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From the Editors

This year’s issue contains seven scientific articles, three
which are concerned with exercise immunology itself, while
the other four are more clinically oriented. The submissions
made it difficult again to focus on special topics. Instead, the
issue is a multifaceted compilation of articles on topics that
are sufficiently novel and interesting for our readership. 

EIR22 starts with a review article by Simpson and colleagues
who describe the effects of infection history on the immune
responses to exercise. They show that host infection history
and the ability to regulate dormant pathogens are likely to
play a key role in our understanding of how the immune sys-
tem responds to both acute and chronic exercise. The second
article by Heaney et al. defines reference ranges and respons-
es of  salivary immunoglobulin free light chains to exercise.
The next article by He et al. represents a comprehensive
overview about the role of vitamin D in exercise immunology. 

The chronic disease section starts with an article by Perandini
et al. who describe the effects of acute exercise on leukocyte
inflammatory gene expression in patients with systemic lupus
erythematosus. The second article by LaVoy et al. addresses
the topic of exercise effects on cancer-related fatigue in cancer
survivors. Perry et al. included original data in a review article
about the relation between muscle inflammation and atrophy
related signaling pathways in type II diabetes. Finally, James
Markworth and David Cameron-Smith discuss the roles of

lipid mediators in mediating immunological and adaptive
skeletal muscle responses to muscle injury and exercise.

This year’s issue of EIR appears with the support of the new
Associate Editors Rickie Simpson and Neil Walsh, who close-
ly supported Jonathan Peake and me. Unfortunately, Mike
Gleeson left the team. Thank you, Mike, for your strong and
close support of EIR, specifically for supporting me during
the early times of my editorial work.

For EIR23 and the future, we want most contributions to be
topical review articles. In the case of original research articles,
we encourage the authors to embed their new data into review
articles. Please note that the submission deadline for EIR23 is
31st July 2016. We hope you enjoy reading the new issue.
Similar to EIR21, this issue will only be published online.

Thank you, Rickie Simpson, Neil Walsh and Jonathan Peake,
for the close and friendly teamwork.

Thank you (all ISEI members), and all members of the Edito-
rial Board for the confidence you have placed in us. 

Thank you all for your ongoing support of EIR. 
A special thanks to all the authors of EIR22. 

On behalf of the Editors,
Karsten Krüger
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ABSTRACT

Human cytomegalovirus (HCMV) is a ubiquitous β-herpes
virus that has co-evolved with its host since the very begin-
ning of human life. The vast majority of adults worldwide
carry the virus in a latent state, which has striking effects on
the composition and function of both T-cells and NK-cells.
While there is evidence to suggest that prior exposure to
HCMV can have beneficial effects in the immune competent
host, poor control of the virus may contribute to T-cell
exhaustion and the early onset of immunosenescence. The
interaction between HCMV and exercise has garnered a lot of
recent research attention. This stemmed from observations
that people with HCMV redeploy greater numbers of CD8+ T-
cells in response to a single exercise bout, while NK-cell
mobilization is, conversely, impaired.  Moreover, athletes with
latent HCMV infection may be better protected against symp-
toms of upper respiratory illness (URI), and it has been sug-
gested that the host’s ability to control HCMV (i.e. keeping
HCMV in a latent state) may connect apparent bidirectional
effects of exercise volume on host immunity and infection risk.
This work has set a new paradigm that immune responses to
both acute and chronic exercise might be governed by the
infection history of the host. In this review, we summarize cur-
rent knowledge on the effects of HCMV infection on T-cells
and NK-cells and synthesize the literature on HCMV and the
immune response to both single exercise bouts and prolonged
periods of exercise training. We also discuss potential clinical
and practical applications of this work including the use of

HCMV reactivation as a biomarker of immune depression in
athletes, its relevance in immunosenescence and the associat-
ed immune risk profile, and the potential for exercise to aug-
ment vaccine responses and the manufacture of immune cells
for adoptive transfer immunotherapy. Although research in
this area is still in its infancy, we conclude that host infection
history and the ability to regulate dormant pathogens is likely
to play a key role in our understanding of how the immune
system responds to both acute and chronic exercise across the
entire exercise volume continuum. 

Keywords: Immunosenescence, T-cell, NK-cell, acute stress
response; vaccination; adoptive transfer immunotherapy; ath-
letes

Frequently Used Abbreviations
AML: acute myeloid leukemia
β2-AR: β2-adrenergic receptor 
CCR: chemokine receptor
CD: cluster of differentiation
CM: central memory
EBV: Epstein-Barr virus
EM: effector memory
EMRA: CD45RA+ effector memory
HCMV: human cytomegalovirus
HLA: human leukocyte antigen
HNP: human neutrophil protein
HSCT: hematopoietic stem cell transplantation
HSV: herpes simplex virus
IE-1: immediate early antigen 1
Ig: Immunoglubulin
KIR: killer inhibitor receptor
KLRG1: killer-lectin like receptor G1
MHC: major histocompatibility complex
NKCA: natural Killer cell cytotoxic Activity
NKG: natural killer group
PD: programed death
pp65: phosphoprotein 65
TCR: T-cell receptor
URI: upper respiratory illness
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INTRODUCTION

Human cytomegalovirus (HCMV), also known as human her-
pes-virus 5 (HHV-5), is a ubiquitous β-herpes virus that
infects 40-70% of the adult population in the United States
(10) and 45-100% of adults worldwide depending on age, eth-
nicity and geographical location (30). The virus is mostly
transmitted through direct contact with bodily fluids such as
saliva, urine or breast milk. It can also be contracted through
sexual intercourse, organ transplantation and blood transfu-
sions. Primary infection usually occurs asymptomatically
before the virus establishes latency and persists for the life-
time of the host. Compared to other herpesviruses, HCMV has
a very large and divergent genome which allows it to evade
immune detection (152) and appears to persist in monocytes
and CD34+ myeloid progenitor cells (129). While often dis-
missed as an innocuous infection in otherwise healthy people,
HCMV is a major cause of morbidity and mortality in
immunocompromised patients and is one of the leading caus-
es of death after solid organ and hematopoietic stem cell
transplantation (HSCT) (55, 129). The virus is also capable of
periodic reactivation causing large-scale expansions of cyto-
toxic T-cells and NK-cells that seem to linger long after the
infection has been curtailed. Consequently, and regardless of
age, people with a latent HCMV infection have substantially
increased numbers and proportions of CD8+ (and to some
extent CD4+) T-cells with a highly differentiated phenotype;
and more recently, it has been shown that latent HCMV infec-
tion markedly increases the proportion of NK-cells expressing
the activating receptor, NKG2C (82). HCMV has also been
implicated in immunosenescence, the term used to describe
the progressive demise of the immune system that is associat-
ed with aging, and has been linked with weakened vaccine
responses in both young and older subjects (85, 140).

The effects of HCMV on the phenotype and functional prop-
erties of T-cells and NK-cells has featured heavily in main-
stream immunology literature over the last two decades. This
is largely due to the striking ability of HCMV to alter the
composition of T-cell and NK-cell subsets in peripheral blood,
its propensity for reactivation due to physical and psychologi-
cal stress, and its implied role as a ‘driver’ of immunosenes-
cence (64). However, the interaction between HCMV and
exercise has only recently been investigated (123). This inter-
est stemmed from two sources: firstly, the observation that
people with HCMV redeploy greater numbers of CD8+ T-
cells in response to a single exercise bout, due mostly to the
ability of HCMV to expand ‘exercise-responsive’ subsets of
memory T-cells (139); and secondly, because regular exercise
is associated with better immune responses in the elderly, it
has been suggested that exercise interventions aimed at
improving immunity may act on HCMV-dependent pathways
of immunosenescence (127, 128).  Thus, the impact of HCMV
on the immune system has set a new paradigm that the
immune response to both acute and chronic exercise may
largely depend on the infection history of the host. In this
review, we summarize current knowledge on the effects of
HCMV infection on T-cells and NK-cells and synthesize the
literature on HCMV and the immune response to both acute
and chronic exercise. Finally, we discuss potential clinical and
practical ramifications for this work in the context of

immunotherapy, biomarker profiling of athletes, vaccination
and immunosenescence.

HCMV and T-cells
Primary HCMV infection is characterized by an intense viral
replication and a profound T-cell response that may last for
several months (5), with both CD8+ cytotoxic and CD4+
helper T-cells playing central roles in the resolution of acute
primary infection and the maintenance of long-term memory
during viral persistence. HCMV-specific cytotoxicity is pre-
dominantly performed by CD8+ T-cells, although HCMV-
specific CD4+ T-cells also have the ability to lyse infected tar-
get cells as well as maintain the upkeep of the CD8+ T-cell
population (7, 135). It is clear that HCMV has a colossal
impact on the memory T-cell pool, with ~10% of all memory
CD4+ and CD8+ T-cells in blood being specific to HCMV
proteins in individuals with even a latent infection (135). The
proportion of the peripheral T-cell compartment devoted to
the control of HCMV is highly variable, reported to range
from <1% to over 40% in HCMV seropositive individuals
(135, 145). The high variability is likely due to a number of
factors including the size of the viral inoculum, the length of
time the infection has been carried, and the immunocompe-
tence of the host while infected (8). 

Adequate HCMV control requires large numbers of differenti-
ated T-cells with an effector memory (EM;
CD45RAneg/CD62Lneg/CCR7neg) or effector memory RApos

(EMRA; CD45RApos/CD62Lneg/CCR7neg) phenotype, with
the proportions of these cell subsets within both CD8+ and
CD4+ blood T-cells remaining elevated long after primary
infection. Increased proportions of EM and EMRA subsets
among CD8+ T-cells have long been considered a hallmark of
aging, although it is not uncommon for children or young
adults infected with HCMV to have EM and EMRA propor-
tions that are comparable or even greater than non-infected
adults 25-50 years their senior (130, 131). While cells with
this phenotype were long considered to be ‘terminally-differ-
entiated’ or ‘senescent’, this does not apply, at least to a por-
tion of HCMV-specific T-cells that are still able to secrete
cytokines, proliferate in response to HCMV peptide stimula-
tion, kill HCMV-infected target cells, and control viral dis-
semination in vitro (62, 143, 159). Moreover, even after mas-
sive clonal expansion, many EMRA cells can revert from a
CD45RA to a CD45RO phenotype and re-express CCR7
(143), which challenges previous models of T-cell memory
that surmise a unidirectional linear differentiation pathway (6,
115) and fail to accurately reflect the inherent plasticity of
memory T-cell responses (129). 

While many EMRA cells are specific for antigenic epitopes in
the pp65 and IE-1 HCMV proteins, T-cells specific to other
HCMV antigens including US3, pp71, UL28 and IE-2 are also
mostly comprised of EMRA cells, indicating that HCMV-spe-
cific T-cells have a similar composition of T-cell subsets
regardless of their antigen specificity (62).  Moreover, it
appears that HCMV-specific T-cell responses are highly var-
ied among individuals, with some people mounting a more
diverse response and others a more restricted and focused
response to fewer HCMV proteins and antigenic epitopes
(62). While the antigenic diversity of HCMV-specific T-cells



10 •   Exercise and cytomegalovirus

EIR 22 2016

appears unrelated to age, older individuals tend to have a
greater number of cells responding to HCMV proteins, and
both the magnitude and diversity of these responses are stable
over time (at least up to 2-years) (62). Nevertheless, it is still
likely that HCMV, particularly if improperly controlled as a
result of chronic immune depression or dysregulation, can
drive T-cells to clonal and functional exhaustion (44). Telom-
ere length is considered a robust measure of T-cell clonal
capacity, with shorter telomeres indicative of excess T-cell
proliferation and the impending end of the clonal lifespan
(replicative senescence). While HCMV does not appear to
impact T-cell telomere length in the young, average telomere
lengths among isolated CD8+ T-cells were found to be shorter
in HCMV-infected older individuals compared to their age-
matched non-infected counterparts (142), indicating that
HCMV may drive replicative senescence in some individuals.
Riddell et al. measured telomere length in HCMV (NLV)-spe-
cific CD8+ T-cells contrasted by age and surface phenotype
(CD45RA/CD27 combinations) and found that the NLV-spe-
cific cells from older subjects had shorter telomeres than the
young across all surface phenotypes (111). Interestingly, they
also reported that telomere length was shortest in the
CD45RA+/CD27+ (normally considered to be a ‘naïve’ or
‘low differentiated’ phenotype) CD8+ subset, indicating that
these cells had undergone excessive rounds of cell division in
vivo and are certainly not naïve cells (111). Truly ‘exhausted’
T-cells that fail to undergo further proliferation or secrete
cytokines in response to stimulation are likely to be phenotyp-
ically identical to those fully functional viral-specific cells
displaying surface markers of high-differentiation (i.e.
KLRG1, CD57). Thus, a simple identification of T-cell subset
distribution through surface markers is insufficient to assess
immunocompetence, but is still likely to provide a representa-
tive footprint of the host’s infection history. At least in healthy
individuals, aging (>65 yrs) does not appear to be associated
with exhausted HCMV-specific CD8+ T-cells (121), and
increased proportions of truly ‘exhausted’ or ‘senescent’
HCMV-specific T-cells might only manifest in the very old
following a lifetime of poor HCMV control (96), after pri-
mary infection (5), or perhaps following a period of intense
HCMV reactivation. Although apparently exhausted HCMV-
specific T-cells have been found to express PD-1, blocking the
receptor can restore their pro-inflammatory cytokine profile
and antigen-specific proliferative responses suggesting that
PD-1 associated exhaustion is reversible (5, 40). Neverthe-
less, in contrast to HIV-specific CD8+ T-cells, PD-1 expres-
sion is very low, or even absent, on HCMV-specific CD8+ T-
cells (103, 138), indicating that HCMV does not induce clonal
exhaustion in most immunocompetent people. 

