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Abstract
Purpose of Review The age-related loss of skeletal muscle and bone tissue decreases functionality and increases the risk for falls
and injuries. One contributing factor of muscle and bone loss over time is chronic low-grade inflammation. Exercise training is an
effective countermeasure for decreasing the loss of muscle and bone tissue, possibly by enhancing immune system response.
Herein, we discuss key interactions between the immune system, muscle, and bone in relation to exercise perturbations, and we
identify that there is substantial “cross-talk” between muscle and bone and the immune system in response to exercise.
Recent Findings Recent advances in our understanding of the “cross-talk” between muscle and bone and the immune system
indicate that exercise is likely tomediate many of the beneficial effects onmuscle and bone via their interactions with the immune
system.
Summary The age-related loss of muscle and bone tissue may be partially explained by an impaired immune system via chronic
low-grade inflammation. Exercise training has a beneficial effect on immune system function and aging muscle and bone.
Theoretically, the “cross-talk” between the immune system, muscle, and bone in response to exercise enhances aging musculo-
skeletal health.
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Introduction

Aging is associated with the development of a variety of non-
communicable diseases with some of the most significant de-
teriorations to health happening in the musculoskeletal sys-
tem. The age-related loss of skeletal muscle mass (i.e., one
defining factor of sarcopenia) and bone tissue (i.e., one defin-
ing factor of osteoporosis) is highly prevalent, and the

incidence of sarcopenia and osteoporosis will inevitably in-
crease with the growing (and aging) population [1, 2]. One
main contributing factor of muscle and bone loss over time is
altered/impaired immune system function, referred to as
“inflammaging” [3] which describes the low-level chronic
inflammatory response that exists in many aged conditions
and diseases [4]. Exercise training may act as a countermea-
sure; however, the mechanistic effects of exercise on
“inflammaging” are relatively unknown.

Research is emerging regarding our understanding of the
“cross-talk” between the immune system andmuscle and bone
[5, 6•, 7•]. Physical inactivity remains a major health concern
for a large variety of diseases and modifying physical activity
levels, and including more exercise as a lifestyle behavior, is
viewed as beneficial for reducing the risk of chronic disease
development [8]. This holds true for decreasing the risk of
developing musculoskeletal diseases such as sarcopenia and
os t eoporos i s [9 , 10 ] as we l l a s modi fy ing the
immunosenescence that occurs with aging [3]. The purpose
of this brief review is to provide an overview of (1) the im-
mune system response to acute and chronic exercise and the
effects of exercise on chronic low-grade inflammation; (2) the
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effects of exercise on immune response and skeletal muscle;
(3) the effects of exercise on immune response and bone; and
(4) future directions for research in this area.

Immune System Response to Exercise

With acute bouts of exercise, either aerobic or resistance ex-
ercise, there is a cellular (leukocyte) immune response that
occurs in the systemic circulation both in the innate (which
is partly composed of cells such as monocytes/macrophages,
neutrophils, and natural killer cells) and adaptive (which is
composed predominantly of T cells and B cells) branches of
the immune system [11, 12]. Within the innate immune re-
sponse, there is generally neutrophilia (an increase in neutro-
phil numbers) which occurs immediately following exercise
with a secondary increase hours later [13, 14]. There is a
transitory increase in monocytes, circulating dendritic cells,
and natural killer cells (which are all different types of leuko-
cytes or white blood cells) [15]. In the adaptive branch of the
immune system there is a biphasic response of lymphocytes
(T cells and B cells) to acute exercise [16, 17]. A transient
increase in circulating lymphocytes occurs in response to ex-
ercise which then subsides below baseline (resting) levels be-
fore gradually rising back to resting levels [16, 17].
Speculation exists that the transient decrease in lymphocytes
may cause an “open-window” for opportunistic pathogens to
infect the host, but the potential for lymphocytes to move to
areas where pathogens may be encountered (like the gastroin-
testinal tract and lungs) seems highly probable, thus increas-
ing the resistance to infections [18, 19].

The leukocyte response to chronic exercise training is well-
documented [18, 19]. In general, if an exercise-trained individ-
ual is in a truly rested state (i.e., no exercise for the previous
24 h), there does not seem to be any significant effect on leuko-
cyte or lymphocyte cell count in systemic circulation [20–24].
However, there is controversy about the effects of chronic ex-
ercise on the function of certain cells such as monocytes/

macrophages, dendritic cells, and natural killer cells [11, 25]
(see Table 1 for a brief summary of the different types of leu-
kocytes and their primary function in the immune system [26]).

