immunol 15: 117-129, 2015 https://.doi.org/10.1038/nri3800

49. Swirski FK, and Nahrendorf M. Leukocyte behavior in atherosclerosis, myocardial
infarction, and heart failure. Science 339: 161-166, 2013 https://.doi.org/10.1126/science.1230719

50. Silvis MJM, Kaffka Genaamd Dengler SE, Odille CA, Mishra M, van der Kaaij NP,
Doevendans PA, Sluijter JPG, de Kleijn DPV, de Jager SCA, Bosch L, and van Hout GPJ.
Damage-Associated Molecular Patterns in Myocardial Infarction and Heart Transplantation: The
Road to Translational Success. Front Immunol 11: 599511, 2020
https://.doi.org/10.3389/fimmu.2020.599511

51. Swirski FK, and Nahrendorf M. Cardioimmunology: the immune system in cardiac
homeostasis and disease. Nat Rev Immunol 18: 733-744,2018 https://.doi.org/10.1038/s41577-018-
0065-8

52. Frieler RA, and Mortensen RM. Immune cell and other noncardiomyocyte regulation of
cardiac ~ hypertrophy = and  remodeling. Circulation 131: 1019-1030, 2015
https://.doi.org/10.1161/circulationaha.114.008788

53. Rurik JG, Aghajanian H, and Epstein JA. Immune Cells and Immunotherapy for Cardiac
Injury and Repair. Circ Res 128: 1766-1779, 2021 https://.doi.org/10.1161/circresaha.121.318005

54. Panico C, Felicetta A, Kunderfranco P, Cremonesi M, Salvarani N, Carullo P, Colombo
F, Idini A, Passaretti M, Doro R, Rubino M, Villaschi A, Da Rin G, Peano C, Kallikourdis M,
Greco CM, and Condorelli G. Single-Cell RNA Sequencing Reveals Metabolic Stress-Dependent
Activation of Cardiac Macrophages in a Model of Dyslipidemia-Induced Diastolic Dysfunction.
Circulation 150: 1517-1532, 2024 https://.doi.org/10.1161/circulationaha.122.062984

55. Lin H, Xiong W, Fu L, Yi J, and Yang J. Damage-associated molecular patterns (DAMPs) in
diseases: implications for therapy. Mol Biomed 6: 60, 2025 https://.doi.org/10.1186/s43556-025-
00305-3

56. Chen R, Zou J, Zhong X, Liu J, Kang R, and Tang D. DAMP signaling networks: from
receptors to diverse pathophysiological functions. J  Adv Res 2025
https://.doi.org/10.1016/j.jare.2025.07.047

57. Obama T, and Itabe H. Neutrophils as a Novel Target of Modified Low-Density Lipoproteins
and an Accelerator of Cardiovascular Diseases. Int J Mol Sci 21: 2020
https://.doi.org/10.3390/ijms21218312

58. Fatima K, Asalla S, Dasari S, Kumar V, Angelotti A, and Bansal S. Extracellular Vesicles
Mediate Splenic Immune Activation and Trafficking to the Heart post-Myocardial Infarction.
Physiology 40: 0725, 2025 https://.doi.org/10.1152/physiol.2025.40.S1.0725

59. Arslan F, de Kleijn DP, and Pasterkamp G. Innate immune signaling in cardiac ischemia.
Nat Rev Cardiol 8: 292-300, 2011 https://.doi.org/10.1038/nrcardio.2011.38

60. Hu D, Cui YX, Wu MY, Li L, Su LN, Lian Z, and Chen H. Cytosolic DNA sensor cGAS
plays an essential pathogenetic role in pressure overload-induced heart failure. Am J Physiol Heart
Circ Physiol 318: H1525-h1537, 2020 https://.doi.org/10.1152/ajpheart.00097.2020

61. YaoY, LiF, Zhang M, Jin L, Xie P, Liu D, Zhang J, Hu X, Lv F, Shang H, Zheng W, Sun
37

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1010
1011
1012

1013
1014
1015

1016
1017
1018

1019
1020
1021

1022
1023
1024
1025

1026
1027
1028
1029

1030
1031
1032
1033
1034
1035
1036
1037
1038

1039
1040
1041
1042

1043
1044
1045
1046
1047
1048

1049
1050
1051

1052
1053
1054
1055

1056
1057
1058

X, Duanmu J, Wu F, Lan F, Xiao RP, and Zhang Y. Targeting CaMKII-69 Ameliorates Cardiac
Ischemia/Reperfusion Injury by Inhibiting Myocardial Inflammation. Circ Res 130: 887-903, 2022
https://.doi.org/10.1161/circresaha.121.319478

62. Ma F, Ghimire L, Ren Q, Fan Y, Chen T, Balasubramanian A, Hsu A, Liu F, Yu H, Xie X,
Xu R, and Luo HR. Gasdermin E dictates inflammatory responses by controlling the mode of
neutrophil death. Nat Commun 15: 386, 2024 https://.doi.org/10.1038/s41467-023-44669-y

63. Xue J, Xie S, Cheng X, Su E, Song X, Wei L, Yu P, Liu M, and Jiang H. Cardiomyocyte
GSDME Drives Doxorubicin-Induced Cardiotoxicity by Targeting the CCL2-CCR2 Axis. Int J Biol
Sci 21: 6113-6131, 2025 https://.doi.org/10.7150/ijbs. 115489

64. Chen JM, Dando PM, Stevens RA, Fortunato M, and Barrett AJ. Cloning and expression
of mouse legumain, a lysosomal endopeptidase. Biochem J 335 ( Pt 1): 111-117, 1998
https://.doi.org/10.1042/bj3350111

65. Jia D, Chen S, Bai P, Luo C, Liu J, Sun A, and Ge J. Cardiac Resident Macrophage-Derived
Legumain Improves Cardiac Repair by Promoting Clearance and Degradation of Apoptotic
Cardiomyocytes After Myocardial Infarction. Circulation 145: 1542-1556, 2022
https://.doi.org/10.1161/circulationaha.121.057549

66. DeBerge M, Yeap XY, Dehn S, Zhang S, Grigoryeva L, Misener S, Procissi D, Zhou X,
Lee DC, Muller WA, Luo X, Rothlin C, Tabas I, and Thorp EB. MerTK Cleavage on Resident
Cardiac Macrophages Compromises Repair After Myocardial Ischemia Reperfusion Injury. Circ
Res 121: 930-940, 2017 https://.doi.org/10.1161/circresaha.117.311327

67. Nicolas-Avila JA, Lechuga-Vieco AV, Esteban-Martinez L, Sanchez-Diaz M, Diaz-Garcia
E, Santiago DJ, Rubio-Ponce A, Li JL, Balachander A, Quintana JA, Martinez-de-Mena R,
Castejon-Vega B, Pun-Garcia A, Través PG, Bonzon-Kulichenko E, Garcia-Marqués F, Cusso
L, N AG, Gonzalez-Guerra A, Roche-Molina M, Martin-Salamanca S, Crainiciuc G, Guzman
G, Larrazabal J, Herrero-Galian E, Alegre-Cebollada J, Lemke G, Rothlin CV, Jimenez-
Borreguero LJ, Reyes G, Castrillo A, Desco M, Muiioz-Canoves P, Ibafiez B, Torres M, Ng LG,
Priori SG, Bueno H, Vazquez J, Cordero MD, Bernal JA, Enriquez JA, and Hidalgo A. A
Network of Macrophages Supports Mitochondrial Homeostasis in the Heart. Cell 183: 94-109.e123,
2020 https://.doi.org/10.1016/j.cell.2020.08.031

68. King KR, Aguirre AD, Ye YX, Sun Y, Roh JD, Ng RP, Jr., Kohler RH, Arlauckas SP,
Iwamoto Y, Savol A, Sadreyev RI, Kelly M, Fitzgibbons TP, Fitzgerald KA, Mitchison T, Libby
P, Nahrendorf M, and Weissleder R. IRF3 and type I interferons fuel a fatal response to
myocardial infarction. Nat Med 23: 1481-1487, 2017 https://.doi.org/10.1038/nm.4428

69. Santos-Zas I, Lemarié J, Zlatanova I, Cachanado M, Seghezzi JC, Benamer H, Goube P,
Vandestienne M, Cohen R, Ezzo M, Duval V, Zhang Y, Su JB, Bizé A, Sambin L, Bonnin P,
Branchereau M, Heymes C, Tanchot C, Vilar J, Delacroix C, Hulot JS, Cochain C, Bruneval
P, Danchin N, Tedgui A, Mallat Z, Simon T, Ghaleh B, Silvestre JS, and Ait-Oufella H.
Cytotoxic CDS8(+) T cells promote granzyme B-dependent adverse post-ischemic cardiac
remodeling. Nat Commun 12: 1483, 2021 https://.doi.org/10.1038/s41467-021-21737-9