Recently, more attention has been paid to the impact of HCMV
on the frequency and function of γδ T cells, which predomi-
nantly reside in the gut mucosa. Unlike their αβ T-cell counter-
parts, γδ T cells are present in the blood in relatively small
numbers and, despite expressing the pan T-cell marker CD3,
are mostly negative for both CD4 and CD8 (105). The long-
term persistence of the Vδ2neg cell population in peripheral
blood has become a hallmark feature of HCMV infection (105)
and, although these are not HCMV-specific cells by strict defi-
nition, they are still capable of killing HCMV-infected fibrob-
lasts through upregulation of endothelial protein C receptor

(EPCR) and ICAM-1 on the stressed target cells (158). Aging
is usually associated with a marked reduction in the frequency
of γδ T cells in peripheral blood regardless of whether or not
the host is carrying a latent HCMV infection (104). 

HCMV and NK-cells
NK-cells express a range of inhibitory and activating surface
receptors that tightly regulate their cytotoxic functions. These
include killer-cell immunoglobulin-like receptors (KIR) that,
despite having much less polymorphism than the TCR, are
able to deliver inhibitory and/or activating signals to the NK-
cell via human leukocyte antigens (HLA) expressed on
healthy host cells and transformed/target cells (70). NK-cells
play a crucial role in curtailing HCMV and other viral infec-
tions in immunocompetent individuals through expression of
a series of activating receptors (e.g. NKG2D, DNAM-1, and
NKp46) that allow them to recognize and eliminate HCMV
and other virus-infected cells (33, 83). This immune selection
pressure has resulted in HCMV acquiring many immune eva-
sive strategies to avoid detection by host NK-cells (69, 81).
For instance, HCMV can control the expression of several
genes that code for ligands of NK-cell inhibitory and activat-
ing receptors in a manner that avoids detection and elimina-
tion (13, 83, 153). The virus has also been shown to induce
expression of HLA homologues, which ligate with NK-cell
inhibitory receptors to prevent destruction of HCMV-infected
cells (12, 108). NK-cells have also acquired strategies of their
own to override the immune evasive properties of HCMV. A
striking example of this is the HLA-E-dependent expansion of
NKG2Cpos/NKG2Aneg NK-cells (112). Both receptors ligate
with the (non-classic) class 1b MHC molecule HLA-E (141)
that is upregulated in HCMV-infected cells (137), tumor cell
lines of major lymphoid and nonlymphoid lineages (80), and
primary acute myeloid leukemia and multiple myeloma cells
(94, 155). Signaling through the inhibitory receptor NKG2A
is dominant, thus only NKG2Cpos/NKG2Aneg NK-cells are
able to effectively lyse HLA-E-expressing target cells (71) .
These NKG2Cpos/NKG2Aneg NK-cells are often referred to
as “memory NK-cells”, because their frequency remains ele-
vated after resolution of HCMV viremia (15, 82) and NK-
cells expressing Ly49H (the mouse equivalent of NKG2C)
have been shown to mount apparent recall responses to
HCMV (134). Whether or not these are truly ‘memory’
responses is subject to debate as these mechanisms are not
nearly as precise as TCR/MHC/peptide interactions (136).
However, it is clear that HCMV leaves a stable ‘imprint’ on
the NK-cell KIR repertoire that allows the host to maintain
long lasting HCMV control in a manner that goes well beyond
typical features of innate immunity (129, 136). The clonal-
like proliferation of NKG2Cpos/NKG2Aneg NK-cells in those
with HCMV results in high expression of the putative termi-
nal differentiation marker CD57 and chronic skewing of the
KIR repertoire, as only licensed (i.e. cells expressing inhibito-
ry KIR for self-HLA molecules) NK-cells proliferate (15, 32,
46). The preferential expansion of NKG2Cpos NK-cells
observed with HCMV infection is unique amongst the Her-
pesvirus family and has not been reported in response to any
other viruses (22, 27, 102). 

NKG2Cpos NK-cells are not merely an artifact of HCMV
infection as they also serve a protective function. For exam-
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ple, a higher percentage of NKG2Cpos NK-cells is associated
with a lower risk of acute HCMV infection in patients under-
going solid organ transplantation or HSCT (54, 63). Further,
NKG2Cpos NK-cells taken from HCMV-infected donors show
enhanced expansion and function in response to HCMV reac-
tivation in HSCT recipients when compared to NKG2Cpos

NK-cells derived from HCMVneg donors (45, 54). Thus, it
seems clear that NKG2Cpos NK-cells play a critical role in the
suppression of acute HCMV infection and achievement of
long-term viral control. The functional benefits of NKG2Cpos

NK-cells, however, go beyond their ability to contain HCMV.
For example, NKG2Cpos NK-cells with high cytotoxicity
have been observed to expand in response to active Han-
tavirus, Chikungunya, HIV, and Hepatitis B infections, but
only in individuals previously infected with HCMV (22, 27,
102). Thus, it is suggested that HCMV infection “primes”
NKG2C+ NK-cells to respond to other active viral infections,
some of which are also associated with upregulation of HLA-
E in infected cells (22). Beyond viral immunity, we have
shown in healthy subjects that latent HCMV infection is asso-
ciated with increased NK-cell cytotoxic activity (NKCA)
against multiple myeloma, leukemia, and lymphoma cell lines
expressing HLA-E (18), and HCMV reactivation during allo-
geneic HSCT has been associated with strikingly lower occur-
rences of relapse in acute myeloid leukemia (AML) patients
(9% in patients with HCMV reactivation vs. 42% in those
without) (11, 43). This is due, in part, to the HCMV-induced
expansion of NKG2Cpos/NKG2Aneg NK-cells (46) which are
able to effectively lyse HLA-Epos targets, including AML
blasts (94) and several other ‘liquid’ cancers (80). However, it
has also been reported that HCMV associated NKG2Cpos NK-
cell expansions may be involved in the development of de
novo head/neck and colorectal cancers in liver transplant
patients (1), indicating that HCMV-induced expansion of
highly cytotoxic NK-cell subsets could be a double edged
sword that needs to be tightly controlled. 

HCMV and Immunosenescence
For well over a decade, HCMV infection was purported to
‘drive’ immunosenescence (98, 99). This was largely due to
the finding that HCMV serostatus predicted mortality over 2,
4 and 6 years in Swedish octogenarian and nonagenarian sub-
jects (100). The impact of HCMV was an accumulation of the
so-called senescent T-cells, an excess numbers of HCMV-spe-
cific T-cell clones, an inverted CD4:CD8 T-cell ratio, and a
lower proportion of naïve cells. These parameters formed the
‘immune risk profile’, which predicted mortality and morbidi-
ty in several cohorts of very old subjects (157). Excess
HCMV-specific T-cell clones were considered to signify
restricted T-cell diversity and a polarization of the memory T-
cell response to a single virus, whereas low numbers and pro-
portions of naïve cells were thought to compromise immune
responses to novel infectious agents and vaccine antigens. In
this regard, HCMV was believed to take up a large portion of
the ‘immunological space’ required by the host to mount effi-
cient memory responses to novel infectious and vaccine anti-
gens (28). However, it has since been established that HCMV
actually has very little impact on the naïve T-cell compart-
ment, but rather increases the pool of memory T-cells with a
differentiated phenotype without affecting naïve T-cell num-
bers (87, 144, 146, 154). Thus, at least in younger, healthy

individuals, there is little evidence that the so-called immuno-
logical space is fixed, particularly if thymic output and home-
ostatic proliferation remains functional and continues to main-
tain the diversity of the peripheral T-cell pool. 

In contrast to the Swedish octogenarian and nonagenarian
studies, a recent study completed in an elderly Dutch popula-
tion found that lower frequencies of naïve and higher frequen-
cies of late differentiated cells among the total peripheral
CD8+ T-cell pool was actually associated with increased sur-
vival at 7-years follow up (39). Moreover, while weaker
immune responses to vaccines (i.e. influenza vaccine) have
been attributed to HCMV serostatus (85, 140), this has not
been consistently reported (36, 149). Indeed, it was reported
recently that HCMV infection enhances influenza vaccine
responses in young adults (48). These equivocal reports, cou-
pled with the finding that HCMV-specific T-cells with an
apparent ‘senescent’ phenotype remain highly functional in
most people, casts a great deal of dubiety on the HCMV and
immunosenescence paradigm.  In this regard, HCMV may
actually be a ‘passenger’ rather than a ‘driver’ of immunose-
nescence and, at least in some cases, carrying HCMV might
even be beneficial (116). Notwithstanding, the ability to con-
trol HCMV decreases with age (133), which is likely to cause
large-scale T-cell clonal expansions that lead to immune
‘exhaustion’, inefficient vaccine responses and an immune
senescent profile. It will be important for future studies to
determine the impact of HCMV control, and not just serosta-
tus, on immunosenescence. Measuring IgG antibody titers in
serum is considered by some to be a crude measure that mere-
ly indicates prior exposure, and provides little information on
viral load or host HCMV control over time (79). Indeed, a
recent study of community dwelling elderly reported no
change in HCMV antibody titers over a 12-year period (79).
The presence of HCMV DNA in blood monocytes has been
used as a marker of poor HCMV control, with approximately
56% of elderly individuals having HCMV DNA positive
monocytes (78, 79). Moreover, a positive relationship exists
between HCMV DNA+ monocytes, the numbers of
HCMVpp65-specific CD8+ T-cells (78, 79), and serum
neopterin (a marker of monocyte/macrophage activation) lev-
els (77), independently of serum IgG antibody titers. Poor
HCMV control might also explain the apparently weaker vac-
cine responses that have been reported in those with a positive
IgG titer, but this has yet to be determined. A major criticism
of the HCMV immunosenescence paradigm is the centric
focus on the T-cell compartment, and there is a clear need to
explore the relationship between HCMV and immune aging
as it pertains to other lymphocytes affected by the virus,
including NK-cells, B-cells and γδ T cells (8). This will be
important to determine whether or not persistent HCMV
infection can be considered beneficial or detrimental to immu-
nity over the natural course of aging. 

Blood Lymphocytes and Acute Exercise
Blood lymphocyte numbers increase dramatically upon
engaging in a single bout of acute dynamic exercise. This
exercise-induced lymphocytosis is almost instantaneous, with
the mobilized lymphocytes consisting mostly of NK-cells,
followed by CD8+ T-cells, CD4+ T-cells, B-cells, and lastly
γδ T cells. However, when compared to lymphocyte numbers
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in resting blood, the relative change in the absolute number of
γδ T cells is greater than those of CD8+ T-cells but still less
than NK-cells (3). Upon cessation of exercise, there is a rapid
lymphocytopenia that occurs within 30-60-minutes and may
persist for up to 6-24h later depending on the intensity and
duration of the bout. For a more detailed overview on the lym-
phocyte response to acute exercise and the underpinning
mechanisms, we direct the reader to the most recent ISEI
position statements (150, 151). Although this response is very
well characterized, the influence of infection history on the
redeployment of lymphocytes and other leukocyte subtypes to
single exercise bouts has only recently been investigated. 

Acute Exercise Preferentially Redeploys ‘Mature’ subsets of T-
cells and NK-cells 
Within the CD8+ T-cell compartment, acute dynamic exercise
has consistently been shown to evoke a preferential redeploy-
ment of antigen-specific T-cells with a differentiated effector
memory phenotype (29, 124-126, 139).  Cells with an EMRA
phenotype are redeployed in relatively greater numbers than
EM cells, followed by CM and lastly naïve cells (29). Even
when other phenotypic identifiers of T-cell differentiation are
used (i.e. CD27/CD28 or KLRG1/CD28 combinations), a
preferential mobilization of the most differentiated, or ‘late’
(CD27-/CD28-; KLRG1+/CD28-) cells is evident followed by
the ‘intermediate’ (CD27-/CD28+; KLRG1+/CD28+) cells
and lastly the cells with an ‘early’ (CD27+/CD28+; KLRG1-
/CD28+) differentiated phenotype (124, 139). 

Our early interpretations of this work intimated that acute
exercise preferentially redeployed ‘senescent’ CD8+ T-cells
(124-126). This was based on prior observations that CD8+ T-
cells expressing KLRG1 and/or CD57 lacked proliferative
capabilities and that HCMV-specific CD8+ T-cells predomi-
nantly bore this phenotype (59, 96, 147). However, just as
blocking PD-1 can restore cytokine secretion, blocking
KLRG1 can restore T-cell proliferation indicating that
KLRG1 is an inhibitor of T-cell clonal expansion but not a
marker of replicative senescence per se (57). So although
some cells bearing this phenotype may in fact be senescent,
the term itself is a misnomer due to diversity of cell types,
both functional and dysfunctional, that may express these sur-
face markers. There are also other indicators that exercise
mobilizes highly functional cells despite large proportions of
the mobilized cells having a so-called senescent phenotype.
We found that the average telomere length among isolated
CD8+ T-cells was actually longer among the post-exercise
cells (124), and that CD8+ T-cells in blood immediately post-
exercise were still capable of secreting a wide array of
cytokines following mitogen stimulation, even if bearing a
CD27neg differentiated phenotype (75). Thus, the contribution
of truly senescent or exhausted cells to the preferential mobi-
lization of highly differentiated CD8+ T-cells with exercise
and the physiological significance of such a response remains
to be determined.   