Chronic low-grade inflammation is defined as a 2- to 4-fold
increase in circulating levels of inflammatory cytokines [27].
The chronic low-grade inflammatory condition may be com-
batted to a certain extent by participation in regular exercise
training [11, 28]. In particular, during an acute bout of exer-
cise, there is a substantial increase in interleukin-6 (IL-6), a
multifunctional myokine/cytokine, that may act in both pro-
and anti-inflammatory capacities [11, 29]. Skeletal muscle is
able to produce myokines which are peptide/protein-based
mediators that act in an autocrine, paracrine, and/or endocrine
fashion to influence other tissues [30]. In the context of acute
exercise, IL-6 is theorized to reduce the pro-inflammatory
cytokine tumor necrosis factor-α (TNF-α) and increase the
levels of anti-inflammatory cytokines such as IL-1 receptor
antagonist (IL-1ra) and IL-10 [11]. The “cross-talk” between
the immune system and muscle and bone is possibly influ-
enced by myokines and cytokines [7•, 31, 32].

As mentioned above, chronic (regular) exercise training is
associated with a reduction in low-grade inflammation, and
both endurance (aerobic) and resistance training are associated
with reductions in various biomarkers of systemic inflamma-
tion (such as IL-6, TNF-α, C-reactive protein (CRP), and
serum amyloid A (SAA)) [3]. Furthermore, one of the main
mechanisms whereby chronic exercise training may decrease
inflammation is through a reduction in fat mass (and especial-
ly visceral fat mass) [29]. The next sections of this review will
address the influence of exercise on the immune response in
relation to muscle and bone health.

Effects of Exercise on Immune Response
and Skeletal Muscle

Chronic low-grade inflammation may contribute to the devel-
opment of sarcopenia, and maintaining muscle mass and

Table 1 Various types of
leukocytes (white blood cells) and
their main function in the immune
system

Cell type Main immune system function Acute
exercise

Chronic
exercise

Neutrophils Phagocytosis ↑ ↔

Monocytes/macrophages Phagocytosis, antigen presentation, cytokine
production, cytotoxicity

↑ ↔

Dendritic cells Antigen presenting cells ↑ ↔

Natural killer cells Cytotoxicity ↑ ↔

T cells Lymphocyte regulation, antigen recognition,
B-cell proliferation

↑ then ↓
(biphasic)

↔

B cells Antibody production, memory cell production ↑ then ↓
(Biphasic)

↔

↑, increase in circulating cell numbers systemically; ↓, decrease in circulating cell numbers systemically; ↔, no
change in circulating cell numbers systemically. Adapted from reference [26]
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function throughout the aging process is viewed as a major
health challenge [33]. The process of muscle hypertrophy and
regeneration is highly regulated and involves communication
between the immune system and muscle [5]. As mentioned
above, myokines are released from contracting skeletal mus-
cle, and these myokines are likely to play an essential role in
coordinating the “cross-talk” which occurs between the mus-
cle and the immune system [30].

In muscle, there are resident monocytes and macrophages
(part of the innate immune system) that are normally quies-
cent, but when muscle is contracted forcefully and/or muscle
damage occurs, resident leukocytes will become activated.
The activated macrophages release chemokines that attract
other leukocytes such as neutrophils to the region of muscle
damage. The neutrophils’ main function is to create a pro-
inflammatory environment where pro-inflammatory cyto-
kines such as IFN-γ and TNF-α predominate and attract fur-
ther macrophages from the systemic circulation via extravasa-
tion (i.e., the movement of macrophages from the systemic
circulation to areas within the tissue itself). These macro-
phages are phenotypically distinct and are named theM1 type.
The M1 type of macrophage is known as the pro-
inflammatory phenotype, whereas theM2 type of macrophage
is involved in creating an anti-inflammatory environment and
is involved with muscle regeneration. Thus, depending on the
stage of muscle injury or repair, either the M1 or M2 type of
macrophage will predominate which allows for a coordinated
response of the immune system in the muscle [5, 29].