70. Zhang M, Michael LH, Grosjean SA, Kelly RA, Carroll MC, and Entman ML. The role
of natural IgM in myocardial ischemia-reperfusion injury. J Mol Cell Cardiol 41: 62-67, 2006
https://.doi.org/10.1016/j.yjmcc.2006.02.006

71. LiuJ, Yang C, Liu T, Deng Z, Fang W, Zhang X, Li J, Huang Q, Liu C, Wang Y, Yang D,
Sukhova GK, Lindholt JS, Diederichsen A, Rasmussen LM, Li D, Newton G, Luscinskas FW,
Liu L, Libby P, Wang J, Guo J, and Shi GP. Eosinophils improve cardiac function after
myocardial infarction. Nat Commun 11: 6396, 2020 https://.doi.org/10.1038/s41467-020-19297-5

72. Diez J, Gonzalez A, and Kovacic JC. Myocardial Interstitial Fibrosis in Nonischemic Heart
Disease, Part 3/4: JACC Focus Seminar. J Am Coll Cardiol 75: 2204-2218, 2020
https://.doi.org/10.1016/j.jacc.2020.03.019

38

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1059
1060
1061

1062
1063
1064
1065
1066

1067
1068
1069

1070
1071
1072
1073

1074
1075
1076

1077
1078
1079
1080
1081

1082
1083
1084
1085
1086

1087
1088
1089

1090
1091
1092
1093

1094
1095

1096
1097
1098
1099

1100
1101
1102
1103
1104
1105

1106
1107

73. Frangogiannis NG, and Kovacic JC. Extracellular Matrix in Ischemic Heart Disease, Part
4/4: JACC Focus Seminar. J Am Coll Cardiol  75: 2219-2235, 2020
https://.doi.org/10.1016/.jacc.2020.03.020

74. Moore-Morris T, Guimaraes-Camboa N, Banerjee I, Zambon AC, Kisseleva T,
Velayoudon A, Stallcup WB, Gu Y, Dalton ND, Cedenilla M, Gomez-Amaro R, Zhou B,
Brenner DA, Peterson KL, Chen J, and Evans SM. Resident fibroblast lineages mediate pressure
overload-induced cardiac fibrosis. J Clin Invest 124: 2921-2934, 2014
https://.doi.org/10.1172/j¢c174783

75. Ivey MJ, Kuwabara JT, Pai JT, Moore RE, Sun Z, and Tallquist MD. Resident fibroblast
expansion during cardiac growth and remodeling. J Mol Cell Cardiol 114: 161-174, 2018
https://.doi.org/10.1016/j.yjmcc.2017.11.012

76. Ali SR, Ranjbarvaziri S, Talkhabi M, Zhao P, Subat A, Hojjat A, Kamran P, Miiller AM,
Volz KS, Tang Z, Red-Horse K, and Ardehali R. Developmental heterogeneity of cardiac
fibroblasts does not predict pathological proliferation and activation. Circ Res 115: 625-635, 2014
https://.doi.org/10.1161/circresaha.115.303794

77. Shinde AV, and Frangogiannis NG. Fibroblasts in myocardial infarction: a role in
inflammation and repair. J Mol Cell Cardiol 70: 74-82, 2014
https://.doi.org/10.1016/j.yjmcc.2013.11.015

78. 'Wu MM, Yang YC, Cai YX, Jiang S, Xiao H, Miao C, Jin XY, Sun Y, Bi X, Hong Z, Zhu
D, Yu M, Mao JJ, Yu CJ, Liang C, Tang LL, Wang QS, Shao Q, Jiang QH, Pan ZW, and Zhang
ZR. Anti-CTLA-4 m2a Antibody Exacerbates Cardiac Injury in Experimental Autoimmune
Myocarditis Mice By Promoting Ccl5-Neutrophil Infiltration. Adv Sci (Weinh) 11: ¢2400486, 2024
https://.doi.org/10.1002/advs.202400486

79. Li G, Ni C, Wang J, Zhang F, Fu Z, Wang L, Wang B, Liu Y, Zhao J, Li M, Lin H, Liao
F, Ye S, Zhang Y, Cai J, Shi S, Zhong Z, Shi Y, He J, Xiong X, Xu Y, Chen J, Zhu W, Wang Y,
Wang J, and Hu X. Dynamic molecular atlas of cardiac fibrosis at single-cell resolution shows
CD248 in cardiac fibroblasts orchestrates interactions with immune cells. Nat Cardiovasc Res 4:
380-396, 2025 https://.doi.org/10.1038/s44161-025-00617-1

80. Khalil H, Kanisicak O, Prasad V, Correll RN, Fu X, Schips T, Vagnozzi RJ, Liu R, Huynh
T, Lee SJ, Karch J, and Molkentin JD. Fibroblast-specific TGF-f-Smad2/3 signaling underlies
cardiac fibrosis. J Clin Invest 127: 3770-3783, 2017 https://.doi.org/10.1172/i¢194753

81. Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ, Yin M, Allen R, Sidman C,
Proetzel G, Calvin D, and et al. Targeted disruption of the mouse transforming growth factor-beta
1 gene results in multifocal inflammatory disease. Nature 359: 693-699, 1992
https://.doi.org/10.1038/359693a0

82. Kumar V, and Bansal SS. Immunological Regulation of Fibrosis During Heart Failure: It
Takes Two to Tango. Biomolecules 15: 2025 https://.doi.org/10.3390/biom15010058

83. Chen H, Chew G, Devapragash N, Loh JZ, Huang KY, Guo J, Liu S, Tan ELS, Chen S,
Tee NGZ, Mia MM, Singh MK, Zhang A, Behmoaras J, and Petretto E. The E3 ubiquitin ligase
WWP2 regulates pro-fibrogenic monocyte infiltration and activity in heart fibrosis. Nat Commun
13: 7375, 2022 https://.doi.org/10.1038/s41467-022-34971-6

84. Amrute JM, Luo X, Penna V, Yang S, Yamawaki T, Hayat S, Bredemeyer A, Jung IH,
Kadyrov FF, Heo GS, Venkatesan R, Shi SY, Parvathaneni A, Koenig AL, Kuppe C, Baker C,
Luehmann H, Jones C, Kopecky B, Zeng X, Bleckwehl T, Ma P, Lee P, Terada Y, Fu A, Furtado
M, Kreisel D, Kovacs A, Stitziel NO, Jackson S, Li CM, Liu Y, Rosenthal NA, Kramann R,
Ason B, and Lavine KJ. Targeting immune-fibroblast cell communication in heart failure. Nature
635:423-433, 2024 https://.doi.org/10.1038/s41586-024-08008-5

85. Sturtzel C. Endothelial Cells. Adv Exp Med Biol 1003: 71-91, 2017
https://.doi.org/10.1007/978-3-319-57613-8 4

39

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1108
1109
1110
1111

1112
1113
1114

1115
1116
1117
1118

1119
1120
1121

1122
1123
1124
1125
1126
1127
1128
1129

1130
1131
1132
1133

1134
1135
1136

1137
1138
1139

1140
1141
1142

1143
1144
1145
1146
1147

1148
1149
1150
1151

1152
1153
1154

1155
1156

86. Long H, Steimle JD, Grisanti Canozo FJ, Kim JH, Li X, Morikawa Y, Park M, Turaga D,
Adachi I, Wythe JD, Samee MAH, and Martin JF. Endothelial cells adopt a pro-reparative
immune responsive signature during cardiac injury. Life Sci Alliance 7. 2024
https://.doi.org/10.26508/1sa.202201870

87. Vestweber D. Relevance of endothelial junctions in leukocyte extravasation and vascular
permeability. Ann N Y Acad Sci 1257: 184-192, 2012 https://.doi.org/10.1111/5.1749-
6632.2012.06558.x

88. Lozanoska-Ochser B, and Peakman M. Level of major histocompatibility complex class I
expression on endothelium in non-obese diabetic mice influences CD8 T cell adhesion and
migration. Clin  Exp Immunol 157: 119-127, 2009 https://.doi.org/10.1111/].1365-
2249.2009.03940.x

89. Hajji K, Sedmik J, Cherian A, Amoruso D, Keegan LP, and O'Connell MA. ADAR2
enzymes: efficient site-specific RNA editors with gene therapy aspirations. Rna 28: 1281-1297,
2022 https://.doi.org/10.1261/rna.079266.122