We recently reported that the redeployment of NK-cells with
exercise is non-uniform, and like CD8+ T-cells, there is pref-
erential mobilization of the most differentiated NK-cell sub-
sets (17). NK-cell differentiation is defined by acquisition of
inhibitory KIR expression followed by loss of the inhibitory

receptor NKG2A (14) and gain of the “terminal differentia-
tion” marker CD57 (23). As NK-cells differentiate, they lose
the ability to proliferate and express IFN-γ in response to pro-
inflammatory cytokines, while their capacity to kill a wide
range of target cells increases (14, 23).  In response 
to 30-minutes of steady state cycling exercise, NK-cell sub-
sets were redeployed in a stepwise manner in 
accordance with differentiation status [highly-differentiated
(KIRpos/NKG2Aneg/CD57pos) > medium-differentiated 
(KIRpos/NKG2Apos/CD57neg) > low-differentiated (KIRneg -
/NKG2Apos/CD57neg)] and the effect was consistent across
multiple exercise intensities ranging from -5% to +15% of the
individual blood lactate threshold (17). However, NKG2Cpos

NK-cells, despite having potent NKCA against specific target
cells expressing non-classical HLA-E, are redeployed with
exercise in relatively few numbers regardless of differentia-
tion status. This causes the proportion of NKG2Cpos NK-cells
in blood to increase during exercise recovery due to a prefer-
ential egress of NK-cells lacking this receptor (17). In other
words, as NK-cells are redeployed from the blood to the tis-
sues during exercise recovery, most of the NKG2Cpos cells are
‘left behind’. While confirming previous reports that exercise
did not affect NKCA against the K562 leukemic target cell
line on a per NK-cell basis (88, 92, 95) we showed that
NKCA per cell was markedly elevated against the HLA-E
transfected 221.AEH lymphoma cell line and multiple myelo-
ma target cells expressing classical HLA-C (U266 and RPMI-
8226) during the recovery phase of exercise (+1h after exer-
cise cessation) (17, 18). This 1h post-exercise increase in
NKCA per cell was positively associated with the proportions
of NK-cells expressing the activating receptor NKG2C, and
lacking inhibitory KIR for classical HLA molecules
(CD158b) (17). Although it is often suggested that exercise
evokes a redeployment of the most cytotoxic lymphocyte sub-
types, it is somewhat of a conundrum why NKG2Cpos NK-
cells, given their potent cytotoxic effector functions against
target cells expressing non-classical HLA-E, are not preferen-
tially redeployed with exercise as well. This appears to be due
to their lower expression of the β2-adrenergic receptor (β2-
AR) and insensitivity to synthetic catecholamine stimulation
compared to NK-cells lacking NKG2C (18). Taken together,
these findings indicate that the effects of acute exercise on
NK-cell function are strongly influenced by proportional
shifts in NK-cell subsets and target cell expression of classical
and non-classical HLA receptors. 

HCMV Infection and Acute Exercise
HCMV Infection and the T-cell Response to Acute Exercise
The preferential mobilization of EM and EMRA cells with
exercise led to the hypothesis that HCMV carriers, as a result
of having greater numbers and proportions of these cell types
in resting blood, would display an amplified mobilization of
highly differentiated T-cells with exercise. Turner et al. were
the first to show that 60-minutes of treadmill running exercise
evoked a mobilization and egress of total CD8+ and EMRA
CD8+ T-cells that was ~2 and ~6 times greater in those with a
latent HCMV infection compared to non-infected participants
(139). This amplified effect of HCMV on the redeployment of
CD8+ T-cells to exercise has also been reported by our group,
with the high-differentiated CD8+ T-cell subsets
(KLRG1+/CD28-) accounting for the vast majority of the
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HCMV effect (72, 130). Although individuals with HCMV
carry other herpesvirus infections, Epstein-Barr virus (EBV)
and herpes simplex virus-1 (HSV-1) serostatus does not
appear to confound or alter the magnitude of the HCMV
effect (16, 72). Interestingly, while aging is associated with an
impaired ability to redeploy T-cells in response to a single
bout of exercise (31, 84), we found that this only applies to
older individuals who do not carry HCMV. On the other hand,
older HCMV infected individuals mobilized CD8+ T-cells
similarly to young HCMV-infected participants and almost
twice as much as the non-infected young, again with the high-
ly-differentiated subsets accounting for the effect (130). How-
ever, the redeployment (ingress and egress) of naïve/early-dif-
ferentiated cells with acute exercise appears to be impaired
with aging regardless of HCMV serostatus (130). HCMV
infection also increases the mobilization of highly-differenti-
ated CD4+ T-cells with exercise, although the magnitude of
this response is not sufficient to amplify the redeployment of
total CD4+ T-cells (72, 130, 139). It is important to note that
although HCMV is associated with an amplified redeploy-
ment of differentiated T-cells, it is likely that the effects are
mostly due to the unique ability of the virus to alter the com-
position of the peripheral T-cell pool in favour of the more
exercise-responsive subtypes (72, 76). Because HSV-1 and
EBV do not expand the EM and EMRA T-cell subsets in
blood (37), this probably explains why these viruses are not
associated with an amplified exercise redeployment of total
CD8+ T-cells independently of HCMV (16, 72). It is likely,
however, that other persistent viral infections that are able to
expand the proportions of highly-differentiated T-cell subsets,
such as Hepatitis C (6), will also contribute to an augmented
redeployment of CD8+ T-cells in response to acute stress and
exercise regardless of whether or not a HCMV co-infection is
present.  Indeed, well-treated HIV-infected men show a
greater redeployment of highly differentiated CD8+ T-cells in
response to acute maximal exercise compared to healthy con-
trols (41), although it is not known if this effect is due to a
HCMV co-infection as those with HIV tend to harbor HCMV
also (68). 

We showed that a single bout of exercise increases the number
of HCMV-specific T-cells in peripheral blood 2-5-fold (130).
This, in conjunction with a previous observation that the num-
ber of HCMV-specific T-cells increased after an acute psycho-
logical stress task (9), indicates that HCMV-specific T-cells
are redeployed with exercise under the influence of cate-
cholamines and β-adrenergic receptors. Phenotypic analysis
of CD8+ T-cells specific to an NLV epitope of the
HCMVpp65 antigen using an HLA-A2-restricted MHC class
I Pentamer revealed that ~25% of resting HCMV-specific
cells had a high differentiated (KLRG1+/CD28-) phenotype,
increasing to ~49% immediately post exercise (130). We also
found that the number of cells responding to HCMVpp65 and
HCMV IE-I peptides increased dramatically post-exercise,
and that the mobilized cells had broad HCMV antigen epitope
specificity. In a more recent study, we stimulated a fixed num-
ber of PBMCs before and after 30-minutes of steady state
cycling exercise (at +15% of the individual blood lactate
threshold) with synthetic 15mer peptides specific for 4 anti-
gens derived from HCMV (pp65 and IE-1) and EBV (LMP-2
and BMLF-1) in the presence of growth cytokines (IL-4, IL-7,

IL-15) for 8-days (Spielmann et al. Unpublished). While the
expansion protocol elicited, on average, a 2.1 to 13.5-fold
increase in the number of HCMV and EBV specific cells
(enumerated using an IFN-γ ELISPOT assay) generated from
resting PBMCs, the number of viral-specific cells present in
the post exercise cultures were strikingly greater; on average,
up to ~4.7 and ~70.4 times greater, for HCMV and EBV-spe-
cific T-cells, respectively (Spielmann et al. Unpublished). The
number of viral-specific cells generated after 8-days of cell
culture relative to the input number of T-cells and viral-specif-
ic T-cells was still greater after exercise, indicating that the
exercise effect is not merely due to greater numbers of viral-
specific cells among the cells stimulated with viral peptides at
day 0. Moreover, the viral-specific T-cell lines expanded after
exercise maintained their ability to kill autologous peptide-
pulsed target cells in an MHC dependent manner, and while
there was a greater proportion of EM and EMRA cells among
the post-exercise T-cells at day 0, the composition of T-cell
subsets did not differ between the before and after exercise
cell cultures at day 8 (Spielmann et al. Unpublished). Taken
together, these findings indicate that latent HCMV infection
not only amplifies CD8+ T-cell redeployment in response to
exercise, but that many of the mobilized cells are specific to
HCMV antigens and, despite the majority of the mobilized
cells having a late-differentiated phenotype, they appear to be
highly functional with broad epitope diversity and the capaci-
ty for massive clonal expansion in response to peptide stimu-
lation in vitro (130).

Latent HCMV infection also amplifies the redeployment of γδ
T cells to a single bout of exercise in healthy young adults
and, like CD8+ T-cells, the interaction effect between HCMV
and exercise is independent of co-infections such as EBV,
HSV-1 and parvovirus-B19 (104). Aging, however, was asso-
ciated with an impaired redeployment of γδ T cells regardless
of HCMV serostatus, indicating that latent HCMV infection
helps maintain robust exercise-induced redeployment of
CD8+ αβ T-cells but not γδ T cells with aging (104). This is
likely due to the differential effects of age and HCMV infec-
tion on the γδ T cell compartment (113). Although we did not
look at the relative exercise response of γδ T cell subsets
(104), we expect HCMV to augment the mobilization of the
Vδ2neg subset, given that they are overexpressed in those with
HCMV and predominantly consist of the exercise-responsive
EMRA phenotype (2, 4, 105, 113). It is not known, however,
if γδ T cell function is affected by exercise and future studies
should determine if exercise alters their proliferative respons-
es to phosphoantigens (i.e. zoledronic acid), which are typi-
cally used to expand γδ T cells in vitro for immunotherapeutic
purposes (61). 

HCMV Infection and the NK-cell Response to Acute Exercise
Turner et al. reported that CD8+ T-cell redeployment was
amplified in those with HCMV, yet total lymphocyte rede-
ployment was unaffected (139). This provided indirect evi-
dence that the redeployment of other lymphocyte subtypes to
exercise might actually be impaired in people with HCMV.
We tested this hypothesis by examining the effects of latent
HCMV infection on the redeployment of NK-cells and their
subtypes, and found that HCMV serostatus was associated
with a strikingly impaired redeployment of NK-cells (16)
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(Bigley et al., 2012). The relative blunting effect of HCMV
infection on the exercise-induced redeployment of NK-cells
was actually larger in magnitude than its augmenting effect on
CD8+ T-cell redeployment (illustrated in Figure 1). Although
we are the only group so far to report that HCMV infection
inhibits NK-cell redeployment in response to acute exercise,
we have found this consistently in three separate subject
cohorts and shown that the effect is independent of both age
and baseline blood NK-cell numbers (16, 18, 21). Moreover,
HCMV only impairs the NK-cell response to exercise at
intensities above the blood lactate threshold (18), the point at
which blood lactate and catecholamine concentrations
increase above pre-exercise levels (106). As HCMV did not
affect the lactate or catecholamine response to exercise, this
indicated that HCMV might be associated with decreased
NK-cell catecholamine sensitivity and/or β2-AR activity (18).
To test this hypothesis, we compared NK-cell β2-AR expres-

sion and cyclic AMP production in response to in vitro isopro-
terenol (non-preferential synthetic β-agonist) stimulation
between HCMV seronegative and seropositive subjects (18).
Those with HCMV had a lower expression of the β2-AR and
an impaired cyclic AMP response compared to non-infected
subjects. Moreover, cyclic AMP production was inversely
correlated with the proportion of NKG2Cpos/CD57pos cells
within the isolated NK-cells (18). This, in conjunction with
the observation that NKG2Cpos/CD57pos NK-cells are not
preferentially mobilized with exercise, indicates that it 
is the accumulation of catecholamine insensitive
NKG2Cpos/CD57pos NK-cells (a cell population that is practi-
cally absent in those without HCMV) that links HCMV infec-
tion with impaired NK-cell redeployment to exercise. 