The link between the regulation of the immune system,
the associated inflammatory response, and muscle has re-
cently started to become apparent. There are a few cytokines
that play an essential role in linking the inflammatory re-
sponse of the immune system with the muscle regeneration
that occurs. Included in this is IFN-γ, which acts to mediate
the production of the M1 type of macrophage but also con-
trols the expression of genes encoding major histocompati-
bility complex class II transactivator (CIITA) in myocytes.
IFN-γ will activate muscle satellite cells to express the tar-
get genes for CIITA which essentially links the immune
system with skeletal muscle [34–37]. Furthermore, TNF-α
is intricately involved in linking the inflammatory response
due to muscle injury and muscle regeneration following
injury. Here, the TNF-α cytokine is linked to suppression
of proliferation, but promotion of differentiation of muscle
satellite cells as well as the activation of NF-κB in myeloid
cells and myocytes (inducing an inflammatory response and
muscle atrophy respectively) [38, 39]. Thus, it is evident
that TNF-α plays multiple roles and influences the muscle
and immune systems in a variety of ways. It is interesting to
note that TNF-α is not released in substantial quantities into
the systemic circulation with exercise but is increased at the
gene level within skeletal muscle itself [40]. This suggests
that TNF-α acts in an autocrine manner within the muscle

tissue but may also communicate with resident macro-
phages in the muscle itself.

When M1 macrophages are transitioning to the M2 pheno-
type, there is concomitant increase in IL-10 (a cytokine that is
predominantly considered to be anti-inflammatory). This cy-
tokine is involved in both inflammatory modulation, via M1
toM2 phenotypic shifting, and regeneration of muscle follow-
ing damaging injury by signaling myogenic satellite cells to
transition from proliferation to differentiation [41, 42].
Remarkably, this links another cytokine (IL-10) with pleiotro-
pic roles in the immune and muscle systems and demonstrates
the cross-talk that occurs between these two physiological
systems. The IL-10 cytokine/myokine is also released in sub-
stantial amounts into the systemic circulation via exercise and
is thought to play an essential role in producing the anti-
inflammatory effects of exercise (Fig. 1) [11, 40] which may
contribute to improving muscle health in those with chronic
low-grade inflammation. Transforming growth factor-β
(TGFβ) is another cytokine that is intricately involved in the
muscle and immune compartments within regenerating mus-
cle tissue. Here, TNF-α expression is suppressed, and TGFβ
expression is increased which shifts the phenotype of macro-
phages to the M2 type [43–45]; this promotes muscle regen-
eration following damage or injury.

Effects of Exercise on Immune Response
and Bone

As already mentioned, chronic low-grade inflammation is
highly associated with the development of bone loss
(osteopenia, osteoporosis) as an individual ages. Many of
the inflammatory signaling pathways and molecular mecha-
nisms responsible for inflammation are countered by partici-
pating in regular exercise [7•]. For instance, IκBα kinase
(IKK) phosphorylates nuclear factor-κB (NF-κB) which is a
transcription factor that plays a key role in immunity and
inflammation via the production of many pro-inflammatory
regulators [46]. NF-κB is stimulated by the receptor activator
of NF-κB ligand (RANKL) which binds with the receptor
activator of NF-κB (RANK) on precursor osteoclast cells to
eventually form osteoclast cells which results in bone resorp-
tion [47–49]. Many pro-inflammatory cytokines such as
interleukin-1 (IL-1), IL-6, IL-7, IL-17, vascular endothelial
growth factor (VEGF), and TNF-α will promote osteoclasto-
genesis as well as bone resorption via their stimulation of
RANK through accumulative production of RANKL [49].
Osteoprotegerin (OPG) is a cytokine decoy receptor that binds
with RANKL and inhibits its ability to bind with RANK
which results in less osteoclast differentiation and consequent-
ly less bone resorption [48, 49]. The drug denosumab, a
monoclonal antibody to RANKL, binds to RANKL in a sim-
ilar manner as OPG and is now used in the treatment of
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osteoporosis [50]. The RANK receptor, which is typically
associated with the immune system, clearly has profound in-
fluences on bone.

High-impact exercise (plyometric jumping) in girls, boys,
and young men acutely stimulates a systemic increase in OPG
which suggests that exercise of this type may have a beneficial
effect on bone [51, 52]. Systemic RANKLwas decreased after
an acute plyometric exercise session in female children and
adolescents; however, OPG remained unchanged in this co-
hort [53]. In contrast, two back-to-back days of high-intensity
metabolic conditioning (that involved both cardiovascular
conditioning and resistance exercise) resulted in a significant
decrease in OPG 48-h post-exercise in a group of young adults
[54]. Further work indicated that an acute session of high-
intensity interval exercise on a cycle ergometer was able to
significantly increase immediate post-exercise concentrations
of bone alkaline phosphatase (a biomarker of bone formation),
OPG, and RANKL but the effect was only sustained for bone
alkaline phosphatase at 1-h post-exercise [55]. A biomarker of
bone resorption (amino-terminal cross-linking propeptide)
was reduced 24-h post-exercise [55].