90. Gatsiou A, Tual-Chalot S, Napoli M, Ortega-Gomez A, Regen T, Badolia R, Cesarini V,
Garcia-Gonzalez C, Chevre R, Ciliberti G, Silvestre-Roig C, Martini M, Hoffmann J,
Hamouche R, Visker JR, Diakos N, Wietelmann A, Silvestris DA, Georgiopoulos G, Moshfegh
A, Schneider A, Chen W, Guenther S, Backs J, Kwak S, Selzman CH, Stamatelopoulos K,
Rose-John S, Trautwein C, Spyridopoulos I, Braun T, Waisman A, Gallo A, Drakes SG,
Dimmeler S, Sperandio M, Soehnlein O, and Stellos K. The RNA editor ADAR2 promotes
immune cell trafficking by enhancing endothelial responses to interleukin-6 during sterile
inflammation. Immunity 56: 979-997.e911, 2023 https://.doi.org/10.1016/j.immuni.2023.03.021

91. Ionita MG, van den Borne P, Catanzariti LM, Moll FL, de Vries JP, Pasterkamp G, Vink
A, and de Kleijn DP. High neutrophil numbers in human carotid atherosclerotic plaques are
associated with characteristics of rupture-prone lesions. Arterioscler Thromb Vasc Biol 30: 1842-
1848, 2010 https://.doi.org/10.1161/atvbaha.110.209296

92. Xing D, Li P, Gong K, Yang Z, Yu H, Hage FG, Oparil S, and Chen YF. Endothelial cells
overexpressing interleukin-8 receptors reduce inflammatory and neointimal responses to arterial
injury. Circulation 125: 1533-1541, 2012 https://.doi.org/10.1161/circulationaha.111.078436

93. Zhou X, Zhang C, Yang S, Yang L, Luo W, Zhang W, Zhang X, and Chao J. Macrophage-
derived MMP12 promotes fibrosis through sustained damage to endothelial cells. J Hazard Mater
461: 132733, 2024 https://.doi.org/10.1016/j.jhazmat.2023.132733

94. Jian Y, Zhou X, Shan W, Chen C, Ge W, Cui J, Yi W, and Sun Y. Crosstalk between
macrophages and cardiac cells after myocardial infarction. Cell Commun Signal 21: 109, 2023
https://.doi.org/10.1186/s12964-023-01105-4

95. Reboll MR, Klede S, Taft MH, Cai CL, Field LJ, Lavine KJ, Koenig AL, Fleischauer J,
Meyer J, Schambach A, Niessen HW, Kosanke M, van den Heuvel J, Pich A, Bauersachs J,
Wu X, Zheng L, Wang Y, Korf-Klingebiel M, Polten F, and Wollert KC. Meteorin-like promotes
heart repair through endothelial KIT receptor tyrosine kinase. Science 376: 1343-1347, 2022
https://.doi.org/10.1126/science.abn3027

96. Liu S, Chen J, Shi J, Zhou W, Wang L, Fang W, Zhong Y, Chen X, Chen Y, Sabri A, and
Liu S. Ml-like macrophage-derived exosomes suppress angiogenesis and exacerbate cardiac
dysfunction in a myocardial infarction microenvironment. Basic Res Cardiol 115: 22, 2020
https://.doi.org/10.1007/s00395-020-0781-7

97. Koivula T, Lempiiinen S, Rinne P, Hollmén M, Sundberg CJ, Rundqvist H, Minn H, and
Heinonen I. Acute exercise mobilizes CD8(+) cytotoxic T cells and NK cells in lymphoma patients.
Front Physiol 13: 1078512, 2022 https://.doi.org/10.3389/fphys.2022.1078512

98. Booth S, Florida-James GD, McFarlin BK, Spielmann G, O'Connor DP, and Simpson RJ.
The impact of acute strenuous exercise on TLR2, TLR4 and HLA.DR expression on human blood

40

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1157
1158

1159
1160
1161

1162
1163
1164

1165
1166
1167
1168
1169

1170
1171
1172

1173
1174
1175

1176
1177

1178
1179
1180

1181
1182
1183
1184

1185
1186
1187

1188
1189
1190

1191
1192
1193
1194
1195

1196
1197
1198
1199
1200
1201

1202
1203
1204
1205

monocytes induced by autologous serum. Eur J Appl Physiol 110: 1259-1268, 2010
https://.doi.org/10.1007/s00421-010-1616-2

99. Bouillon LE, Flynn MG, Lambert CP, Fahlman M, Braun WA, and Choi D. Exercise
during late-follicular menstrual phase: influence on immune parameters. J Sports Med Phys Fitness
46: 143-151, 2006

100. Campbell JP, Riddell NE, Burns VE, Turner M, van Zanten JJ, Drayson MT, and Bosch
JA. Acute exercise mobilises CD8+ T lymphocytes exhibiting an effector-memory phenotype.
Brain Behav Immun 23: 767-775, 2009 https://.doi.org/10.1016/1.bbi.2009.02.011

101. Graff RM, Kunz HE, Agha NH, Baker FL, Laughlin M, Bigley AB, Markofski MM,
LaVoy EC, Katsanis E, Bond RA, Bollard CM, and Simpson RJ. B(2)-Adrenergic receptor
signaling mediates the preferential mobilization of differentiated subsets of CD8+ T-cells, NK-cells
and non-classical monocytes in response to acute exercise in humans. Brain Behav Immun 74: 143-
153, 2018 https://.doi.org/10.1016/j.bbi.2018.08.017

102. McFarlin BK, Flynn MG, Phillips MD, Stewart LK, and Timmerman KL. Chronic
resistance exercise training improves natural killer cell activity in older women. J Gerontol A Biol
Sci Med Sci 60: 1315-1318, 2005 https://.doi.org/10.1093/gerona/60.10.1315

103. Shinkai S, Shore S, Shek PN, and Shephard RJ. Acute exercise and immune function.
Relationship between lymphocyte activity and changes in subset counts. /nt J Sports Med 13: 452-
461, 1992 https://.doi.org/10.1055/s-2007-1021297

104. Timmons BW, and Cieslak T. Human natural killer cell subsets and acute exercise: A brief
review. Exercise Immunology Review 14: 8-23, 2008

105. Arroyo E, Tagesen EC, Hart TL, Miller BA, and Jajtner AR. Comparison of the
lymphocyte response to interval exercise versus continuous exercise in recreationally trained men.
Brain Behav Immun Health 20: 100415, 2022 https://.doi.org/10.1016/1.bbih.2022.100415

106. Nieman DC, Nehlsen-Cannarella SL, Markoff PA, Balk-Lamberton AJ, Yang H, Chritton
DB, Lee JW, and Arabatzis K. The effects of moderate exercise training on natural killer cells and
acute upper respiratory tract infections. Int J Sports Med 11: 467-473, 1990
https://.doi.org/10.1055/s-2007-1024839

107. Hazeldine J, Withnall E, Llibre A, Duggal NA, Lord JM, and Sardeli AV. Physical Activity
Modifies the Metabolic Profile of CD4(+) and CD8(+) T-Cell Subtypes at Rest and Upon Activation
in Older Adults. Aging Cell 24: ¢70104, 2025 https://.doi.org/10.1111/acel.70104

108. Blanks AM, Pedersen LN, Bohmke N, Mihalick VL, and Franco RL. Sex differences in
monocyte CCR2 expression and macrophage polarization following acute exercise. Life Sci 299:
120557, 2022 https://.doi.org/10.1016/1.1fs.2022.120557

109. Sun S, Lai C, Huang C, Ren X, Zhang T, Zou J, Tong Y, Zhou Q, Lu J, Shen Z, Chen W,
Wang R, Rabrenovic N, Wang X, Ma B, Qian J, Fu G, and Shang M. Exercise-induced histone
lactylation in monocyte-derived macrophages restores cardiac immune homeostasis and function in
sepsis-induced cardiomyopathy. Nat Commun 17: 756, 2025 https://.doi.org/10.1038/s41467-025-
67443-8

110. Mennitti C, Ranieri A, Nigro E, Tripodi L, Brancaccio M, Ulisse J, Gentile L, Fimiani F,
Cesaro A, D'Alicandro G, Limongelli G, Daniele A, Pero R, Frisso G, Calabro P, Pastore L,
Licenziati MR, Scudiero O, and Lombardo B. The Impact of Physical Exercise on Obesity in a
Cohort of Southern Italian Obese Children: Improvement in Cardiovascular Risk and Immune
System Biomarkers. Int J  Environ Res Public Health 20: 2022
https://.doi.org/10.3390/ijerph20010602

111. Ahmad I, Gupta S, Thomas M, Cai JJ, Heaps CL, and Newell-Fugate AE. Exercise
decreases the number and modifies the transcriptome of M1 macrophages and CD8(+) T cells in
nonoccluded epicardial adipose tissue of female pigs. Am J Physiol Cell Physiol 329: C1689-c1705,
2025 https://.doi.org/10.1152/ajpcell.00135.2025