HCMV also affects NKCA both at rest and in response to
exercise. The increased proportions of NKG2Cpos NK-cells in

Figure 1. Divergent effects of HCMV infection on the exercise-induced redeployment of CD8+ T-cells and NK-cells and their potential clinical
applications. HCMV seropositive participants mobilize 1.5-2.5 x more CD8+ T-cells than HCMV seronegative participants in response to fixed
intensity steady state exercise, although the relative change in CD8+ T-cell number is similar between HCMV seropositive and seronegative par-
ticipants (~2-fold increase in total CD8+ T-cells). HCMV increases the number and proportion of the catecholamine-sensitive EM and EMRA
CD8+ subtypes, making the CD8+ T-cell population as a whole more responsive to exercise. The mobilized cells contain ‘primed’ virus-specific
T-cells that may be obtained from the blood during exercise before they would normally egress the blood and infiltrate the peripheral tissues.
These cells can then be used to augment the ex vivo expansion of multi-virus-specific T-cells for use in the allogeneic adoptive transfer
immunotherapy setting. In contrast, HCMV seronegative participants mobilize 2-4 x more NK-cells than HCMV seropositive participants despite
having similar resting NK-cell numbers. This appears to be due to a greater proportion of catecholamine-insensitive NKG2C+ NK-cells in people
with HCMV. Although NK-cell cytotoxic activity (NKCA) does not change at the individual cell level during exercise, individual NKCA in blood is
enhanced during exercise recovery. This is due to an increased proportion of NKG2C+/NKG2A- NK-cells in blood that are able to effectively rec-
ognize and kill HLA-E expressing tumor target cells. NK-cells with these phenotypic and functional properties might be better suited for ex vivo
expansion and allogeneic adoptive NK-cell transfer.
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those with HCMV enhances resting NKCA against a wide-
range of tumor target cells in vitro, with the magnitude of the
HCMV effect being positively associated with HLA-E
expression on the target cells (18). However, when compared
to baseline, only those without HCMV demonstrated
increased NKCA per cell against the U266, RPMI-8226, and
221.AEH target cell lines 1h post-exercise. Thus, due to
marked changes in the composition of NK-cell subsets, both
acute exercise and HCMV are able to enhance NK-cell func-
tion, although the effects are not synergistic (18).  

Divergent effects of HCMV on the Exercise-Induced Rede-
ployment of T-cells and NK-cells
We have shown that latent HCMV infection has dichotomous
effects on the redeployment of NK-cells and T-cells in
response to a single exercise bout (Figure 1). While HCMV-
specific CD8+ T-cells appear to be highly stress-responsive,
the so-called HCMV-specific (NKG2Cpos) NK-cells respond
poorly to catecholamines and are redeployed in comparatively
fewer numbers with exercise. From a historical perspective,
physical exertion was performed only when hunting, working
or evading predators and is therefore considered to be an evo-
lutionary conserved mechanism to ‘prime’ the immune system
during situations when physical injury and infection are more
likely to occur (38).  As such, the current dogma is that exer-
cise mobilizes lymphocytes and other leukocytes that have
high tissue migration and effector functions as part of the
‘flight or fight’ response to facilitate immunosurveillance,
promote wound healing and regenerate damaged tissue (24).
It is perplexing, therefore, why NKG2Cpos NK-cells, given
their importance in controlling viral infections such as HCMV
and their ability to recognize and destroy malignant cells
expressing HLA-E (e.g. multiple myeloma, AML) (94, 155),
are ‘left behind’ in the bloodstream while other NK-cell sub-
sets are redeployed to the tissues during exercise recovery.
Interestingly, it is not just the exercise responses of NK-cells
and T-cells that are divergent in those infected with HCMV, it
is the immune response to HCMV itself. 

Despite the well-established benefits of NKG2Cpos NK-cells
to HCMV containment and overall immunity, the proportion
of NKG2Cpos NK-cells is highly variable amongst HCMV-
seropositive individuals (53). One likely explanation for this
variation is that HCMV-specific NK-cell and T-cell responses
are reciprocally related in subjects with good viral control
(20), most likely due to the rheostat-like capacity of NK-cells
to limit viral-specific T-cell responses (148). Thus, people
with HCMV can contain the virus through an NK-cell or T-
cell-mediated response, but not both. Considering the link
between HCMV-driven T-cell responses and immunosenes-
cence (116, 156), and the broad functionality of NKG2Cpos

NK-cells (46), it is likely that an NK-cell-mediated response
to HCMV would be preferable in most cases. However, due to
the poor exercise responsiveness of NKG2Cpos NK-cells, it is
precisely these subjects who drive the impaired NK-cell
response to exercise in those with HCMV. 

Does HCMV Infection Affect Other Immune Responses to
Acute Exercise?
Although HCMV has profound effect on the composition and
function of the blood lymphocyte compartment, neutrophils

and monocytes are also highly exercise responsive and their
redeployment with exercise might be affected by HCMV as
well, particularly monocytes which are believed to harbor the
virus during latency. However, we did not find HCMV
serostatus to affect neutrophil or monocyte numbers following
a 75-km cycling time trial (76). Moreover, neutrophil and
monocyte phagocytosis and oxidative burst activity, as well as
plasma levels of the cytokines IL-6, IL-8, IL-10 and TNF-α,
and the lipid peroxidation marker F2-isoprostanes, increased
after the exercise bout but were not affected by HCMV
serostatus (76). The concentration and/or secretion of salivary
antimicrobial proteins (AMPs) such as salivary IgA, LL-37,
HNP 1-3, lactoferrin, α-amylase and lysozyme are known to
increase after a single bout of exercise (67). However, in a ret-
rospective analysis of this cohort (67), in which ~53% of the
participants were found to be HCMV seropositive, previous
exposure to the virus had no impact on either the resting or the
exercise-induced change in the concentration or secretion of
these salivary AMPs (Kunz et al. unpublished). Thus,
although the number of studies investigating the effects of
infection history on other immune responses to exercise is
small, it has so far only been shown that HCMV infection
impacts the redeployment and function of T-cells and NK-
cells in response to a single bout of exercise.

HCMV Infection and Chronic Exercise
Few studies have examined the impact of HCMV on immune
responses to long-term exercise training. Participation in
moderate-intensity regular exercise has been associated with a
less-differentiated T-cell profile (132), while, conversely,
habitual high volume exercise training has been associated
with a more-differentiated T-cell profile and reduced thymic
output (26, 107), which are hallmark features of immunose-
nescence. Thus, at least from the available cross-sectional
data, it appears that moderate intensity exercise has anti-
immunosenescence effects whereas high-volume exercise,
such as the type practiced by highly competitive athletes, has
mostly pro-immunosenescence effects. Although current
empirical data is lacking, we postulate that viral control will
be strongly linked to this bidirectional relationship between
exercise volume and immunosenescence (Figure 2). Here we
discuss the potential effects of high and low/moderate volume
exercise training on the host’s ability to control HCMV and
other herpesviruses and how these might be linked to the
apparent bidirectional effects of exercise volume on host
infection risk. 

High Volume Exercise Training and HCMV Control
Infection history is likely to have important implications for
the immune system of athletes and other occupational person-
nel exposed to prolonged periods of high physical training
loads. Indeed, Brown et al. reported that HCMV infection was
more prevalent among female soccer players compared to
age-matched controls (25, 26) despite training status being
associated with fewer differentiated T-cells (26), while Moro-
Garcia et al. (91) reported that older athletes with HCMV pre-
sented with lower numbers of CD4+ T-cells. Although meas-
ures of viral serology are becoming more common in exercise
training investigations, studies that have examined the effects
of high volume exercise training on latent viral reactivation in
athletes are scarce, and none, to our knowledge, have focused
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specifically on HCMV. In contrast, latent viral reactivation
has been studied extensively in astronauts and it has been
shown that crewmembers who shed viral DNA [HCMV,
(EBV) and varicella-zoster virus (VZV)] have a skewed Type
I plasma cytokine profile compared to their non-shedding
counterparts (86). Moreover, viral DNA in astronauts has
been found in samples collected even prior to spaceflight indi-
cating that it is a stress-induced phenomenon (35). Indeed,
viral reactivation has been linked with acute and chronic
stress (50, 117) and these may be exacerbated by frequent
training and competition (150). 

Symptoms of upper respiratory illness (URI) continue to be a
problem for high performance athletes. Gleeson et al. (51)
reported that EBV serostatus was associated with increased
self-reported symptoms of URTI in a group of elite swimmers
following a 30-day period of intensive training. Further, EBV
DNA was detectable in saliva (indicative of viral shedding)
prior to the manifestation of URI symptoms, indicating that
EBV reactivation and URI incidence during periods of inten-
sive training could be causally related (51). However, in a fol-

low up study, prophylactic administration of the anti-viral
drug Valtrex was able to prevent EBV reactivation but failed
to prevent symptoms of URI (34). In contrast, a recent study
found that prior exposure to both HCMV and EBV protected
endurance athletes from URI during periods of increased
training volume (56). In a study of 246 athletes over a 4-
month winter training period, those athletes with
HCMV/EBV (25% of the cohort) reported fewer URI symp-
tom days (median: 2 vs. 4 days) compared to non-infected
athletes. Seropositivity to EBV alone provided no protective
effect on URI symptoms, indicating that either prior exposure
to HCMV alone, or a synergistic effect between HCMV and
EBV, offers protection against future illness (56). As most
HCMV-infected people are co-infected with EBV (133), it is
difficult to determine the effects of HCMV independently of
EBV. These apparent protective effects of prior HCMV expo-
sure against infectious symptoms in athletes may not be sur-
prising, as greater numbers of circulating EM and EMRA
CD8+ T-cells and an amplified redeployment of these cell
types in response to a single exercise bout may actually
enhance immunosurveillance. In addition, those with a

Figure 2. Theoretical framework depicting the bidirectional effects of exercise on immune function and latent viral control. Regular moderate
intensity exercise and physically active lifestyles are associated with enhanced immunity that results in better control of latent viruses. Con-
versely, excessive high volume exercise (such as the type practiced by high performance athletes) is associated with immune impairment that
may result in poor control of latent viral infections. The bidirectional effects of exercise and physical activity on immune function and viral control
is likely to have important health implications across the lifespan. Individuals with strong immune function and good viral control will likely spend
a greater proportion of their lives in good health (increased helathspan) with immunosenescence occurring at an older chronological age com-
pared to those with weak immunity and poor viral control. 
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HCMV positive IgG antibody titer also display increased rest-
ing NKCA against a wide range of NK-cell target cells
(Bigley et al., Unpublished). It is not known if any of the ath-
letes in the He et al. (56) study displayed signs of poor viral
control, as HCMV IgG antibody titers and viral shedding
were not reported. Moreover, the discrepancy in findings
between Gleeson et al. (51) and He et al. (56) might be due to
the failure of the latter study to differentiate between latent
and active forms of infection. It is possible, therefore, that
prior HCMV exposure boosts immunosurveillance and
reduces infection risk in the immunocompetent athlete, but if
excessive training leads to immune dysregulation and HCMV
or EBV is allowed to reactivate, the viral replication might
overburden the immune system and increase the risk for
opportunistic infections. Although Brown et al. (25) recently
reported that 2-weeks of increased training volume did not
alter the composition of T-cell subsets in elite level soccer
players regardless of HCMV serostatus, it is not known if the
HCMV positive athletes experienced a reactivation of the
virus as only serostatus was determined. Thus, it is important
that future studies determine the link between viral control
and immune competence during periods of heavy training and
competition.  

Low/Moderate Volume Exercise Training and HCMV Control
As persistent HCMV infection has been implicated in the eti-
ology of immunosenescence, it is intuitive to speculate that
appropriate lifestyle interventions aimed at boosting immuni-
ty and keeping the virus in check would be advantageous to
the host. While many studies have investigated the effects of
long-term, moderate-intensity exercise training on various
aspects of immunity, particularly in the elderly and the obese
(128), it is somewhat surprising that there are currently no
studies focused on viral seroprevalence or viral control.
Notwithstanding, signature features of both latent and chronic
HCMV infection tend to be less marked in habitual moderate-
intensity exercisers compared to their sedentary counterparts
(127, 128). The beneficial effects of habitual moderate inten-
sity exercise include enhanced vaccine responses, lower num-
bers of differentiated T-cells, lower circulating levels of pro-
inflammatory cytokines, increased mitogen-induced T-cell
proliferation, and longer blood leukocyte telomere lengths
(128). Hence, it is possible that HCMV regulation connects
the beneficial effects of habitual moderate-intensity exercise
with improvements in immune function. Future studies should
test this hypothesis through randomized clinical trials utilizing
longitudinal exercise training interventions.

Habitual low volume exercise may also have indirect effects
on viral control through its ability to modulate human stress
levels (93), as HCMV reactivation has been shown to occur
during periods of acute (order of days to weeks) and chronic
(order of months to years) stress (35). In a large occupational
cohort that included over 300 HCMV seropositive partici-
pants, Rector et al. (109) reported that higher HCMV IgG
serum antibody titers were associated with questionnaire-
based measures of elevated anxiety, depression, vital exhaus-
tion, and lower scores of mental health. These associations
withstood adjustment for a large number of potential con-
founding factors such as age and socioeconomic status.
Because exercise has been shown to ameliorate symptoms of

psychological stress and improve health and overall wellbeing
(93), it is likely that frequent participation in structured exer-
cise training or physical activity will mediate these relation-
ships between measures of psychological stress and poor con-
trol of HCMV. 