The effects of chronic exercise training on OPG/RANK/
RANK-L are mixed. Eight weeks of resistance training in
middle aged women with metabolic syndrome (which is asso-
ciated with low-level chronic inflammation) was able to raise
the basal systemic levels of OPG compared with that of a
control group; this suggests that chronic resistance training
is able to raise OPG levels which may have a beneficial effect

on bone [56]. In contrast, aerobic-based endurance exercise
for 8months in a cohort of 30–65-year-old adults had no effect
on the systemic resting levels of OPG [57]. In a group of older
women and men (mean age 68.2 years) who completed
32 weeks of 2 days per week of resistance training and
1 day per week of weight-bearing impact exercise training,
there was a significant decrease in the inflammatory cytokines
interferon-γ (IFN-γ) and IL-6 (in the men only) with no
change in resting values of OPG, osteocalcin (a marker of
bone formation), C-terminal telopeptide of type I collagen (a
marker of bone resorption), or RANKL [58]. This type of
exercise training may therefore be an effective anti-
inflammatory modality; however, it may not have the desired
chronic effect on bone biomarkers.

While OPG has received a high degree of attention as a
potential mediator of bonemetabolism, and may be stimulated
with acute exercise interventions, there are a number of other
cytokines that have an influence on bone from a variety of
different research models. As previously discussed, IL-6 is
elevated in chronic inflammatory states and stimulates bone
resorption by augmenting osteoclast differentiation via
RANKL stimulation [59, 60]. In a group of post-menopausal
women diagnosed with osteopenia, the systemic concentra-
tion of IL-6 negatively correlated with bone mineral density
(BMD) and hand-grip strength at baseline. Furthermore, the
decrease in IL-6 with 6 months of alendronate-calcitriol ther-
apy negatively correlated with baseline lumbar BMD and pos-
itively correlated with parathyroid hormone concentration

Fig. 1 Acute and chronic effects
of exercise on some inflammatory
cells and cytokines. IL-6,
interleukin-6; IL-10, interleukin-
10; IL-1ra, interleukin-1 receptor
antagonist; IL-1β, interleukin-1
beta; TNF-α, tumor necrosis fac-
tor alpha
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(PTH) [61]. This study concluded that the improvement in IL-
6 concentrations over the 6 months was associated with the
severity of bone loss at baseline and higher levels of PTH [61].
Muscle contraction (exercise) is known to stimulate the re-
lease of the myokine/cytokine IL-6 into the systemic circula-
tion but the increase is only a temporary response with con-
centrations usually decreasing fairly rapidly after the exercise
session is complete [11]. It is likely that the pulsatile nature of
the acute exercise IL-6 response helps create the anti-
inflammatory environment, whereas chronic elevation of IL-
6 is viewed as pro-inflammatory with deleterious effects on a
number of tissue types including bone [62]. Additional anti-
inflammatory cytokines such as IL-1 receptor antagonist (IL-
1ra) and IL-10 are released with acute bouts of exercise [11,
63]. It is theorized that this systemic cytokine response creates
an anti-inflammatory environment for individuals who engage
in regular exercise training.

There are a number of additional cytokines that may affect
bone metabolism. IL-7 is a pleiotropic cytokine which has
effects on both osteoclasts and osteoblasts, and thus, it re-
mains a contentious issue as to what effects IL-7 has on bone
metabolism [64]. Osteoblasts produce RANKLwhich is stim-
ulated by TNF-α which is induced by IL-15; therefore, IL-15
is involved in osteoclastogenesis via the RANK/RANKL
pathway [7•]. TNF-α is a major stimulator of osteoclastogen-
esis and therefore bone resorption [65]. Myostatin, which is
considered a myokine that inhibits muscle hypertrophy, di-
rectly affects bone loss in a mouse model of rheumatoid ar-
thritis and inhibition of myostatin resulted in preservation of
bone [66]. Seven days of unloading in myostatin knockout
mice decreased osteoblast cell numbers, and bone loss was
not prevented in this model [67]. Finally, the myokine irisin
is lower in post-menopausal women who had a previous fra-
gility fracture when compared with those who had not had a
fragility fracture [68]. In mice, injection of low-dose recom-
binant irisin stimulates an increase in cortical bone mass [69],
prevents trabecular and cortical bone mineral density loss dur-
ing hind-limb suspension, and restores bone mass once hind-
limb suspension ceases [70]. These cytokines and myokines
demonstrate the cross-talk that the immune system has on
bone as well as the cross-talk that may be occurring when
skeletal muscle releases myokines that could influence bone.
More research evaluating the effects of various cytokines and
myokines on bone tissue may lead to better therapeutic ap-
proaches to diseases and the understanding of the cross-talk
between various physiological systems.