41

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1206
1207
1208
1209

1210
1211
1212

1213
1214
1215

1216
1217
1218
1219

1220
1221
1222

1223
1224
1225

1226
1227
1228
1229

1230
1231
1232
1233

1234
1235
1236
1237

1238
1239
1240
1241
1242
1243
1244

1245
1246

1247
1248
1249

1250
1251
1252

1253
1254

112. Liu J, Li Z, Wei X, Xie D, Chen Q, Chen K, Zheng C, Li M, He M, Shen M, Chen L, Liu
C, Liao W, Bin J, Guan Z, Wang Q, Liao Y, and Lin H. Exercise-induced hypertrophic
preconditioning alleviates myocardial ischemic injury through trained immunity of macrophages. J
Transl Med 23: 1404, 2025 https://.doi.org/10.1186/s12967-025-07359-5

113. Wang J, Liu S, Meng X, Zhao X, Wang T, Lei Z, Lehmann HI, Li G, Alcaide P, Bei Y, and
Xiao J. Exercise Inhibits Doxorubicin-Induced Cardiotoxicity via Regulating B Cells. Circ Res 134:
550-568, 2024 https://.doi.org/10.1161/circresaha.123.323346

114. Guo W, Wang J, Chang Z, Lin S, Sha G, Wang S, Huang J, Hu M, and Xia J. Treadmill
exercise ameliorates atherogenesis and vascular inflammation in ApoE(-/-) mice via circulating
exosome-derived let-7c-5p. Sci Rep 16: 585, 2025 https://.doi.org/10.1038/s41598-025-30174-3

115. Feng L, Li G, An J, Liu C, Zhu X, Xu Y, Gao Y, Li J, Liu J, Yan J, Wang Y, Ren J, Yang
L, and Qi Z. Exercise Training Protects Against Heart Failure Via Expansion of Myeloid-Derived
Suppressor Cells Through Regulating IL-10/STAT3/S100A9 Pathway. Circulation: Heart Failure
15: 2022 https://.doi.org/10.1161/circheartfailure.121.008550

116. Shi X, Hu L, Nieman DC, Li F, Chen P, Shi H, and Shi Y. Exercise workload: a key
determinant of immune health - a narrative review. Front Immunol 16: 1617261, 2025
https://.doi.org/10.3389/fimmu.2025.1617261

117. Wang X, Chen L, Wei J, Zheng H, Zhou N, Xu X, Deng X, Liu T, and Zou Y. The immune
system in cardiovascular diseases: from basic mechanisms to therapeutic implications. Signal
Transduction and Targeted Therapy 10: 166, 2025 https://.doi.org/10.1038/s41392-025-02220-z

118. Ingersoll MA, Spanbroek R, Lottaz C, Gautier EL, Frankenberger M, Hoffmann R, Lang
R, Haniffa M, Collin M, Tacke F, Habenicht AJ, Ziegler-Heitbrock L, and Randolph GJ.
Comparison of gene expression profiles between human and mouse monocyte subsets. Blood 115:
€10-19, 2010 https://.doi.org/10.1182/blood-2009-07-235028

119. Bartlett DB, Shepherd SO, Wilson OJ, Adlan AM, Wagenmakers AJM, Shaw CS, and
Lord JM. Neutrophil and Monocyte Bactericidal Responses to 10 Weeks of Low-Volume High-
Intensity Interval or Moderate-Intensity Continuous Training in Sedentary Adults. Oxid Med Cell
Longev 2017: 8148742, 2017 https://.doi.org/10.1155/2017/8148742

120. Feng L, Li G, An J, Liu C, Zhu X, Xu Y, Gao Y, Li J, Liu J, Yan J, Wang Y, Ren J, Yang
L, and Qi Z. Exercise Training Protects Against Heart Failure Via Expansion of Myeloid-Derived
Suppressor Cells Through Regulating IL-10/STAT3/S100A9 Pathway. Circ Heart Fail 15: ¢008550,
2022 https://.doi.org/10.1161/circheartfailure.121.008550

121. Frodermann V, Rohde D, Courties G, Severe N, Schloss MJ, Amatullah H, McAlpine CS,
Cremer S, Hoyer FF, Ji F, van Koeverden ID, Herisson F, Honold L, Masson GS, Zhang S,
Grune J, Iwamoto Y, Schmidt SP, Wojtkiewicz GR, Lee IH, Gustafsson K, Pasterkamp G, de
Jager SCA, Sadreyev RI, MacFadyen J, Libby P, Ridker P, Scadden DT, Naxerova K, Jeffrey
KL, Swirski FK, and Nahrendorf M. Exercise reduces inflammatory cell production and
cardiovascular inflammation via instruction of hematopoietic progenitor cells. Nat Med 25: 1761-
1771, 2019 https://.doi.org/10.1038/s41591-019-0633-x

122. Ceddia MA, and Woods JA. Exercise suppresses macrophage antigen presentation. J Appl
Physiol (1985) 87: 2253-2258, 1999 https://.doi.org/10.1152/jappl.1999.87.6.2253

123. Woods JA, Ceddia MA, Kozak C, and Wolters BW. Effects of exercise on the macrophage
MHC II response to inflammation. Int J Sports Med 18: 483-488, 1997 https://.doi.org/10.1055/s-
2007-972668

124. Wang G, Wang L, Wang X, Ye H, Ni W, Shao W, Dai C, and Liu B. Low-intensity exercise
training increases systolic function of heart and MHCII (low) cardiac resident macrophages. Heliyon
9: €22915, 2023 https://.doi.org/10.1016/j.heliyon.2023.e22915

125. Morrissey SM, Kirkland LG, Phillips TK, Levit RD, Hopke A, and Jensen BC.
Multifaceted roles of neutrophils in cardiac disease. J Leukoc Biol 117: 2025

42

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1255

1256
1257

1258
1259
1260
1261

1262
1263
1264
1265

1266
1267
1268
1269

1270
1271
1272
1273

1274
1275

1276
1277

1278
1279
1280

1281
1282
1283

1284
1285
1286

1287
1288
1289

1290
1291
1292
1293

1294
1295
1296
1297

1298
1299
1300
1301
1302

https://.doi.org/10.1093/jleuko/qiaf017

126. Shim HB, Deniset JF, and Kubes P. Neutrophils in homeostasis and tissue repair.
International Immunology 34: 399-407, 2022 https://.doi.org/10.1093/intimm/dxac029

127. Wang X, Yan X, Mang G, Chen Y, Liu S, Sui J, Tong Z, Wang P, Cui J, Yang Q, Zhang Y,
Wang D, Sun P, Song W, Jin Z, Shi M, Zhao P, Yang J, Liu M, Wang N, Chen T, Ji Y, Yu B,
and Zhang M. S100a9 lactylation triggers neutrophil trafficking and cardiac inflammation in
myocardial ischemia/reperfusion injury. J Clin Invest 135: 2025 https://.doi.org/10.1172/j¢ci194664

128. He L, Liu R, Yue H, Zhang X, Pan X, Sun Y, Shi J, Zhu G, Qin C, and Guo Y. Interaction
between neutrophil extracellular traps and cardiomyocytes contributes to atrial fibrillation
progression. Signal Transduct Target Ther 8: 279, 2023 https://.doi.org/10.1038/s41392-023-01497-
2

129. Peake J, Wilson G, Hordern M, Suzuki K, Yamaya K, Nosaka K, Mackinnon L, and
Coombes JS. Changes in neutrophil surface receptor expression, degranulation, and respiratory
burst activity after moderate- and high-intensity exercise. J App! Physiol (1985) 97: 612-618, 2004
https://.doi.org/10.1152/japplphysiol.01331.2003

130. Ondracek AS, Aszlan A, Schmid M, Lenz M, Mangold A, Artner T, Emich M, Fritzer-
Szekeres M, Strametz-Juranek J, Lang IM, and Sponder M. Physical Exercise Promotes DNase
Activity Enhancing the Capacity to Degrade Neutrophil Extracellular Traps. Biomedicines 10: 2022
https://.doi.org/10.3390/biomedicines10112849

131. Peake J, and Suzuki K. Neutrophil activation, antioxidant supplements and exercise-induced
oxidative stress. Exerc Immunol Rev 10: 129-141, 2004

132. Pyne DB. Regulation of neutrophil function during exercise. Sports Medicine 17: 245-258,
1994

133. Kumral ZN, Sener G, Ozgur S, Koc M, Suleymanoglu S, Hurdag C, and Yegen BC.
Regular exercise alleviates renovascular hypertension-induced cardiac/endothelial dysfunction and
oxidative injury in rats. J Physiol Pharmacol 67: 45-55,2016