HCMV Infection and Exercise: Potential Clinical and
Practical Applications
Latent Viral Reactivation: A biomarker of immune depression
in athletes?
While there are several anecdotal reports of athletes contract-
ing infectious mononucleosis, developing shingles and/or
having frequent cold sores (110), no study to our knowledge
has shown that these manifestations of primary or reactivated
herpesvirus infections are more frequent in athletes compared
to their non-athlete counterparts. However, latent viruses can
often reactivate without conspicuous symptoms of infection,
particularly during or shortly after periods of high physical
and/or psychological stress. Other models of both acute and
chronic stress have shown evidence of latent viral reactivation
without accompanying infectious symptoms, such as academ-
ic stress, military training/deployment, bereavement and care-
giving (35).  So not only does the shedding of viral DNA have
the potential to directly cause disease, but the subclinical reac-
tivation of a latent virus may serve as a reliable indicator of
immune depression in athletes and provide an early indication
that they might be susceptible to opportunistic infections.
HCMV reactivation can be detected through shedding of viral
DNA in urine (86, 133), the presence of HCMV DNA in blood
monocytes (78), and/or pp65 antigenemia in peripheral blood
leukocytes (66); with changes in HCMV IgG antibody titers
being used by some researchers as an indicator of viral load
(20, 36, 109). Thus, the shedding of viral DNA could poten-
tially be used to predict overtraining/underperformance and
allow coaches and team physicians to make decisions on the
training, nutritional and recuperation regimens of an athlete
with an active herpesvirus infection. While the molecular
biology techniques required to confirm active viral infections
may not be practical in large groups, high performance ath-
letes should at least be screened for HCMV serology and
other persistent infections so that those previously exposed
can be monitored periodically for viral load using more sensi-
tive measures (i.e. viral antigenemia; shedding of viral DNA)
as they prepare for major competitions.    

Immunosenescence and the Immune Risk Profile
Whether or not the plasticity of the immune system can be
modulated by exercise during the natural course of aging is of
great interest to both exercise immunologists and
immunogerontologists. It has been suggested that regular
exercise may help prevent and/or rejuvenate ‘older looking’
immune systems (127, 128). Although HCMV infection fea-
tures heavily in immunosenescence and the associated IRP,
the contemporary view is that HCMV might be a 'passenger'
rather than a 'driver' of immunosenescence, and the reactiva-
tion of HCMV and the consequential effects it has on immuni-
ty are secondary to immunosenescence itself (116). Thus, it is
possible that exercise may have greater involvement in pre-
venting immunosenescence that leads to HCMV reactivation
and its effects on the peripheral T-cell pool in particular. If
regular exercise is found to improve HCMV control, especial-



18 •   Exercise and cytomegalovirus

EIR 22 2016

ly in the elderly, this could be one mechanism by which exer-
cise helps curtail immunosenescence. 

It is equally important to determine if exercise can exert reju-
venating effects downstream of immunosenescence. One pos-
sible mechanism would be for regular exercise to alter the
composition of the peripheral T-cell pool in the direction of a
less senescent profile. We previously hypothesized that regu-
lar moderate intensity exercise performed over a very pro-
tracted period of time (likely in the order of months to years)
might ‘make space’ for new and fully functional T-cells by
causing older, exhausted memory T-cell subsets to undergo
apoptosis (122). These new cells would likely come from
increased thymic output, sites of extrathymic T-cell matura-
tion or homeostatic clonal expansion of existing T-cells (122).
The 'exercise makes space' hypothesis may also have an indi-
rect component in that regular moderate exercise may exert
better viral control, thus resulting in less frequent shedding of
HCMV. As the frequency of viral shedding decreases, the
antigenic stimulus and the need to maintain large numbers of
HCMV-specific T-cells also decreases and the HCMV-specif-
ic T-cells are therefore selectively 'deleted' over time. So, in
this instance, exercise is not directly causing the deletion of
excess viral T-cell clones, but the accompanying improvement
in HCMV control eliminates the need for their existence in
large numbers. There is evidence for this 'use them or lose
them' idea with other viral infections such as adenovirus,
where large numbers of adenovirus-specific cells are more
likely to be found in children (due to recent infection) than
adults and persistence of memory cells is relatively short-term
(order of a few years) (118). However, it should be noted that
HCMV-specific T-cell clonotypes may persist for up to 4-
years even in healthy people with low antigenic load (58), so
any alteration in the frequency of HCMV-specific T-cells with
exercise as a result of better viral control may only be seen
after a protracted period of time. 

It is important to note that the ‘exercise makes space’ hypoth-
esis is merely a theoretical framework that is a long way off
from having the empirical support required to be an accepted
mechanism by which exercise can rejuvenate the aged
immune system.  The main challenge to the credibility of this
framework is that it was integrated with the dogmatic view of
that time that there is a fixed ‘immunological space’ that
restricts total T-cell numbers (28).  This limitation in ‘space’
was thought to reflect homeostatic control of peripheral T-cell
numbers as opposed to a shortage of actual physical space, but
this idea has recently been challenged (87, 144, 154).  It is
also unknown if T-cell apoptosis is required to trigger the pro-
duction of new T-cells, although a recent study by Mooren
and Kruger (90) showed that adoptive transfer of apoptotic
lymphocytes in rodents triggered the release of hematopoietic
progenitor cells into the circulation. Whether or not apoptotic
T-cells can trigger thymic output or homeostatic T-cell prolif-
eration in a similar manner remains to be determined.

Regardless of what the underpinning mechanism might be,
there are no longitudinal randomized control trials to date that
show exercise training can rejuvenate older looking immune
systems (128).  However, as exercise training has been shown
to improve vaccine outcomes in previously sedentary commu-

nity dwelling elderly (65, 160), it is likely that direct improve-
ments in immune function are involved. Future clinical trials
involving exercise training and outcome measures of immune
function should focus on cohorts with an apparent ‘senescent’
or ‘immune risk profile’ at baseline, as exercise is likely to
exert larger beneficial effects in these subject groups.  For
instance, individuals with several hallmark features of
immunosenescence (i.e. inverted CD4:CD8 T-cell ratio, low
naïve T-cell numbers, increased PD-1pos HCMV-specific T-
cells) and/or those with poor HCMV control (high HCMV
IgG antibody titers, HCMV DNApos monocytes) might bene-
fit more from an exercise training intervention compared to
those who, despite being chronologically older, display few
signs of immunosenescence and impaired HCMV control.
Moreover, a limitation of the current HCMV and immunose-
nescence literature is that it is polarized almost entirely to the
T-cell compartment. Recent evidence has indicated that cer-
tain individuals control HCMV predominantly through NK-
cells, which may shoulder the burden of HCMV control to
preserve T-cell function and prevent excess T-cell clonal
expansion and functional exhaustion (20). It is therefore
important that future studies determine the impact of exercise
and other lifestyle interventions on HCMV control and the
interaction between T-cell and NK-cell responses to the virus
during the natural course of aging. 

Exercise as a Vaccine Adjuvant: is HCMV Infection a Media-
tor? 
Improvements in vaccine response after exercise training have
provided the strongest evidence to date that the plasticity of
the immune system can be positively affected by exercise in
non-diseased people. Woods et al. (160) reported that commu-
nity-dwelling elderly randomized to a 10-month cardiovascu-
lar exercise-training program had increased seroprotection
rates following immunization with the trivalent influenza vac-
cine compared to controls who performed flexibility/stretch-
ing exercise up to 24 weeks after inoculation. Kohut et al. (65)
also reported that older adults immunized with a trivalent
influenza vaccine before and after a 10-month aerobic exer-
cise training intervention had a greater mean fold increase in
antibody titre to H1N1 and H3N2 strains of influenza A virus
compared to non-exercised controls. Several studies have
shown that single bouts of exercise performed immediately
prior to vaccination are also effective, but these are not always
consistent (97). These studies have involved whole body
dynamic exercise and localized resistance exercise designed
to evoke a local inflammatory response at the site of vaccina-
tion. Exercise and vaccine studies typically focus on the
influenza, tetanus toxoid, diphtheria, pneumococcal and
meningococcal vaccines, and the subjects range from young,
healthy adults to community dwelling elderly (97).  In
response to acute exercise, the majority of studies report that
exercise enhances the response against those vaccine strains
that elicited the poorest response in the control group, sug-
gesting that immune responses to those vaccine antigens with
low immunogenicity are most likely to be enhanced by acute
exercise (97).

While the mechanisms underpinning these exercise-induced
improvements in vaccine responses are likely to be different
between single exercise bouts and chronic exercise training, it
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is possible that individuals with poor HCMV control (i.e.
weaker immunity) will benefit most from the adjuvant effects
of exercise. Although weaker immune responses to vaccines
(i.e. influenza vaccine) have been attributed to HCMV
serostatus (85, 140) this has not been consistently reported
(36), and these equivocal findings might be due to the failure
of these studies to account for HCMV control using sensitive
methods such as viral shedding or the presence of HCMV
DNApos monocytes (78, 86). We postulate that the inverse
associations between HCMV serostatus and vaccine efficacy
will be more marked in those with poor HCMV control, and
that chronic exercise training will, in turn, enhance vaccine
efficacy by improving HCMV control and lowering the over-
all burden placed on the immune system. Moreover, because
vaccines already elicit robust immune responses in the vast
majority of healthy people, the adjuvant effects of the acute
exercise response might not be apparent in those with good
HCMV control. At the very least, acute exercise might help
those with HCMV mount vaccine responses that are compara-
ble to non-HCMV infected people at rest. In a study of young
healthy adults, acute eccentrically biased resistance exercise
was found to enhance immune responses to the seasonal
influenza vaccine in men(42), with the exercise bout affecting
those with and without HCMV equally (140). This occurred
despite latent HCMV infection being associated with weaker
vaccine responses (140). Future research should determine the
impact of both acute and chronic exercise on vaccine efficacy
in the context of HCMV infection across a wide age range,
considering both prior exposure and the ability of the host to
keep the virus in a latent state.  This will be particularly
important to study in the elderly who are known to have
impaired vaccine responses and are more likely to have poor
control of HCMV due to immunosenescence.

Acute Exercise and Adoptive Transfer Immunotherapy
Another clinical procedure that may benefit from the immune-
enhancing effects of acute exercise is adoptive transfer
immunotherapy - the passive infusion of ex vivo expanded
donor-derived or autologous immune cells to a cancer patient
recipient. HSCT is used to treat many hematologic malignan-
cies, but is associated with significant morbidity and mortality
especially due to viral infections (i.e. HCMV, EBV and aden-
ovirus), relapse, and graft-versus-host disease (GvHD) (49,
55). Viral infections and relapse can be controlled by adoptive
transfer of antigen-specific T-cells that have been expanded ex
vivo from an MHC compatible donor. Current viral-specific T-
cell manufacturing processes involve stimulating PBMCs
with overlapping viral antigen peptides in vitro to expand the
population of memory T-cells with anti-viral activity (49).
Clinically sufficient numbers can be obtained in 8-21 days
before they are delivered to the patient. Although adoptive T-
cell transfer is often successful in curtailing viral infections
after HSCT, the inadequate restoration of immunity in some
cases may be due to the failure to generate sufficient numbers
of functional antigen-specific T-cells that are able to recognize
and destroy target cells in vivo and persist in the host after
transfusion. Using viral antigen peptides to expand memory
T-cells from peripheral blood, we have shown that a single
bout of exercise is capable of augmenting the manufacture of
highly functional cytotoxic T-cell lines specific to multiple
virus antigens (Spielmann et al. Unpublished). Thus, exercise

might serve as a simple and economical method to augment
the rapid generation of multi-virus specific T-cells from
healthy donors for subsequent adoptive transfer to immuno-
compromised patients after HSCT. Exercise therefore has the
potential to amplify the total number of viral specific cells
generated from a fixed volume of blood ensuring a faster
delivery of a product that is enriched with broad virus specific
activity to the patient. Moreover, exercising donors during
blood collections may also reduce the need for apheresis, cost
and the overall burden placed on the donor. As the mecha-
nisms for viral-specific T-cell mobilization with exercise are
likely to involve interactions between catecholamines and β-
AR, it is also possible that the exercise effects might be repro-
ducible in resting donors administered a synthetic β-AR ago-
nist (3). Although this remains to be determined, eliminating
the need for exercise would be preferable for some donors and
may increase the applicability of the technique to the autolo-
gous adoptive transfer immunotherapy setting also. For
instance, cancer patients required to donate their own cells for
reinfusion (i.e. autologous adoptive T-cell transfer) might be
too ill to perform a single exercise bout but may be able to tol-
erate the administration of a β-AR agonist for the purposes of
mobilizing their antigen-specific T-cells to the peripheral
blood prior to ex vivo expansion. 

Although cytotoxic CD8+ and CD4+ T-cells are often pre-
ferred for adoptive transfer immunotherapy because of their
antigen specificity and ability to proliferate and persist in the
host after infusion, allogeneic adoptive transfer of NK-cells
has also shown promise as a means of controlling or reversing
the spread of multiple human malignancies including multiple
myeloma, AML, and non-small cell lung cancer (60, 89, 120,
148). This immunotherapeutic procedure has shown a consis-
tently high safety profile and has increased survival in poor
prognosis cancer patients (89, 114) and is preferred by some
over T-cell transfer because NK-cells do not cause GvHD
(114). However, multiple issues remain that undermine the
efficacy of long-term cancer treatment using adoptive transfer
of NK-cells. Existing pre-transfer expansion protocols are
able to generate large numbers of NK-cells (47, 119), but
alloreactivity of donor NK-cells is highly variable (101, 114,
120) and expression of NKG2A is far greater than NKG2C
(119), which limits the capacity of NK-cells to kill tumor cells
expressing classical HLA molecules and HLA-E (101, 120).
As such, the rapid expansion of alloreactive, HLA-E-targeting
NK-cells needs to be improved. Our work shows that exercise
has great potential as an adjuvant for NK-cell immunotherapy
as it primes NK-cells to kill HLA-expressing tumor cells that
are typically resistant to NK-cells (17, 18). Interestingly, how-
ever, the phenotypic and functional properties of NK-cells in
the blood during the recovery phase of exercise appear better
suited for the allogeneic adoptive transfer setting compared to
NK-cells in blood at rest or immediately after exercise (17)
(Figure 1).  Indeed, 1h after completing a 30-minute cycling
protocol, there are increased proportions of
NKG2Cpos/NKG2Aneg NK-cells and their ability to kill target
cells expressing both classic and non-classic HLA molecules
is markedly elevated, particularly in HCMV seronegative
donors (18). Thus, it might be better to expand NK-cells dur-
ing exercise recovery as opposed to during or immediately
after exercise, especially from HCMV seronegative donors,
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who tend to have lower numbers of NKG2Cpos/NKG2Aneg

NK-cells and lower NKCA against HLA-E-target cells at rest
(18). We have also shown that a single bout of exercise can
augment the manufacture of monocyte-derived dendritic cells
and T-cells recognizing tumor antigens (73, 74) from healthy
people, indicating that exercise has great potential as a simple
and economical adjuvant to boost the manufacture of various
cell types for use in the allogeneic adoptive transfer
immunotherapy setting (19). 