Conclusion

While there is some understanding of the inter-relationship
between the immune system, muscle, and bone in response
to exercise, research is limited and additional work is

warranted. Specifically, identifying the types, doses, intensi-
ties, and frequencies of various exercise modalities on
influencing the immune system response and how this influ-
ences bone and muscle is an area apt for future research. Also,
identifying the similarities or differences in the acute response
of the immune system, and its cross-talk with muscle and
bone, between an un-trained and trained state is of interest.
Will the strength of the response remain, or even be more
robust, in a trained state? Understanding the effects of exercise
training on the cross-talk between the immune system and
bone or muscle in diseased populations is an area that should
continue to undergo pre-clinical and clinical research efforts.
These interactions are essential for maintaining musculoskel-
etal health as individuals’ age.

Compliance with ethical standards

Conflict of Interest The authors declare that they have no conflicts of
interest with regards to this manuscript.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Marty E, Liu Y, Samuel A, Or O, Lane J. A review of sarcopenia:
enhancing awareness of an increasingly prevalent disease. Bone.
2017;105:276–86.

2. Compston JE, McClung MR, Leslie WD. Osteoporosis. Lancet.
2019;393:364–76.

3. Sellami M, Gasmi M, Denham J, Hayes LD, Stratton D, Padulo J,
Bragazzi N Effects of acute and chronic exercise on immunological
parameters in the elderly aged: can physical activity counteract the
effects of aging? Front Immunol 2018;9:2187.

4. Chen Y, Liu S, Leng SX. Chronic low-grade inflammatory pheno-
type (CLIP) and senescent immune dysregulation. Clin Ther.
2019;41:400–9.

5. Tidball JG. Regulation of muscle growth and regeneration by the
immune system. Nat Rev Immunol. 2017;17:165–78.

6.• Nelke C, Dziewas R, Minnerup J, Meuth SG, Ruck T. Skeletal
muscle as potential central link between sarcopenia and immune
senescence. EBioMedicine. 2019;49:381–8. This review high-
lights some of the recent findings in relation to the cross-talk
between muscle and immune system in aging and provides a
context for further research that needs to be done in this area.

7.• Lombardi G, Ziemann E, Banfi G. Physical activity and bone
health: what is the role of immune system? A narrative review of
the third way. Front Endocrinol (Lausanne). 2019;10:60.This nar-
rative review highlights the cross-talk that occurs between bone
and immune system particularly in response to physical activ-
ity and exercise. The review provides a complete contextual
view of the effects that exercise may play in producing adapta-
tions to bone via the immune system.

8. Booth FW, Roberts CK, Thyfault JP, Ruegsegger GN, Toedebusch
RG. Role of inactivity in chronic diseases: evolutionary insight and
pathophysiological mechanisms. Physiol Rev. 2017;97:1351–402.

Curr Osteoporos Rep



9. Beck BR, Daly RM, Singh MAF, Taaffe DR. Exercise and Sports
Science Australia (ESSA) position statement on exercise prescrip-
tion for the prevention and management of osteoporosis. J Sci Med
Sport. 2017;20:438–45.

10. Cruz-Jentoft AJ, Landi F, Schneider SM, Zúñiga C, Arai H, Boirie
Y, et al. Prevalence of and interventions for sarcopenia in ageing
adults: a systematic review. Report of the International Sarcopenia
Initiative (EWGSOP and IWGS). Age Ageing. 2014;43:748–59.

11. Walsh NP, Gleeson M, Shephard RJ, Gleeson M, Woods JA,
Bishop NC, et al. Position statement. Part one: immune function
and exercise. Exerc Immunol Rev. 2011;17:6–63.

12. Szlezak AM, Szlezak SL, Keane J, Tajouri L, Minahan C.
Establishing a dose-response relationship between acute
resistance-exercise and the immune system: protocol for a system-
atic review. Immunol Lett. 2016;180:54–65.

13. Peake JM. Exercise-induced alterations in neutrophil degranulation
and respiratory burst activity: possible mechanisms of action. Exerc
Immunol Rev. 2002;8:49–100.