134. Mizokami T, Shimada M, and Suzuki K. Neutrophil depletion attenuates acute renal injury
after exhaustive exercise in mice. FExperimental Physiology 109: 588-599, 2024
https://.doi.org/10.1113/ep091362

135. Kawanishi N, Mizokami T, Niihara H, Yada K, and Suzuki K. Neutrophil Depletion
Attenuates Muscle Injury after Exhaustive Exercise. Medicine & Science in Sports & Exercise 48:
1917-1924, 2016 https://.doi.org/10.1249/mss.0000000000000980

136. Sun K, Li YY, and Jin J. A double-edged sword of immuno-microenvironment in cardiac
homeostasis and injury repair. Signal Transduct Target Ther 6: 79, 2021
https://.doi.org/10.1038/s41392-020-00455-6

137. Feng L, Tian R, Mu X, Chen C, Zhang Y, Cui J, Song Y, Liu Y, Zhang M, Shi L, Sun Y,
Li L, and Yi W. Identification of Genes Linking Natural Killer Cells to Apoptosis in Acute
Myocardial Infarction and Ischemic Stroke. Front Immunol 13: 817377, 2022
https://.doi.org/10.3389/fimmu.2022.817377

138. Ong S, Ligons DL, Barin JG, Wu L, Talor MV, Diny N, Fontes JA, Gebremariam E, Kass
DA, Rose NR, and Cihdkova D. Natural killer cells limit cardiac inflammation and fibrosis by
halting eosinophil infiltration. Am J Pathol 185: 847-861, 2015
https://.doi.org/10.1016/j.ajpath.2014.11.023

139. Ortega-Rodriguez AC, Marin-Jauregui LS, Martinez-Shio E, Hernandez Castro B,
Gonzalez-Amaro R, Escobedo-Uribe CD, and Monsivais-Urenda AE. Altered NK cell receptor
repertoire and function of natural killer cells in patients with acute myocardial infarction: A three-
month follow-up study. Immunobiology 225: 151909, 2020
https://.doi.org/10.1016/1.imbi10.2020.151909

43

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1303
1304
1305
1306
1307

1308
1309
1310

1311
1312

1313
1314
1315

1316
1317
1318
1319

1320
1321
1322
1323
1324

1325
1326
1327

1328
1329
1330

1331
1332

1333
1334

1335
1336
1337

1338
1339
1340
1341

1342
1343
1344
1345

1346
1347
1348

1349
1350

140. Ayach BB, Yoshimitsu M, Dawood F, Sun M, Arab S, Chen M, Higuchi K, Siatskas C, Lee
P, Lim H, Zhang J, Cukerman E, Stanford WL, Medin JA, and Liu PP. Stem cell factor receptor
induces progenitor and natural killer cell-mediated cardiac survival and repair after myocardial
infarction. Proc Natl Acad Sci U S 4 103: 2304-2309, 2006
https://.doi.org/10.1073/pnas.0510997103

141. Maisel AS, Harris T, Rearden CA, and Michel MC. Beta-adrenergic receptors in
lymphocyte subsets after exercise. Alterations in normal individuals and patients with congestive
heart failure. Circulation 82: 2003-2010, 1990 https://.doi.org/10.1161/01.cir.82.6.2003

142. Idorn M, and Hojman P. Exercise-Dependent Regulation of NK Cells in Cancer Protection.
Trends Mol Med 22: 565-577, 2016 https://.doi.org/10.1016/;.molmed.2016.05.007

143. Murray DR, Irwin M, Rearden CA, Ziegler M, Motulsky H, and Maisel AS. Sympathetic
and immune interactions during dynamic exercise: Mediation via a P2-adrenergic-dependent
mechanism. Circulation 86: 203-213, 1992 https://.doi.org/10.1161/01.CIR.86.1.203

144. Chen QY, Jiang YN, Guan X, Ren FF, Wu SJ, Chu MP, Wu LP, Lai TF, and Li L. Aerobic
Exercise Attenuates Pressure Overload-Induced Myocardial Remodeling and Myocardial
Inflammation via Upregulating miR-574-3p in Mice. Circ Heart Fail 17: €010569, 2024
https://.doi.org/10.1161/circheartfailure.123.010569

145. Pedersen L, Idorn M, Olofsson GH, Lauenborg B, Nookaew I, Hansen RH, Johannesen
HH, Becker JC, Pedersen KS, Dethlefsen C, Nielsen J, Gehl J, Pedersen BK, Thor Straten P,
and Hojman P. Voluntary Running Suppresses Tumor Growth through Epinephrine- and IL-6-
Dependent NK Cell Mobilization and Redistribution. Cell Metab 23: 554-562, 2016
https://.doi.org/10.1016/j.cmet.2016.01.011

146. Zhao X, Chen X, Lin P, Lin Y, Feng W, Zou M, Li N, and Cui L. Modulating CD8" T cell
immunity through exercise: mechanistic insights and implications for precision immunotherapy.
Theranostics 16: 2539-2558, 2026 https://.doi.org/10.7150/thno.126053

147. Koch U, and Radtke F. Mechanisms of T cell development and transformation. Annual review
of cell and developmental biology 27: 539-562, 2011 https://.doi.org/10.1146/annurev-cellbio-
092910-154008

148. Sun L, Su Y, Jiao A, Wang X, and Zhang B. T cells in health and disease. Signal Transduct
Target Ther 8: 235, 2023 https://.doi.org/10.1038/s41392-023-01471-y

149. Martin P, and Sanchez-Madrid F. T cells in cardiac health and disease. J Clin Invest 135:
2025 https://.doi.org/10.1172/jci185218

150. Hunt RM, Elzayat MT, Markofski MM, Laughlin M, and LaVoy EC. Characterization of
transitional memory CD4+ and CD8+ T-cell mobilization during and after an acute bout of exercise.
Front Sports Act Living 5: 1120454, 2023 https://.doi.org/10.3389/fspor.2023.1120454

151. Stromberg A, Mandi¢ M, Wadsworth BJ, Proschinger S, Alam S, Eriksson LM, Barbieri
L, Rullman E, and Rundqvist H. Functional characterisation of CD8(+) T cells mobilised with
acute supramaximal high-intensity interval exercise: implications for immune surveillance. Clin
Transl Immunology 14: €70037, 2025 https://.doi.org/10.1002/cti2.70037

152. Weinhold M, Shimabukuro-Vornhagen A, Franke A, Theurich S, Wahl P, Hallek M,
Schmidt A, Schinkothe T, Mester J, von Bergwelt-Baildon M, and Bloch W. Physical exercise
modulates the homeostasis of human regulatory T cells. J Allergy Clin Immunol 137: 1607-
1610.e1608, 2016 https://.doi.org/10.1016/j.jaci.2015.10.035

153. Raygan F, Sayyah M, Janesar Qamsari SMR, Nikoueinejad H, and Sehat M. Effects of
Submaximal Aerobic Exercise on Regulatory T Cell Markers of Male Patients Suffering from
Ischemic Heart Disease. Iran J Allergy Asthma Immunol 16: 14-20, 2017

154. Hori S, Nomura T, and Sakaguchi S. Control of regulatory T cell development by the
transcription factor Foxp3. Science 299: 1057-1061, 2003 https://.doi.org/10.1126/science.1079490

44

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1351
1352
1353

1354
1355
1356

1357
1358
1359
1360

1361
1362
1363

1364
1365
1366

1367
1368
1369

1370
1371
1372

1373
1374
1375
1376

1377
1378
1379

1380
1381
1382

1383
1384
1385
1386

1387
1388
1389

1390
1391
1392
1393

1394
1395
1396

1397
1398

155. Perry C, Pick M, Bdolach N, Hazan-Halevi I, Kay S, Berr I, Reches A, Harishanu Y, and
Grisaru D. Endurance exercise diverts the balance between Th17 cells and regulatory T cells. PLoS
One 8:¢74722, 2013 https://.doi.org/10.1371/journal.pone.0074722

156. Chen Z, Yan W, Mao Y, Ni Y, Zhou L, Song H, Xu W, Wang L, and Shen Y. Effect of
Acrobic Exercise on Treg and Th17 of Rats with Ischemic Cardiomyopathy. J Cardiovasc Trans!
Res 11: 230-235, 2018 https://.doi.org/10.1007/s12265-018-9794-0

157. Furukawa H, Oshima K, Tung T, Cui G, Laks H, and Sen L. Overexpressed exogenous IL-
4 And IL-10 paradoxically regulate allogenic T-cell and cardiac myocytes apoptosis through
FAS/FASL pathway. Transplantation 85: 437-446, 2008
https://.doi.org/10.1097/TP.0b013e31816026¢7