SUMMARY

It has been suggested that HCMV has likely co-evolved with
its host since the very beginning of human life (136). Carrying
the infection was long considered to exert mostly negative
effects on immunity that may accelerate the biological aging
of the human immune system and the onset of immunosenes-
cence (64). This viewpoint has changed somewhat in that
prior exposure to HCMV, provided that the host is immune
competent and can adequately keep the virus in check, might
actually strengthen immunity (116). Evidence for this comes
from studies that have found enhanced immune responses to
the influenza vaccine in young people with latent HCMV
infection (48), and a putative virus-versus-tumor effect that
has been documented both in vitro and in vivo (20, 43).
Specifically the increase in NKG2C expression on NK-cells
from people with even a latent HCMV infection enhances
NKCA against certain cancer (i.e. AML) and other viruses
(i.e. Hantavirus) that are characterized by the upregulation of
HLA-E on malignant or transformed cells (20, 22); whereas
clinical HCMV reactivation and the subsequent accumulation
of NKG2C+ NK-cells have been linked to a markedly
decreased risk of relapse in AML patients (43, 52).  Despite
the longstanding association between humans and HCMV,
studies investigating the effects of exercise in the context of
HCMV infection only began in earnest within the last 5-years.
It has become apparent that HCMV infection has a profound
influence on the redistribution of CD8+ T-cells, γδ T-cells and
NK-cells in response to a single exercise bout, and that these
effects are independent of co-infections with other her-
pesviruses such as HSV-1 and EBV (16, 72). As such, studies
that are concerned with harnessing the acute stress response to
improve clinical outcomes (i.e. vaccination, adoptive transfer
immunotherapy, surgical outcomes) should consider the role
that host infection history plays in this response. 

We postulate that the bidirectional effects of exercise volume
on host immunity will be directly linked to the ability of the
host to control HCMV and other persistent infections (Figure
2). It is vitally important for future research to determine if
regular moderate-intensity exercise training and/or physical
activity can improve control of HCMV (and other latent virus-
es) and preserve host immunity. Moreover, whether or not
improved viral control can contribute to immune rejuvenation
through exercise and lifestyle interventions is a key question
that still remains unanswered (127). The interactions between
habitual exercise/physical activity and psychological stress on
HCMV reactivation and immune function should also be thor-
oughly explored as this will add to our understanding of the
role that lifestyle and the social environment might play in the

etiology of immunosenescence. In contrast to habitual moder-
ate-intensity exercise training and physical activity, high vol-
ume prolonged exercise training may compromise immunity
and impair host HCMV control, which could lead to detri-
mental pro-senescence effects for the high performance ath-
lete in both the short and long term. Although research in this
area is still in its infancy, we conclude that host infection his-
tory and the ability to regulate dormant pathogens is likely to
play a key role in our understanding of how the immune sys-
tem responds to both acute and chronic exercise across the
entire exercise volume continuum. 
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ABSTRACT

Background: Free light chains (FLCs) have a range of bio-
logical functions and may act as a broad marker of immune
suppression and activation and inflammation. Measurement
of salivary FLCs may provide practical advantages in a range
of clinical populations. The aim of the present study was to
develop normal reference ranges of FLCs in saliva and assess
the effects of acute exercise on FLC levels in younger and
older adults. 
Methods: Saliva FLC concentrations and secretion rates were
measured in young (n = 88, aged 18–36) and older (n = 53,
aged 60–80) adults. To assess FLC changes in response to
acute exercise, young adults completed a constant work-rate
cycling exercise trial at 60% VO2max (n = 18) or a 1 h cycling
time trial (TT) (n = 10) and older adults completed an incre-
mental submaximal treadmill walking exercise test to 75%
HRmax (n = 53). Serum FLCs were measured at baseline and
in response to exercise. 
Results: Older adults demonstrated significantly higher levels
of salivary FLC parameters compared with young adults.
Median (5–95th percentile) concentrations were 0.45 (0.004–
3.45) mg/L for kappa and 0.30 (0.08–1.54) mg/L for lambda
in young adults; 3.91 (0.75–19.65) mg/L for kappa and 1.00
(0.02–4.50) mg/L for lambda in older adults. Overall median
concentrations of salivary kappa and lambda FLCs were 10-
fold and 20-fold lower than serum, respectively. Reductions in
salivary FLC concentrations and secretion rates were
observed immediately post- and at 1 h post exercise, but were
only significant for the older cohort; FLCs began to recover
between post and 1 h post-exercise. No changes in serum
FLCs were observed in response to exercise. 

Conclusions: The ability to assess FLCs in saliva and the ref-
erence ranges provided will likely broaden the use of this bio-
marker in healthy and clinical populations. The elevated sali-
vary FLCs in older adults may relate to a deterioration of oral
health and be important in the context of inflammatory
processes and diseases associated with ageing. Exercise did
not affect serum FLCs, but reduced salivary FLCs, most
notably in older adults, which may reflect reduced transport
of FLCs from serum into saliva. 

Key words: Free light chains, saliva, serum, age, exercise 

INTRODUCTION

Introduction to free light chains and their production in heal-
thy individuals 
Immunoglobulins are produced by plasma cells and comprise
two identical heavy chains and two identical light chains,
which can be either kappa or lambda isotypes. During the
process of immunoglobulin synthesis, surplus light chains are
produced at a rate of 40% above heavy chains (1). These
excess light chains that do not form whole immunoglobulins,
known as free light chains (FLCs), are released into the circu-
lation. In healthy individuals approximately 500 mg of FLCs
are produced each day, with kappa production outweighing
lambda by a ratio of 2:1. In a healthy state, serum FLC refer-
ence ranges are 3.3–19.4 mg/L for kappa and 3.7–26.3 mg/L
for lambda (2).These reference ranges are based on the first
FLC assay developed ten years ago, and new methods for
FLC quantitation are now available, leading to a slightly
broader range (1.2–55.2 mg/L) in values reported for healthy
individuals (3). FLCs are metabolised by the kidneys where
up to 10–30 g of FLC can be processed per day (4). Lambda
FLCs are cleared from the circulation at a slower rate than
kappa FLCs; consequently, the ratio of kappa to lambda FLC
(FLC ratio) in serum in healthy individuals is between 0.26–
1.65 (2). The short half-life of FLCs in serum (2–4 hours for
kappa and 3–6 hours for lambda) compared with whole
immunoglobulins (5–8 days for IgA and IgM and 20 days for
IgG) enables real time monitoring of immune suppression and
stimulation, or disease progression and responses to treatment
in conditions involving FLC dysregulation (5, 6). 
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Free light chains as a biomarker in clinical populations 
FLCs have become a key haematological biomarker in the
diagnosis and monitoring of plasma cell disorders. In these
conditions, monoclonal light chains are secreted due to clonal
plasma cell proliferation, usually resulting in overproduction
of one type of light chain and subsequently a perturbed FLC
ratio. The use of serum FLC analysis is recommended inter-
nationally for the screening, prognosis and monitoring of
multiple myeloma (7, 8). Serum FLCs are also used in the
identification and prognostication in a range of other related
disorders including pre-myeloma states, such as the non-
malignant precursor to myeloma (monoclonal gammopathy
of undetermined significance), smouldering myeloma and
solitary bone plasmacytoma; and other haematological condi-
tions, including chronic lymphocytic leukaemia, non-
Hodgkin lymphoma, Waldenstrom’s macroglobulinaemia and
AL amyloidosis (6, 8, 9). In plasma cell disorders such as
myeloma, the FLC ratio is a key marker for diagnosis, prog-
nosticating and monitoring and the monoclonal light chain
level or the difference between the monoclonal light chain
and uninvolved light chain is also employed for monitoring
over time (10, 11). 

Serum FLC measurement has been proven to be important in
non-malignant disorders where polyclonal FLCs can be used
as a broad marker of immune activation, inflammation and
infection. Increases in FLCs have been noted in a range of dis-
eases including: rheumatoid arthritis, multiple sclerosis, sys-
temic lupus erythematosus, heart failure, diabetes, renal dis-
ease, asthma, chronic obstructive pulmonary disease, inflam-
matory bowel disease and HIV infection (3, 12, 13). Data
from these studies suggest that FLCs are useful as a marker of
severity and/or risk for certain diseases, monitoring disease
activity and potentially predicting disease progression. In con-
ditions relating to polyclonal light chains, both kappa and
lambda FLCs typically increase, resulting in minimal or no
change in the FLC ratio. In chronic kidney disease, the FLC
ratio increases with reference ranges of 0.37–3.1 reported in
these individuals (14). This is due to an alternative pathway of
clearance being used with renal impairment, resulting in simi-
lar serum half-lives of kappa and lambda. As kidney function
declines, the ratio becomes further biased towards kappa, as a
result of greater production relative to lambda, but similar
clearance time (14). 

Free light chains as a biomarker in the general population 
The use of FLCs as a biomarker in non-clinical populations
has attracted attention in recent years due to a pivotal study by
Dispenzieri (15). In a large longitudinal data set of individuals
aged ≥ 50 years without plasma cell disorders, the sum of
kappa and lambda FLCs (FLC sum) negatively predicted sur-
vival. In this sample of the general population, those with the
highest FLC sum levels had an increased risk of all-cause
mortality. This increased risk of death remained at 2:1 after
controlling for age, sex and renal insufficiency. Higher activa-
tion of the immune system and inflammatory markers relate to
cardiovascular and cancer deaths; however, the exact mecha-
nism linking polyclonal light chains with mortality risk is
unknown, as is the extent to which the relationship is causal or
correlational (10). 

Biological role of free light chains 
The diverse biological functions of FLCs have been highlight-
ed in several publications, reviewed in detail elsewhere (3,
12). FLCs have been shown to interact with neutrophils and
mast cells, which are both involved in inflammatory process-
es. Neutrophil apoptosis has been shown to be inhibited by
FLCs (16) and FLCs can also bind to neutrophils and stimu-
late release of IL-8 (17), a pro-inflammatory chemokine that
promotes neutrophil migration. FLCs have been implicated in
the activation of mast cells to induce allergic responses (3).
Due to their ability to bind to monocytes, which are antigen
presenting cells, FLCs have been suggested to offer an alter-
native pathway to support antigen uptake and assist the related
immune response (12, 18). Due to these activities, FLCs have
been proposed to stimulate chronic inflammation via activa-
tion of specific immune cells (19). This mechanism would
account for the numerous relationships observed between
FLCs and inflammatory and autoimmune diseases. Other evi-
dence suggests that FLCs could have beneficial effects;
administration of FLCs have also been shown to be anti-
inflammatory and have anti-viral properties in the context of
viral myocarditis (20). 

Free light chains and exercise 
It has been hypothesised that acute exercise could affect FLCs
via immune activation. Kappa FLCs have been shown to be
significantly elevated in runners following a marathon com-
pared with pre-exercise levels. No accompanying change in
lambda FLCs was observed, as such some participants experi-
enced an abnormal increase in the FLC ratio after exercise
(21). The authors suggested these changes may be due to
acute reductions in renal function with prolonged exercise, or
alternatively due to immune stimulation or immunoglobulin
redistribution. In elderly individuals, endurance walking over
a period of 4 days did not significantly affect serum FLC lev-
els (22). It may be that the nature of this exercise, being of rel-
atively low intensity, was not a significant stimulus to elicit
immune changes or alternatively impact upon renal function
and subsequently FLC clearance. To our knowledge, no other
investigations into the effects of exercise on FLCs have been
conducted. Given the role of FLCs in immune and inflamma-
tory processes, FLCs could be a useful marker of inflamma-
tion in relation to not only acute exercise but also exercise or
physical activity interventions; they could also serve as a
potential future marker of infection risk or overtraining. Thus,
further studies are warranted in order to understand the rela-
tionship between exercise and FLCs and their utility in exer-
cise immunology research. 

Potential of free light chains as a salivary biomarker 
The advantages of saliva testing have been well established in
biomarker research. For example, non-invasive measurement
may be more appropriate for repeated measures, long term
sampling, or for certain populations or study designs where
blood sampling may not be feasible.The broad value of FLCs
in a range of diseases and the general population make them a
suitable candidate for translation into salivary measurement.
As the constituents of serum are capable of contributing to the
oral environment, salivary FLCs may reflect systemic levels
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thus could also provide an insight into local immune activa-
tion and inflammation. However, the relationship between
FLCs in serum and saliva has yet to be explored. 