14. Robson PJ, Blannin AK, Walsh NP, Castell LM, Gleeson M.
Effects of exercise intensity, duration and recovery on in vitro neu-
trophil function in male athletes. Int J SportsMed. 1999;20:128–35.

15. OkutsuM, Suzuki K, Ishijima T, Peake J, HiguchiM. The effects of
acute exercise-induced cortisol on CCR2 expression on human
monocytes. Brain Behav Immun. 2008;22:1066–71.

16. McCarthy DA, Dale MM. The leucocytosis of exercise. A review
and model. Sports Med. 1988;6:333–63.

17. Shek PN, Sabiston BH, Buguet A, Radomski MW. Strenuous ex-
ercise and immunological changes: a multiple-time-point analysis
of leukocyte subsets, CD4/CD8 ratio, immunoglobulin production
and NK cell response. Int J Sports Med. 1995;16:466–74.

18. Peake JM, Neubauer O, Walsh NP, Simpson RJ. Recovery of the
immune system after exercise. J Appl Physiol. 2017;122:1077–87.

19. Campbell JP, Turner JE. Debunking the myth of exercise-induced
immune suppression: redefining the impact of exercise on immu-
nological health across the lifespan. Front Immunol. 2018;9:648.

20. Gleeson M, Bishop NC. The T cell and NK cell immune response
to exercise. Ann Transplant. 2005;10:43–8.

21. Nielsen HB, Secher NH, Christensen NJ, Pedersen BK.
Lymphocytes and NK cell activity during repeated bouts of max-
imal exercise. Am J Phys. 1996;271:R222–7.

22. Suzuki K, Naganuma S, Totsuka M, Suzuki KJ, Mochizuki M,
Shiraishi M, et al. Effects of exhaustive endurance exercise and
its one-week daily repetition on neutrophil count and functional
status in untrained men. Int J Sports Med. 1996;17:205–12.

23. Suzuki K, Totsuka M, Nakaji S, Yamada M, Kudoh S, Liu Q, et al.
Endurance exercise causes interaction among stress hormones, cy-
tokines, neutrophil dynamics, and muscle damage. J Appl Physiol.
1999;87:1360–7.

24. Nieman DC, Henson DA, Gross SJ, Jenkins DP, Davis JM,
Murphy EA, et al. Quercetin reduces illness but not immune per-
turbations after intensive exercise. Med Sci Sports Exerc. 2007;39:
1561–9.

25. Zimmer P, Schenk A, Kieven M, Holthaus M, Lehmann J,
Lövenich L, et al. Exercise induced alterations in NK-cell cytotox-
icity - methodological issues and future perspectives. Exerc
Immunol Rev. 2017;23:66–81.

26. Male D, Brostoff J, Roth D, Roitt I. Immunology. Eighth edition:
Elsevier Ltd.; 2013.

27. Zanchi NE, Almeida FN, Lira FS, Rosa Neto JC, Nicastro H, da
Luz CR, et al. Renewed avenues through exercise muscle contrac-
tility and inflammatory status. ScientificWorldJournal. 2012;2012:
584205.

28. Walsh NP, Gleeson M, Pyne DB, Nieman DC, Dhabhar FS,
Shephard RJ, Oliver SJ, Bermon S, Kajeniene A Position state-
ment. Part two: maintaining immune health. Exerc Immunol Rev
2011;17:64–103.

29. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS,
Nimmo MA. The anti-inflammatory effects of exercise: mecha-
nisms and implications for the prevention and treatment of disease.
Nat Rev Immunol. 2011;11:607–15.

30. Giudice J, Taylor JM. Muscle as a paracrine and endocrine organ.
Curr Opin Pharmacol. 2017;34:49–55.

31. Karsenty G,Mera P. Molecular bases of the crosstalk between bone
and muscle. Bone. 2018;115:43–9.

32. Ponzetti M, Rucci N. Updates on osteoimmunology: what’s new on
the cross-talk between bone and immune system. Front Endocrinol
(Lausanne). 2019;10:236.

33. Beyer I, Mets T, Bautmans I. Chronic low-grade inflammation and
age-related sarcopenia. Curr Opin Clin Nutr Metab Care. 2012;15:
12–22.

34. Cheng M, Nguyen M-H, Fantuzzi G, Koh TJ. Endogenous
interferon-gamma is required for efficient skeletal muscle regener-
ation. Am J Phys Cell Phys. 2008;294:C1183–91.