158. Peake JM, Neubauer O, Walsh NP, and Simpson RJ. Recovery of the immune system after
exercise. J Appl Physiol (1985) 122: 1077-1087, 2017
https://.doi.org/10.1152/japplphysiol.00622.2016

159. Turner JE, Spielmann G, Wadley AJ, Aldred S, Simpson RJ, and Campbell JP. Exercise-
induced B cell mobilisation: Preliminary evidence for an influx of immature cells into the
bloodstream. Physiol Behav 164: 376-382, 2016 https://.doi.org/10.1016/j.physbeh.2016.06.023

160. Walzik D, Belen S, Wilisch K, Kupjetz M, Kirschke S, Esser T, Joisten N, Schenk A,
Proschinger S, and Zimmer P. Impact of exercise on markers of B cell-related immunity: A
systematic review. J Sport Health Sci 13: 339-352, 2024 https://.doi.org/10.1016/1.jshs.2023.10.002

161. Bermea K, Bhalodia A, Huff A, Rousseau S, and Adamo L. The Role of B Cells in
Cardiomyopathy and Heart Failure. Curr Cardiol Rep 24: 935-946, 2022
https://.doi.org/10.1007/s11886-022-01722-4

162. Garcia-Rivas G, Castillo EC, Gonzalez-Gil AM, Maravillas-Montero JL, Brunck M,
Torres-Quintanilla A, Elizondo-Montemayor L, and Torre-Amione G. The role of B cells in
heart failure and implications for future immunomodulatory treatment strategies. ESC Heart Fail 7:
1387-1399, 2020 https://.doi.org/10.1002/chf2.12744

163. Palme J, Asp S, Daugaard JR, Richter EA, Klokker M, and Pedersen BK. Effect of
eccentric exercise on natural killer cell activity. J Appl Physiol (1985) 78: 1442-1446, 1995
https://.doi.org/10.1152/jappl.1995.78.4.1442

164. Natale VM, Brenner IK, Moldoveanu Al, Vasiliou P, Shek P, and Shephard RJ. Effects of
three different types of exercise on blood leukocyte count during and following exercise. Sao Paulo
Med J 121: 9-14, 2003 https://.doi.org/10.1590/s1516-31802003000100003

165. Kraemer WJ, Fragala MS, van Henegouwen WR, Gordon SE, Bush JA, Volek JS, Triplett
NT, Dunn-Lewis C, Comstock BA, Szivak TK, Flanagan SD, Hooper DR, Luk HY, and Mastro
AM. Responses of proenkephalin Peptide F to aerobic exercise stress in the plasma and white blood
cell biocompartments. Peptides 42: 118-124, 2013 https://.doi.org/10.1016/j.peptides.2013.01.013

166. Balogh L, Szabé K, Pucsok JM, Jambor I, Gyetvai A, Mile M, Barna L, Szodoray P, Tarr
T, Csiki Z, and Papp G. The Effect of Aerobic Exercise and Low-Impact Pilates Workout on the
Adaptive Immune System. J Clin Med 11: 2022 https://.doi.org/10.3390/jcm11226814

167. Xu Y, Jiang K, Chen F, Qian J, Wang D, Wu Y, Zhou C, Yu Y, Chen K, Hwa J, Yang B,
Wang H, and Xiang Y. Bone marrow-derived naive B lymphocytes improve heart function after
myocardial infarction: a novel cardioprotective mechanism for empagliflozin. Basic Res Cardiol
117: 47,2022 https://.doi.org/10.1007/s00395-022-00956-1

168. Blannin AK, Robson PJ, Walsh NP, Clark AM, Glennon L, and Gleeson M. The effect of
exercising to exhaustion at different intensities on saliva immunoglobulin A, protein and electrolyte
secretion. Int J Sports Med 19: 547-552, 1998 https://.doi.org/10.1055/s-2007-971958

169. Allgrove JE, Gomes E, Hough J, and Gleeson M. Effects of exercise intensity on salivary
antimicrobial proteins and markers of stress in active men. J Sports Sci 26: 653-661, 2008

45

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1399

1400
1401
1402
1403
1404

1405
1406
1407

1408
1409

1410
1411

1412
1413
1414

1415
1416
1417

1418
1419
1420
1421

1422
1423
1424
1425

1426
1427
1428

1429
1430
1431
1432
1433

1434
1435
1436
1437

1438
1439
1440
1441
1442

1443
1444
1445
1446
1447

https://.doi.org/10.1080/02640410701716790

170. Drummond LR, Campos HO, Drummond FR, de Oliveira GM, Fernandes J, Amorim
RP, da Costa Monteiro M, Lara HFG, Leite LHR, and Coimbra CC. Acute and chronic effects
of physical exercise on IgA and IgG levels and susceptibility to upper respiratory tract infections: a
systematic ~ review and  meta-analysis.  Pflugers Arch  474: 1221-1248, 2022
https://.doi.org/10.1007/s00424-022-02760-1

171. MacKinnon LT. Special feature for the Olympics: effects of exercise on the immune system:
overtraining effects on immunity and performance in athletes. Immunol Cell Biol 78: 502-509, 2000
https://.doi.org/10.1111/1.1440-1711.2000.t01-7-.x

172. Hejazi K, and Hosseini SR. Influence of selected exercise on serum immunoglobulin,
testosterone and cortisol in semi-endurance elite runners. Asian J Sports Med 3: 185-192, 2012

173. Liu X, and Oliver G. The Lymphatic Vasculature in Cardiac Development and Ischemic Heart
Disease. Circ Res 132: 1246-1253, 2023 https://.doi.org/10.1161/circresaha.122.321672

174. Gancz D, Perlmoter G, and Yaniv K. Formation and Growth of Cardiac Lymphatics during
Embryonic Development, Heart Regeneration, and Disease. Cold Spring Harb Perspect Biol 12:
2020 https://.doi.org/10.1101/cshperspect.a037176

175. Klaourakis K, Vieira JM, and Riley PR. The evolving cardiac lymphatic vasculature in
development, repair and regeneration. Nature Reviews Cardiology 18: 368-379, 2021
https://.doi.org/10.1038/s41569-020-00489-x

176. Yang Z, Zhang Z, Feng S, Ning X, Guo L, Du Y, Wang S, Wang X, and Mao J. Cross-talk
between cardiac lymphatics and immune cells regulates inflammatory response and cardiac
recovery  after  myocardial infarction.  Front  Immunol  16: 1557250, 2025
https://.doi.org/10.3389/fimmu.2025.1557250

177. Chen LK, Lin SP, Xie YH, Tan XP, Xiong BH, Zeng XF, Zhu CR, Cao SY, Ye XY, Liu HJ,
and Wu XP. AMIGO?2 attenuates innate cisplatin sensitivity by suppression of GSDME-conferred
pyroptosis in non-small cell lung cancer. J Cell Mol Med 27: 2412-2423, 2023
https://.doi.org/10.1111/jcmm.17827

178. Klaourakis K, Vieira JM, and Riley PR. The evolving cardiac lymphatic vasculature in
development, repair and regeneration. Nat Rev Cardiol 18: 368-379, 2021
https://.doi.org/10.1038/s41569-020-00489-x

179. Chapman BG, Klaourakis K, de Villiers C, Gunadasa-Rohling M, Cosma MA, Cooper
STE, Mohan K, Weinberger M, Carr CA, Greaves DR, Jackson DG, Pezzolla D, Choudhury
RP, Vieira JM, and Riley PR. Cardiac lymphatics retain LY VE-1-dependent macrophages during
neonatal mouse heart regeneration. Nat Cardiovasc Res 4: 1258-1276, 2025
https://.doi.org/10.1038/s44161-025-00711-4

180. Vieira JM, Norman S, Villa Del Campo C, Cahill TJ, Barnette DN, Gunadasa-Rohling M,
Johnson LA, Greaves DR, Carr CA, Jackson DG, and Riley PR. The cardiac lymphatic system
stimulates resolution of inflammation following myocardial infarction. J Clin Invest 128: 3402-3412,
2018 https://.doi.org/10.1172/j¢i97192

181. Houssari M, Dumesnil A, Tardif V, Kiveld R, Pizzinat N, Boukhalfa I, Godefroy D,
Schapman D, Hemanthakumar KA, Bizou M, Henry JP, Renet S, Riou G, Rondeaux J, Anouar
Y, Adriouch S, Fraineau S, Alitalo K, Richard V, Mulder P, and Brakenhielm E. Lymphatic and
Immune Cell Cross-Talk Regulates Cardiac Recovery After Experimental Myocardial Infarction.
Arterioscler Thromb Vasc Biol 40: 1722-1737, 2020 https://.doi.org/10.1161/atvbaha.120.314370