Salivary FLCs may offer a convenient and accessible method
of identifying elevated levels of polyclonal light chain pro-
duction and monitoring FLCs over time in various diseases
and the wider population. However, to date, an assay sensitive
enough to detect FLCs in saliva has not been available. We
have recently developed assays that sensitively and reliably
detect very low levels of kappa and lambda FLCs (< 0.01
mg/L), appropriate for use in saliva. In order to investigate
their potential as a future biomarker, normal reference ranges
of salivary FLCs need to be established across a range of ages.
The aim of the present study, therefore, was to develop normal
ranges of FLCs in saliva in healthy individuals of different
ages and assess the relationship between FLCs in saliva and
serum. Secondly, this study sought to define how salivary and
serum FLCs respond to exercise and if this varies in relation
to age. 

METHODS

Participants
Four separate cohorts (N =141) of participants were used as
part of this investigation: 3 groups of young adults (aged ≤ 36
years) and 1 group of older adults (aged ≥ 60 years). 
Cohort 1: Healthy young adults (n = 60, 35 males) with a
mean ± SD age of 26.2 ± 3.7 years donated a saliva sample
to inform saliva FLC reference ranges among this age
group. 
Cohort 2: Young men (n = 18, aged 22.9 years ± 3.4 years)
who engaged in regular sports training (maximal oxygen
uptake, VO2max= 55.8 ± 13.6 mL/kg/min) participated in an
acute bout of submaximal exercise. Participants were
included if they participated in at least 3 sports training ses-
sions per week and ≥ 3 h of total moderate/high-intensity
training per week. Their self-reported training loads (deter-
mined by a pre-screening questionnaire) averaged 12 ± 5
h/week.
Cohort 3: Trained male cyclists (n = 10) with a competitive
cycling background of at least 3 years (VO2max= 73.1 ± 4.7
mL/kg/min), participated in an acute bout of intense exercise.
Athletes were cycling ≥ 3 times per week for a minimum of 2
h/day and reported a mean training load of 9.4 ± 2.2 h/week.
Key inclusion criteria for cohorts 1–3 were no chronic illness
or history of chronic illness.
Cohort 4: Older adults (n = 53, 32 males) aged 67.2 ± 4.9
years participated in an acute bout of submaximal exercise.
Their VO2max was 37.8 ± 9.84 mL/kg/min, predicted based on
heart rate (HR) and VO2 during submaximal exercise. Twenty
percent of participants reported suffering from a chronic ill-
ness, which were hypertension and asthma, and 38% reported
taking medication, such as antihypertensives, non-corticos-
teroid inhalers, statins and gastrointestinal medications.Partic-
ipants were excluded if suffering from any immune or
endocrine disorder or any condition that precluded them from
exercise. For all cohorts, inclusion criteria stipulated that par-
ticipants were not suffering from any acute illness in the two
weeks prior to, or during the study.

Baseline reference ranges of free light chains in saliva in
healthy adults 
To establish reference ranges for FLC in saliva in relation to
age, baseline saliva levels from cohorts 1–3 were pooled to
form a ‘younger’ cohort and cohort 4 was used for reference
ranges in ‘older’ adults. Samples in the younger cohort were
taken at various times of day: cohort 1, either between 07:00–
9:00 or 18:00–20:00; cohort 2, approximately 12:00; cohort 3:
06:30–8:30. All older adult samples were collected in the
morning between 08:00–09:00. A subset of 38 young adults
(from cohorts 1 and 3) and 40 older adults (from cohort 4) had
serum samples available to compare systemic concentrations
of FLCs in serum with salivary levels. Again, all serum sam-
ples were taken under resting conditions prior to any exercise-
and all were taken during the same morning period.

FLC response to exercise in young and older adults: exercise
protocols 
Cohort 2: Approximately 1 week before the acute exercise
trial, participants completed a continuous incremental test on
an electromagnetically braked cycle ergometer (Lode Excal-
ibur Sport, Groningen, Netherlands) to volitional exhaustion
to determine their VO2max. Expired gas samples were collected
in Douglas bags (Harvard Apparatus, Edenbridge, UK) during
the final minute of each work-rate increment, and HR was
measured continuously using short-range radio telemetry
(Polar, Kempele, Finland). An oxygen/carbon dioxide analyz-
er (Servomex 1400, Crowbridge, UK) was used along with a
dry gas meter (Harvard Apparatus, Edenbridge, UK) to deter-
mine VE, VO2, and VCO2. From the VO2–work-rate relation-
ship, the work-rate equivalent to 60% VO2max was determined.
After a 15 min recovery, participants cycled for 20 min at a
steady state work rate equivalent to 60% VO2max with expired
gas samples collected after 10 and 20 min in order to ensure
that the calculated work rate elicited the desired VO2. For the
acute submaximal exercise trial, participants arrived at 12:00
following a 3 h fast. A saliva sample was collected then partic-
ipants cycled for 2 h at 60% VO2max on a stationary cycle
ergometer. Immediately after completing the exercise and also
1 h post-exercise saliva samples were again collected. 
Cohort 3: Participants visited the laboratory for pre-trial exer-
cise testing to confirm suitability to participate. During this
visit, participants underwent an incremental cycle test to
exhaustion on an electronically braked ergometer (Lode
Excalibur Sport, Groningen, Netherlands). Expiratory gases
were collected continually throughout the test and breath-by-
breath analysis was performed automatically with a Moxus
metabolic systems analyser (AEI Technologies Inc.,
Naperville, IL, USA). HR was recorded continually using
short range telemetry (Polar, Kempele, Finland). Participants
had to achieve a VO2max of ≥65 mL/kg/min to be included in
the study. On the day of the acute exercise bout, participants
arrived at the laboratory between 06:30–8:30 following an
overnight fast of ≥ 8 h. Blood samples were collected fol-
lowed by a saliva sample. After a 10-min warm up, partici-
pants performed an all-out 1 h time trial (TT) on their own
bicycles on a turbo trainer (CycleOps Flow). HR was record-
ed continually during the TT with short range telemetry
(Suunto, Vantaa, Finland). Participants were blinded from
their power, cadence and HR during the TT and were only
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provided with a stop clock to monitor time. Post-TT blood
and saliva samples were collected within 5 min of exercise
cessation.
Cohort 4: Participants arrived to the laboratory between 08:00
and 09:00 where they were fitted with a HR monitor (Polar,
Kempele, Finland).They were then familiarised with the pro-
cedure for collection of expired gas using Douglas bags. They
then rested for 15 min before a blood sample was taken fol-
lowed by saliva sample collection. Participants then complet-
ed an acute bout ofexercise in the form of an incremental sub-
maximal treadmill test.Participants began walking on the
treadmill and speed was gradually increased until the partici-
pant reached a pace they considered ‘brisk walking’. The gra-
dient was increased every 4 min and during the final min of
each stage expired gas samples were collected into Douglas
bags (Cranlea, Birmingham, UK). HR was monitored contin-
uously throughout the exercise and the test was terminated
once the participant had reached 75% of their predicted maxi-
mum HR, as determined by the formula: 208-(age×0.7) (23).
A blood and saliva sample was taken immediately after exer-
cise and 1 h post-exercise. VCO2 and VO2 were determined
using O2/CO2 analyser (Servomex 1440, Crowborough, UK)
and expired gas volumes were measured using a dry gas meter
(Harvard Apparatus, Edenbridge, UK). Using a regression
equation created from plotting the relationship between HR
and VO2 during the final three stages of exercise, VO2max was
predicted. 

Saliva sample collection and analyses 
Saliva samples were collected using the same technique
across cohorts. Participants were instructed to refrain from
eating, drinking (accept water) or brushing their teeth for a
minimum of 1 h before arriving to sample collection; no
drinking was permitted 10 min before samples were collected.
Unstimulated whole saliva samples were collected by passive
dribble into pre-weighed tubes for a timed period of 2–4 min.
Saliva volume was calculated by re-weighing the tube post-
collection assuming a density of 1g/mL. Saliva flow rates
(mL/min) were determined by dividing the volume of saliva
by the collection time. Samples were centrifuged to separate
cells and insoluble matter and the supernatant was removed
and stored at –20°C until assay. Salivary kappa and lambda
FLCs were quantified using highly sensitive sandwich
ELISAs developed by the Clinical Immunology Service at the
University of Birmingham. These assays use monoclonal anti-
bodies (mAbs) that have been characterised and validated pre-
viously (24).The microtitre wells were coated with mAbs that
specifically target either human kappa or lambda FLC and
thus do not bind light chain in whole immunoglobulin (Abing-
don Health, York, UK). After a blocking period of 1 h to pre-
vent non-specific binding, standards, controls and saliva sam-
ples were added to the plate in duplicate. After 1 h incubation,
plates were washed to remove any unbound sample. Kappa or
lambda detection antibody labelled with horseradish peroxi-
dase was then added to the plate and left to incubate for 1 h.
Detection antibodies were mAbs specific for kappa or lambda
light chains either free or bound, that recognise an epitope dis-
tinct from the one used to capture the FLCs from saliva
(Abingdon Health, York, UK). Plates were washed again and
substrate solution was added; after 10 min incubation, the

reaction was stopped and the optical density was measured at
450 nm. The intra-assay CVs were 9.9% for kappa and 6.7%
for lambda and inter-assay CVs were 15.3% for kappa and
16.4% for lambda. The limits of detection were calculated by
serially diluting normal serum 1 in 2 in assay buffer and
selecting the lowest concentration determined by the assays
above the blank (well containing only assay buffer). Limits
were 0.004 mg/L and 0.001 mg/L for kappa and lambda
FLCs, respectively. The calibration ranges used in the assay
were 0.00028–2.82 mg/L for kappa and 0.0003–2.96 mg/L for
lambda; saliva samples were diluted 1 in 15 with 0.01M phos-
phate buffered saline. 

Serum sample collection and analyses 
Venous blood was collected from an antecubital vein into
plain tubes (BD Vacutainer, Plymouth, UK). Blood was
allowed to clot at room temperature before being centrifuged
and the separated serum was stored at −20°C until analysis.
Serum kappa and lambda FLCs were quantified using a multi-
plex bead-based assay using a Luminex platform (Bio-plex
systems, BioRad Laboratories, California, USA). This assay
was developed by the Clinical Immunology Service at the
University of Birmingham and uses mAbs specific for either
kappa or lambda FLC in a competitive inhibition format. Both
intra- and inter-assay CVs were < 10%. Full details for this
assay have been described previously (24). 

Free light chain parameters 
A range of FLC parameter outputs were analysed as part of
this study. In addition to concentrations of kappa and lambda
FLC, the ratio of kappa to lambda FLC (Κ:λ ratio) and the dif-
ference between kappa and lambda FLC (FLC difference)
were examined. The Κ:λ ratio and FLC difference are classi-
cally used in conditions involving perturbed levels of FLC,
such as plasma cell disorders (11, 25). The sum of kappa and
lambda FLCs (FLC sum) was also investigated as this meas-
ure has been employed in the general population in relation to
non-clonal light chains (15). As this study is the first compre-
hensive investigation into FLC in saliva, all the above param-
eters were included to compare saliva to conventional serum
markers and enable any future comparisons between healthy
and clinical populations. In addition to concentrations, saliva
secretion rates of immunoglobulins are typically reported to
reflect the total availability of protein at the oral surface and
control for hydration status (26). Secretion rates of FLCs
(µg/min) were calculated as saliva flow rate x kappa/lambda
concentration. The other parameters, sum, difference and
ratio, were also additionally expressed in this way to control
for any impact of flow rate upon these variables. 

Statistical analyses 
Analyses were undertaken using IBM SPSS version 21. Uni-
variate ANOVA was used to examine differences between
young and older age groups for all saliva and serum FLC
parameters. As certain medications can impact upon salivary
flow rate regulation (27, 28), subsequent univariate ANCOVA
was then performed for saliva variables to control for any con-
founding effects of chronic medication usage in relation to
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age and FLC parameters. As saliva samples within the
younger cohort were taken at varied times, to assess time of
day as a potential confounder the effects of sample time
(morning, midday and evening time groups) on FLCs were
analysed using univariate ANOVA. Sex as a confounding
variable was also explored by testing the effects of sex and
any sex x age interactions on serum and saliva FLC parame-
ters via two-way ANOVA. Spearman’s rank correlation was
used to assess the relationship between FLC parameters in
serum and saliva. Correlational analyses were carried out for
the study cohort as a whole and separately within young and
older age groups. For cohorts 2–4, repeated measures ANOVA
was used to analyse FLC responses to exercise. When signifi-
cant main effects of time were observed, Bonferroni post-hoc
tests were applied. For these exercise studies, percentage
change in FLC concentration/secretion rates between pre- and
post- exercise time points were calculated and compared
across studies using univariate ANOVA. If data were not nor-
mally distributed, statistical analysis was performed on the
logarithmic transformation of the data. As data was generally
skewed, and to provide information regarding the full spread
of data, tables report medians along with 5–95th percentiles;
for analyses of smaller groups (cohorts 2 and 3) full ranges are
reported. Greenhouse-Geisser corrected F values are reported
for repeated measures analyses and partial η2, a measure of
effect size, is reported throughout.