35. Londhe P, Davie JK. Gamma interferon modulates myogenesis
through the major histocompatibility complex class II
transactivator. CIITA Mol Cell Biol. 2011;31:2854–66.

36. Londhe P, Davie JK. Interferon-γ resets muscle cell fate by stimu-
lating the sequential recruitment of JARID2 and PRC2 to promoters
to repress myogenesis. Sci Signal. 2013;6:ra107.

37. Morris AC, Beresford GW, Mooney MR, Boss JM. Kinetics of a
gamma interferon response: expression and assembly of CIITA
promoter IV and inhibition by methylation. Mol Cell Biol.
2002;22:4781–91.

38. Palacios D, Mozzetta C, Consalvi S, Caretti G, Saccone V,
Proserpio V, Marquez V.E., Valente S., Mai A., Forcales S.V.,
Sartorelli V., Puri P.L. TNF/p38α/polycomb signaling to Pax7 lo-
cus in satellite cells links inflammation to the epigenetic control of
muscle regeneration. Cell Stem Cell 2010;7:455–469.

39. Thoma A, Lightfoot AP. NF-kB and inflammatory cytokine signal-
ling: role in skeletal muscle atrophy. Adv Exp Med Biol.
2018;1088:267–79.

40. Peake JM, Della Gatta P, Suzuki K, Nieman DC. Cytokine expres-
sion and secretion by skeletal muscle cells: regulatory mechanisms
and exercise effects. Exerc Immunol Rev. 2015;21:8–25.

41. Deng B, Wehling-Henricks M, Villalta SA, Wang Y, Tidball JG.
IL-10 triggers changes inmacrophage phenotype that promote mus-
cle growth and regeneration. J Immunol. 2012;189:3669–80.

42. Villalta SA, Rinaldi C, Deng B, Liu G, Fedor B, Tidball JG.
Interleukin-10 reduces the pathology of mdx muscular dystrophy
by deactivatingM1macrophages and modulatingmacrophage phe-
notype. Hum Mol Genet. 2011;20:790–805.

43. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY,
Henson PM. Macrophages that have ingested apoptotic cells
in vitro inhibit proinflammatory cytokine production through
autocrine/paracrine mechanisms involving TGF-beta, PGE2, and
PAF. J Clin Invest. 1998;101:890–8.

44. Fadok VA, Bratton DL, Guthrie L, Henson PM. Differential effects
of apoptotic versus lysed cells on macrophage production of cyto-
kines: role of proteases. J Immunol. 2001;166:6847–54.

45. Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N,
Plonquet A, et al. Inflammatory monocytes recruited after skeletal
muscle injury switch into antiinflammatory macrophages to support
myogenesis. J Exp Med. 2007;204:1057–69.

46. Israël A. The IKK complex, a central regulator of NF-kappaB acti-
vation. Cold Spring Harb Perspect Biol. 2010;2:a000158.

47. Abu-Amer Y. NF-κB signaling and bone resorption. Osteoporos
Int. 2013;24:2377–86.

48. Boyce BF, Li J, Xing L, Yao Z. Bone remodeling and the role of
TRAF3 in osteoclastic bone resorption. Front Immunol. 2018;9:
2263.

49. Weitzmann MN. Bone and the immune system. Toxicol Pathol.
2017;45:911–24.

Curr Osteoporos Rep



50. Chang B, Quan Q, Li Y, Qiu H, Peng J, Gu Y. Treatment of oste-
oporosis, with a focus on 2 monoclonal antibodies. Med Sci Monit.
2018;24:8758–66.

51. Kish K, Mezil Y, Ward WE, Klentrou P, Falk B. Effects of plyo-
metric exercise session on markers of bone turnover in boys and
young men. Eur J Appl Physiol. 2015;115:2115–24.

52. Klentrou P, Angrish K, Awadia N, Kurgan N, Kouvelioti R, Falk B.
Wnt signaling-related osteokines at rest and following plyometric
exercise in prepubertal and early pubertal boys and girls. Pediatr
Exerc Sci. 2018;30:457–65.

53. Dekker J, Nelson K, Kurgan N, Falk B, Josse A, Klentrou P. Wnt
signaling-related osteokines and transforming growth factors before
and after a single bout of plyometric exercise in child and adoles-
cent females. Pediatr Exerc Sci. 2017;29:504–12.

54. Tibana RA, de Almeida LM, Frade de Sousa NM, Nascimento D
daC , Neto IV de S, de Almeida JA, et al. Two consecutive days of
crossfit training affects pro and anti-inflammatory cytokines and
osteoprotegerin without impairments in muscle power Front
Physiol 2016;7:260.