182. Breitkopf-Heinlein K, Meyer C, Konig C, Gaitantzi H, Addante A, Thomas M,
Wiercinska E, Cai C, Li Q, Wan F, Hellerbrand C, Valous NA, Hahnel M, Ehlting C, Bode JG,
Miiller-Bohl S, Klingmiiller U, Altendder J, Ilkavets I, Goumans MJ, Hawinkels LJ, Lee SJ,
Wieland M, Mogler C, Ebert MP, Herrera B, Augustin H, Sanchez A, Dooley S, and Ten Dijke
P. BMP-9 interferes with liver regeneration and promotes liver fibrosis. Gut 66: 939-954, 2017

46

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1448

1449
1450
1451
1452
1453

1454
1455
1456
1457
1458

1459
1460
1461
1462
1463

1464
1465
1466

1467
1468
1469
1470
1471

1472
1473
1474
1475

1476
1477

1478
1479

1480
1481
1482

1483
1484
1485

1486
1487
1488

1489
1490
1491

1492
1493
1494

1495

https://.doi.org/10.1136/gutjnl-2016-313314

183. Duan Z, Huang Z, Lei W, Zhang K, Xie W, Jin H, Wu M, Wang N, Li X, Xu A, Zhou H,
Wu F, LiY, and Lin Z. Bone Morphogenetic Protein 9 Protects Against Myocardial Infarction by
Improving Lymphatic Drainage Function and Triggering DECRI1-Mediated Mitochondrial
Bioenergetics. Circulation 150: 1684-1701, 2024
https://.doi.org/10.1161/circulationaha.123.065935

184. Guo X, Huang C, Zhang L, Hu G, Du Y, Chen X, Sun F, Li T, Cui Z, Li C, Guo Y, Yan W,
Xia Y, Wang S, Liu H, Liu Z, Lin Z, Wang X, Wang Z, Zhang F, and Tao L. Lymphatic
Endothelial Branched-Chain Amino Acid Catabolic Defects Undermine Cardiac Lymphatic
Integrity and Drive HFpEF. Circulation 151: 1651-1666, 2025
https://.doi.org/10.1161/circulationaha.124.071741

185. Henri O, Pouehe C, Houssari M, Galas L, Nicol L, Edwards-Lévy F, Henry JP, Dumesnil
A, Boukhalfa I, Banquet S, Schapman D, Thuillez C, Richard V, Mulder P, and Brakenhielm
E. Selective Stimulation of Cardiac Lymphangiogenesis Reduces Myocardial Edema and Fibrosis
Leading to Improved Cardiac Function Following Myocardial Infarction. Circulation 133: 1484-
1497; discussion 1497, 2016 https://.doi.org/10.1161/circulationaha.115.020143

186. Klotz L, Norman S, Vieira JM, Masters M, Rohling M, Dubé KN, Bollini S, Matsuzaki F,
Carr CA, and Riley PR. Cardiac lymphatics are heterogeneous in origin and respond to injury.
Nature 522: 62-67, 2015 https://.doi.org/10.1038/nature 14483

187. Liu L, Kim S, Buckley MT, Reyes JM, Kang J, Tian L, Wang M, Lieu A, Mao M,
Rodriguez-Mateo C, Ishak HD, Jeong M, Wu JC, Goodell MA, Brunet A, and Rando TA.
Exercise reprograms the inflammatory landscape of multiple stem cell compartments during
mammalian aging. Cell Stem Cell 30: 689-705.¢684, 2023
https://.doi.org/10.1016/1.stem.2023.03.016

188. Sun S, Ma S, Cai Y, Wang S, Ren J, Yang Y, Ping J, Wang X, Zhang Y, Yan H, Li W,
Esteban CR, Yu Y, Liu F, Izpisua Belmonte JC, Zhang W, Qu J, and Liu GH. A single-cell
transcriptomic atlas of exercise-induced anti-inflammatory and geroprotective effects across the
body. Innovation (Camb) 4: 100380, 2023 https://.doi.org/10.1016/j.xinn.2023.100380

189. Takahashi JS. Transcriptional architecture of the mammalian circadian clock. Nat Rev Genet
18:164-179, 2017 https://.doi.org/10.1038/nrg.2016.150

190. Temporal dynamics of the multi-omic response to endurance exercise training. Nature 629:
174-183, 2024 https://.doi.org/10.1038/s41586-023-06877-w

191. Pan L, Ai S, Shi X, Tong X, Spanos M, Li G, Cretoiu D, Gao J, Zhou Q, and Xiao J.
ExerGeneDB: A physical exercise-regulated differential gene expression database. J Sport Health
Sci 14: 101027, 2025 https://.doi.org/10.1016/].jshs.2025.101027

192. Wang H, Xie Y, Guan L, Elkin K, and Xiao J. Targets identified from exercised heart: killing
multiple birds with one stone. NPJ Regen Med 6: 23, 2021 https://.doi.org/10.1038/s41536-021-
00128-0

193. Chen H, Chen C, Spanos M, Li G, Lu R, Bei Y, and Xiao J. Exercise training maintains
cardiovascular health: signaling pathways involved and potential therapeutics. Signal Transduct
Target Ther 7: 306, 2022 https://.doi.org/10.1038/s41392-022-01153-1

194. Sun Y, and Liu Y. Circulating Cytokines Mediate the Protective Effect of Physical Activity
on Cardiovascular Diseases: A Mendelian Randomization Mediation Analysis. Int J Mol Sci 26:
2025 https://.doi.org/10.3390/ijms26104615

195. Xiao J, Chen X, Guo W, Li Y, and Liu J. Moderate intensity exercise may protect cardiac
function by influencing spleen microbiome composition. iScience 27: 108635, 2024
https://.doi.org/10.1016/1.1s¢1.2023.108635

196. Geng L, Ping J, Wu R, Yan H, Zhang H, Zhuang Y, Ning T, Wang J, Liang C, Zhang J,
47

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1496
1497
1498
1499
1500
1501
1502

1503
1504
1505

1506
1507
1508

1509
1510
1511

1512
1513
1514
1515

1516
1517
1518
1519

1520
1521
1522
1523

1524
1525
1526

1527
1528
1529
1530

1531
1532
1533

1534
1535
1536

1537
1538
1539

1540
1541
1542

1543

Chu Q, Zhang J, Wen Y, Jing Y, Sun S, Qiao Q, Zhao Q, Ji Q, Ma S, Cai Y, Zheng Y, Zou Z,
Diao Z, Li M, Zhang H, Hu J, Fu L, Kang W, Bai R, Zhao H, Zhang S, Ding Y, Lei J, Wang
W, Ji Y, Gou B, Sun G, Yin J, Yan P, Li H, Wang Z, Ma S, Liu Z, Shan H, Wang Q, Cao T,
Yang S, Wang C, Yang P, Fan Y, Ye Y, Hu J, Jiang M, Wang Y, Liu K, LiY,Li Y, Li J, Ci W,
Jin ZB, Fu X, Zhang X, Zhao G, Izpisua Belmonte JC, Wang S, Song M, Zhang W, Qu J, and
Liu GH. Systematic profiling reveals betaine as an exercise mimetic for geroprotection. Cel/ 188:
5403-5425 5433, 2025 https://.doi.org/10.1016/j.cell.2025.06.001

197. O'Keefe JH, Patil HR, Lavie CJ, Magalski A, Vogel RA, and McCullough PA. Potential
adverse cardiovascular effects from excessive endurance exercise. Mayo Clin Proc 87: 587-595,
2012 https://.doi.org/10.1016/j.mayocp.2012.04.005

198. Schwartz RS, Kraus SM, Schwartz JG, Wickstrom KK, Peichel G, Garberich RF, Lesser
JR, Oesterle SN, Knickelbine T, Harris KM, Duval S, Roberts WO, and O'Keefe JH. Increased
Coronary Artery Plaque Volume Among Male Marathon Runners. Mo Med 111: 89-94, 2014

199. Williams PT, and Thompson PD. Increased cardiovascular disease mortality associated with
excessive exercise in heart attack survivors. Mayo Clin Proc 89: 1187-1194, 2014
https://.doi.org/10.1016/j.mayocp.2014.05.006

200. Javed W, Botis I, Goh ZM, Shabi M, Brown B, Tomoaia R, Farooq M, Levelt E, Graham
L, Gierula J, Kellman P, Greenwood JP, Plein S, and Swoboda PP. Ventricular Arrhythmia and
Cardiac Fibrosis in Endurance Experienced Athletes (VENTOUX). Circ Cardiovasc Imaging 18:
e018470, 2025 https://.doi.org/10.1161/circimaging.125.018470