55. Mezil YA, Allison D, Kish K, Ditor D, Ward WE, Tsiani E, et al.
Response of bone turnover markers and cytokines to high-intensity
low-impact exercise. Med Sci Sports Exerc. 2015;47:1495–502.

56. Hur S, Cho S-H, Song B-K, Cho B-J. Effect of resistance exercise
on serum osteoprotegerin levels and insulin resistance in middle-
aged women with metabolic syndrome. Med Sci Monit. 2018;24:
9385–91.

57. Sponder M, Campean I-A, Emich M, Fritzer-Szekeres M,
Litschauer B, Bergler-Klein J, et al. Endurance training significant-
ly increases serum endocan but not osteoprotegerin levels: a pro-
spective observational study. BMC Cardiovasc Disord. 2017;17:
13.

58. Marques EA, Mota J, Viana JL, Tuna D, Figueiredo P, Guimarães
JT, et al. Response of bone mineral density, inflammatory cyto-
kines, and biochemical bone markers to a 32-week combined load-
ing exercise programme in older men and women. Arch Gerontol
Geriatr. 2013;57:226–33.

59. Jilka RL, Hangoc G, Girasole G, Passeri G, Williams DC, Abrams
JS, Boyce B, Broxmeyer H, Manolagas S Increased osteoclast de-
velopment after estrogen loss: mediation by interleukin-6. Science.
1992;257:88–91.

60. Le Goff B, Blanchard F, Berthelot J-M, Heymann D, Maugars Y.
Role for interleukin-6 in structural joint damage and systemic bone
loss in rheumatoid arthritis. Joint Bone Spine. 2010;77:201–5.

61. Park JH, Park KH, Cho S, Choi YS, Seo SK, Lee BS, et al.
Concomitant increase in muscle strength and bone mineral density
with decreasing IL-6 levels after combination therapy with
alendronate and calcitriol in postmenopausal women. Menopause.
2013;20:747–53.

62. Harmer D, Falank C, Reagan MR. Interleukin-6 interweaves the
bone marrowmicroenvironment, bone loss, and multiple myeloma.
Front Endocrinol (Lausanne). 2018;9:788.

63. Petersen AMW, Pedersen BK. The anti-inflammatory effect of ex-
ercise. J Appl Physiol. 2005;98:1154–62.

64. Lee S-K, Surh CD. Role of interleukin-7 in bone and T-cell homeo-
stasis. Immunol Rev. 2005;208:169–80.

65. Walsh MC, Kim N, Kadono Y, Rho J, Lee SY, Lorenzo J, et al.
Osteoimmunology: interplay between the immune system and bone
metabolism. Annu Rev Immunol. 2006;24:33–63.

66. Dankbar B, Fennen M, Brunert D, Hayer S, Frank S, Wehmeyer C,
et al. Myostatin is a direct regulator of osteoclast differentiation and
its inhibition reduces inflammatory joint destruction in mice. Nat
Med. 2015;21:1085–90.

67. Hamrick MW, Shi X, Zhang W, Pennington C, Thakore H, Haque
M, Kang B, Isales CM, Fulzele S, Wenger KH Loss of myostatin
(GDF8) function increases osteogenic differentiation of bone
marrow-derived mesenchymal stem cells but the osteogenic effect
is ablated with unloading. Bone. 2007;40:1544–1553.

68. Anastasilakis AD, Polyzos SA, Makras P, Gkiomisi A, Bisbinas I,
Katsarou A, et al. Circulating irisin is associated with osteoporotic
fractures in postmenopausal women with low bone mass but is not
affected by either teriparatide or denosumab treatment for 3 months.
Osteoporos Int. 2014;25:1633–42.

69. Colaianni G, Cuscito C,Mongelli T, Pignataro P, Buccoliero C, Liu
P, et al. The myokine irisin increases cortical bone mass. Proc Natl
Acad Sci U S A. 2015;112:12157–62.

70. Colaianni G,Mongelli T, Cuscito C, Pignataro P, Lippo L, Spiro G,
et al. Irisin prevents and restores bone loss and muscle atrophy in
hind-limb suspended mice. Sci Rep. 2017;7:2811.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Curr Osteoporos Rep


	Potential Importance of Immune System Response to Exercise on Aging Muscle and Bone
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Immune System Response to Exercise
	Effects of Exercise on Immune Response and Skeletal Muscle
	Effects of Exercise on Immune Response and Bone
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