201. Domenech-Ximenos B, Sanz-de la Garza M, Prat-Gonzalez S, Sepulveda-Martinez A,
Crispi F, Duran-Fernandez K, Perea RJ, Bijnens B, and Sitges M. Prevalence and pattern of
cardiovascular magnetic resonance late gadolinium enhancement in highly trained endurance
athletes. J Cardiovasc Magn Reson 22: 62,2020 https://.doi.org/10.1186/s12968-020-00660-w

202. da Rocha AL, Teixeira GR, Pinto AP, de Morais GP, Oliveira LDC, de Vicente LG, da
Silva L, Pauli JR, Cintra DE, Ropelle ER, de Moura LP, Mekary RA, de Freitas EC, and da
Silva ASR. Excessive training induces molecular signs of pathologic cardiac hypertrophy. J Cell
Physiol 233: 8850-8861, 2018 https://.doi.org/10.1002/jcp.26799

203. Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E, Shi Y, Tardif JC, Brugada J, Nattel
S, and Mont L. Cardiac arrhythmogenic remodeling in a rat model of long-term intensive exercise
training. Circulation 123: 13-22, 2011 https://.doi.org/10.1161/circulationaha.110.938282

204. Favere K, Van Hecke M, Eens S, Bosman M, Delputte PL, De Sutter J, Fransen E,
Roskams T, Guns PJ, and Heidbuchel H. The influence of endurance exercise training on
myocardial fibrosis and arrhythmogenesis in a coxsackievirus B3 myocarditis mouse model. Sci
Rep 14: 12653, 2024 https://.doi.org/10.1038/s41598-024-61874-x

205. O'Keefe JH, Lavie CJ, and Guazzi M. Part 1: potential dangers of extreme endurance
exercise: how much is too much? Part 2: screening of school-age athletes. Prog Cardiovasc Dis 57:
396-405, 2015 https://.doi.org/10.1016/j.pcad.2014.11.004

206. Walsh NP, Gleeson M, Shephard RJ, Gleeson M, Woods JA, Bishop NC, Fleshner M,
Green C, Pedersen BK, Hoffman-Goetz L, Rogers CJ, Northoff H, Abbasi A, and Simon P.
Position statement. Part one: Immune function and exercise. Exerc Immunol Rev 17: 6-63, 2011

207. Walsh NP, Gleeson M, Pyne DB, Nieman DC, Dhabhar FS, Shephard RJ, Oliver SJ,
Bermon S, and Kajeniene A. Position statement. Part two: Maintaining immune health. Exerc
Immunol Rev 17: 64-103, 2011

208.Campbell JP, and Turner JE. Debunking the Myth of Exercise-Induced Immune Suppression:
Redefining the Impact of Exercise on Immunological Health Across the Lifespan. Front Immunol
9: 648, 2018 https://.doi.org/10.3389/fimmu.2018.00648

48

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1544

1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566

1567
1568
1569
1570
1571

1572

Figure legends

Figure 1. Immune cells in the cardiac microenvironment under heart disease
conditions. During myocardium injury, the dying myocardial cells release DAMPs,
which drive the infiltration of monocytes/macrophages, neutrophils, NK cells, T cells
and B cells into the injured myocardium. This figure presents some examples of the
immune cells and cell-cell communication in the microenvironment of the injured heart.
Monocytes/Macrophages: Ly6CPgh monocytes infiltrate into the injured heart and
release pro-inflammatory factors such as TNF-a. Circulating monocytes release
cytokines METRNL to enhance the endothelium angiogenic response. The Ly-6Chigh
CCR2" monocyte/macrophage cells secret IL-1p and directly regulate inflammation-
driven FAP*/POSTN" fibroblasts to promote cardiac fibrosis. The M1 macrophages
cause the damage of endothelium through EVs containing miR-155. Neutrophils:
Neutrophils initiate inflammation in the injured myocardium, while IL8R
overexpression in endothelial cells suppresses neutrophil infiltration during
endothelium damage. Neutrophils further migrate into the injured myocardium and
release NETs, leading to cardiomyocyte death. NK cells: NK cells can alleviate viral-
induced myocarditis by suppressing eosinophil-associated chemokines produced by
cardiac fibroblasts. T cells: Endothelial cells regulate T cell infiltration via presenting
endothelial antigens (MHCI/II) to T cells. In myocardial infarction, T cells infiltrate to
the damaged myocardium and CD8" T cell release granzyme B to induce
cardiomyocyte death. B cells: Recruited B cells in the injured myocardium produce
chemokines, cytokines, and autoantibodies, triggering cardiomyocyte injury and
fibroblast activation. This figure is created with Biorender.

Abbreviations: DAMPs, damage-associated patterns; NK cells, natural killing cells;
Ly6C, lymphocyte antigen 6C; TNF-a, tumor necrosis factor-a; CCR2, CC-chemokine
receptor 2; FAP, fibroblast activator protein; POSTN, periostin; EVs, Extracellular
vesicles; IL8R, Interleukin-8 receptor; NETSs, neutrophil extracellular traps; MHCI/II,
major histocompatibility complex class I and II molecules.
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Figure 2. Exercise regulates immune cells and cardiac microenvironment in
cardiac protection and repair. This figure summarizes how immune cells serve as
mediators of exercise-induced cardiac protection and repair. In human studies of
physical activity and exercise training, as well as in animal exercise training studies,
exercise has been shown to regulate different types of immune cells, including
monocytes/macrophages, neutrophils, NK cells, T «cells and B cells.
Monocytes/Macrophages: Exercise turned the monocytes and macrophages into anti-
inflammatory phenotypes in both human and mouse studies. Chronic moderate-to-
vigorous physical activity exercise training reduces CD16" monocyte counts, alters
their surface marker profiles, and influences macrophage polarization in humans. In
animal experiments, voluntary running exercise reduces leptin secretion and diminishes
HSPC proliferation, leading to the beneficial effect against myocardial infarction.
Treadmill running increases the proportion of MDSC through the IL-
10/STAT3/S100A9 signaling pathway, and protects against heart failure. Neutrophils:
In clinical, exercise increases plasma DNase activity, and reduces neutrophils-induced
NETs. In animal studies, voluntary wheel running in mice can reduce the neutrophil
numbers by enhancing hematopoietic progenitor cell quiescence, leading to the
improvement of cardiovascular inflammation. NK cells: Chronic exercise can improve
the activity of NK cells, while acute exercise can mobilize NK cells into the circulation
by activating Pz-adrenergic receptor signaling in humans. In animal studies, aerobic
exercise can prevent cardiac hypertrophy with the suppressed IL-6/JAK/STAT pathway
and reduced inflammatory responses in the myocardium. Relationship between IL-6
and NK cells remain further investigation. T cells: Healthy human with acute aerobic
exercise or supramaximal high-intensity exercise can lead to the mobilization and
activation of CD8* T cell in the blood. Exercise training attenuates atherosclerotic
inflammation in patients with ischemic heart disease, as evidenced by elevated serum
levels of IL-35 and IL-33 and increased FoxP3 expression in PBMC. In animal studies,
treadmill running can reduce the Th17/Treg ratio and improve the cardiac function in
heart failure model. Running exercise can protect against ischemia-induced
cardiomyopathy in pig animal models, via reducing the number of CD8* T cells in
epicardial adipose tissues and upregulating the anti-inflammatory genes such as PPARY.
B cells: High-intensity interval exercise, sprint interval exercise, moderate-intensity
continuous exercise, or chronic exercise training, can reduce the B cell counts in
circulation from healthy people. Low-intensity cycling or eccentric leg exercise has no
effect on the number of B cells. Chronic exercise can induce s-IgA and plasma IgA,
while maintaining circulating IgG levels. In animal studies, long-term treadmill running
protects against doxorubicin-induced cardiotoxicity via upregulating the FcyRIIB
receptor expression on B cell surfaces. Exercise-derived B cells elicit anti-apoptosis
and anti-fibrosis effects on cardiomyocytes and cardiac fibroblasts under doxorubicin
stress. This figure is created with Biorender.

Abbreviations: NK cells, natural killing cells; HSPC, hematopoietic stem and
progenitor cell; MDSC, myeloid-derived suppressor cell; DNase, Deoxyribonuclease;
NET, neutrophil extracellular traps; PBMC, peripheral blood mononuclear cell; PPARYy,

proliferator-activated receptor gamma; s-IgA, secretory Immunoglobulin A; IgG,
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1617  Immunoglobulin G; FcyRIIB, Fc gamma receptor [IB.
1618
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