RESULTS

Ranges of free light chains in healthy young and older
adults 
Participant characteristics and FLC parameters in serum and
saliva in relation to age are reported in Table 1. Saliva flow
rates were significantly higher in young adults compared to
older adults. Older adults demonstrated significantly higher
levels of both kappa and lambda FLCs in saliva; consequent-
ly, older adults exhibited higher FLC sum values. Older adults
also registered a significantly higher κ:λ ratio and FLC differ-
ence as a result of higher kappa FLC levels relative to lambda
in older individuals. When examining saliva parameters
expressed as secretion rates, significant age differences were
again observed for all saliva parameters: kappa and lambda
secretion rates, FLC sum, FLC difference and the κ:λ ratio.
Age differences between kappa and lambda secretion rates
and the κ:λratio controlling for flow rateare illustrated in Fig-
ure 1. In serum, there was no significant difference between
age groups for kappa FLCs. However, lambda levels were sig-
nificantly higher in young adults, resulting in a significantly
lower κ:λ ratio and greater FLC difference compared with the
older adults. Statistics for age group differences for serum and
saliva are reported in Table 1. 

In the study population as a whole, in comparison to saliva,
the median concentrations of FLCs in serum were over 10-
fold greater for kappa and 20-fold greater for lambda. A sig-
nificant positive correlation was present between serum and
saliva for the κ:λ ratio, rs(76) = 0.33, p = 0.004, and FLC dif-
ference, rs(76) = 0.40, p< 0.001. No significant correlations
emerged between serum and saliva for kappa or lambda FLC
concentrations, the FLC sum, nor serum concentrations and

saliva secretion rates. Further, there were no significant rela-
tionships for serum and saliva FLCs within age groups. 

Free light chain parameters controlling for potential confoun-
ding variables 
None of the younger adults reported taking any on-going
medication whereas twenty older adults (38%) reported taking
chronic medication. All age x saliva parameter findings with-
stood adjustment for medication use, with p values all remain-
ing ≤ 0.001 with the exception of flow rate (p = 0.002) and
lambda secretion rate (p = 0.009). Similarly, all age x serum
findings remained significant at the 0.01 level when control-
ling for medication use. No sex or sex by age group interac-
tions were observed for any saliva or serum parameters. With-
in the young cohort, there was no significant difference in
saliva FLC concentrations or secretion rates between samples
collected in the morning, at midday or evening. 

FLC responses to acute exercise in young and older adult
populations
I. The effects of 2 h cycling at 60% VO2max on salivary free
light chains in healthy exercise-trained young men 
Table 2 describes the salivary FLC responses to acute exercise
in cohort 2. In general, saliva parameters were reduced post-
exercise, and then recovered at 1 h post-exercise. However, no
significant effect of exercise was observed for flow rate,
kappa or lambda concentration and FLC sum. For the FLC
difference and Κ:λ ratio, significant effects of time were
observed, F(2,34) = 3.98, p = 0.031, η2 = 0.190 and F(2,34) =
4.84, p = 0.015, η2 = 0.221, respectively. These indices
increased at 1 h post-exercise in comparison to immediately
post-exercise. 

These results were replicated when examining FLCs control-
ling for flow rate, with FLC difference (F(2, 34) = 4.01, p =
0.035, η2 = 0.191) and Κ:λ ratio (F(2, 34) = 7.96, p = 0.002,
η2 = 0.319) producing significantly higher results at 1 h com-
pared with immediately post-exercise. Kappa and lambda
secretion rates and FLC sum did not exhibit any significant
changes in response to exercise. Percentage changes in FLC
concentrations and secretion rates in response to exercise are
shown in Table 5. 

II. The effects of a 1 h all-out cycling time trial on free light
chains in trained young male cyclists
Saliva 
Overall, saliva variables registered lower post-exercise values
compared with pre exercise, although these did not translate
into significant changes in salivary kappa or lambda concen-
trations or flow rates, FLC sum, FLC difference and Κ:λ ratio
(Table 3) in response to exercise. These results were mirrored
for secretion rates and other saliva variables controlling for
flow rate (Table 3). The median % changes in salivary FLC
concentrations and secretion rates are summarised in Table 5.
Although not statistically significant, % reductions in FLC
post-exercise were typically higher in response to the 1 h TT
than 2 h of submaximal cycling.
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Serum
No changes were observed in serum FLCs in response to exer-
cise (Table 3). Haematological measures were not assessed in
this study; however, participants consumed water ad libitum
during exercise in a temperature controlled environment (18–
20°C), therefore any changes in plasma volume would be
expected to be minor (< 5%) based on previous observations
under similar conditions.

III. The effects of an incremental submaximal treadmill test to
75% HRmax on free light chains in healthy older adults 
Saliva 
There was no significant effect of exercise on saliva flow rates
in the older adult cohort (Table 4). There was a significant
main effect of time for both kappa, F(2,104) = 23.12, p<
0.001, η2 = 0.308 and lambda, F(2,104) = 24.54, p< 0.001, η2

= 0.321, FLC concentrations. As shown in Figure 2, salivary
FLC concentrations were significantly reduced post-exercise
and 1 h post-exercise compared with pre-exercise in saliva.
Levels then significantly increased at 1 h post-exercise com-
pared with immediately post-exercise. The same response pat-
tern was observed for FLC sum and difference: decreasing
post-exercise, followed by an increase at 1 h, but remaining
below pre-exercise values: F(2,104) = 24.22, p< 0.001, η2 =

0.318 and F(2,104) = 19.63, p< 0.001, η2 = 0.274, respective-
ly. There was no significant effect of exercise on the Κ:λ ratio. 

Saliva secretion rates (Figure 3) followed the same response
profile as concentration, with kappa (F(2,98) = 29.58 p<
0.001, η2 = 0.376) and lambda (F(2,98) = 33.56 p < 0.001, η2

= 0.406) secretion reducing post-exercise, followed by an
increase at 1 h post-exercise. Differences across all time
points were also observed for FLC sum (F(2, 98) = 31.793 p<
0.001, η2 = 0.394) and FLC difference (F(2,98) = 19.51 p<
0.001, η2 = 0.285) when controlling for flow rate. There was a
significant differenced in the Κ:λ ratio controlling for flow
rate (F(2,98) = 4.84 p = 0.012, η2 = 0.090, Table 4), where the
ratio significantly decreased post-exercise, followed by a sig-
nificant increase 1 h post-exercise compared with immediate-
ly post; this recovery in the ratio was above pre-exercise lev-
els. Percentage changes in FLC in response to exercise for
older adults are reported in Table 5. 

Serum
As shown in Figure 2, there were no significant effects of
exercise on kappa or lambda FLC concentrations in serum,
nor was there any impact of exercise on the serum FLC sum,
difference or Κ:λ ratio (Table 4). The median plasma volume

Table 1. Participant characteristics and free light chain (FLC) parameters in saliva and serum in 
healthy young and older adults. All values are median (5–95 percentile) unless stated 
 Young adults  

(N = 88) 
Older adults  

(N = 53) 
F �2 

Age (years), median (range)  24 (18–36)*** 67 (60–80) 2988.15 .957 
BMI (kg/m2), median (range) 
 

23.15 (18.30–28.70)* 23.90 (19.10–33.26) 6.14 .064 

Males, n (%)  63 (72%) 30 (60%)   

Saliva flow rate (mL/min) 0.44 (0.12–0.92)** 0.31 (0.10–0.80) 8.67 .059 
Saliva concentrations (mg/L)     

Kappa  0.45 (0.004–3.45)*** 3.91 (0.75–19.65) 99.10 .416 

Lambda  0.30 (0.08–1.54)*** 1.00 (0.02–4.50) 55.17 .284 

FLC sum  0.80 (0.11–4.84)*** 4.80 (1.06–23.49) 113.48 .449 

FLC difference 0.03 (-0.43–1.89)*** 2.92 (0.09–15.80) 148.94 .517 

�:� ratio  1.13 (0.05–4.68)*** 4.20 (1.22–9.37) 65.48 .320 

Saliva parameters controlling 
for flow rate (µg/min)  

    

Kappa secretion rate 0.18 (0.003–1.35)*** 1.38 (0.16–5.67) 71.45 .340 

Lambda secretion rate  0.14 (0.03–0.68)*** 0.35 (0.07–1.24) 25.61 .156 

FLC sum   0.38 (0.04–1.91)*** 1.86 (0.03–4.79) 74.04 .348 

FLC difference   0.01 (-0.17–0.86)*** 1.03 (0.03–4.79) 117.06 .457 

�:� ratio 0.47 (0.02–3.01)*** 1.40 (0.25–5.69) 26.81 .162 

Serum FLC concentration (mg/L)       n = 38 n = 40   

Kappa  10.41 (7.41–14.35) 11.36 (5.11–16.70) 0.50 .006 

Lambda   13.16 (8.61–20.51)** 9.50 (5.90–18.81) 8.79 .104 

FLC sum  23.62 (16.91–33.79) 20.73 (10.68–35.38) 2.29 .029 

FLC difference  -2.58 (-7.21–1.87)*** 0.77 (-4.02–4.20) 23.65 .235 

�:� ratio 0.81 (0.58–1.29)*** 1.07 (0.77–1.52) 27.83 .268 
                                                                                                                                                      
Significant differences between age groups are indicated by *** p < 0.001, ** p < 0.01, * p < 0.05 
Degrees of freedom for saliva parameters F(1,139) and F(1,76) for serum  
�

�

�
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reduction post-exercise was -3.9% and by 1 h post-exer-
cise had increased above pre-exercise levels by a median
of 3.7%. Plasma volume increased by a median of 7.5%
between immediately post- and 1 h post-exercise. Follow-
ing adjustment for plasma volume changes, there were still
no significant effects of exercise on serum FLC.

IV. Comparison of the effects of acute exercise on free light
chains in young and older adults 
Table 5 summarises the % FLC changes in serum and sali-
va in response to exercise across studies. When comparing
the degree of percentage change between studies, a signifi-
cant difference was observed for the % change in lambda
salivary FLC from pre- to post-exercise between the older
adults and young adults who exercised at 60% VO2max for
2 h, F(2,78) = 4.31 p = 0.017, η2 = 0.099. There were no
other significant differences % changes in response to
exercise between studies. 

DISCUSSION 

For the first time we have established reference ranges for
FLCs in saliva for healthy individuals through application
of newly developed highly sensitive ELISAs. Previously it
was not possible to reliably detect FLCs in saliva due to
the sensitivity and technical limitations of existing com-
mercially available assays. The total sum of FLCs in saliva
was typically < 1 mg/L for young and < 5 mg/L for older
adults, which is below the lower range of other assays.The
lowest calibration point of FreeliteTM, the first and most
widely used FLC assay, is typically 3 mg/L for kappa and

Table 2. Salivary free light chain (FLC) responses to 2 h cycling at 60% VO2max in healthy 
exercise-trained young men  
Median (range)  Pre-exercise Post-exercise 1 h post-exercise 
Saliva flow rate (mL/min)  0.40 (0.11–0.84) 

 
0.30 (0.07–0.78) 0.31 (0.11–0.77) 

Saliva concentrations 
(mg/L) 
 

Kappa  0.41 (0.004–1.96) 0.20 (0.004–2.19) 0.38 (0.004–3.49) 

Lambda  0.25 (0.03–1.46) 0.32 (0.07–0.97) 0.40 (0.003–2.11) 

FLC sum  0.81 (0.03–2.75) 0.55 (0.10–3.05) 0.75 (0.01–4.99) 

FLC difference -0.02 (-0.82–1.38) -0.07 (-0.71–1.33) 0.02 (-0.37–1.99)* 
�:� ratio   0.83 (0.03–4.29) 0.66 (0.02–2.54) 1.15 (0.02–3.39)* 

Saliva parameters 
controlling for flow rate 
(µg/min)  
 

Kappa secretion 0.12 (0.001–0.69) 0.06 (0.001–0.54) 0.12 (0.001–1.175) 

Lambda secretion  0.14 (0.02–0.40) 0.08 (0.02–0.29) 0.12 (0.001–0.66) 

FLC sum   0.32 (0.02–1.02) 0.13 (0.02–0.74) 0.23 (0.002–1.62) 

FLC difference   -0.01 (-0.26–0.53) -0.01 (-0.21–0.32) 0.01 (-0.12–0.73)* 
�:� ratio 0.28 (0.001–3.03) 

 
0.13 (0.00–0.90) 0.36 (0.01–1.83)** 

                                                                                                                                                             Significantly different to post-exercise indicated by * p < 0.05, ** p < 0.01 
�

 
 
�

 
 
 
 
 
 
 
 
 
 
�

Table 3. Free light chain (FLC) saliva and serum parameters in response
time trial in young, well-trained, male cyclists   

Median (range)  Pre-exercise Post-exercise 
Saliva flow rate 
(mL/min)  
 

0.51 (0.28–1.25) 0.48 (0.24–0.83) 
 

Saliva concentrations 
(mg/L) 
 

Kappa 1.19 (0.13–4.07) 
 

0.74 (0.14–1.51) 

Lambda 0.60 (0.14–3.65) 0.33 (0.22–2.03) 
FLC sum  1.99 (0.27–7.07) 

 
1.23 (0.48–3.54) 

FLC difference 0.37(-0.23–2.90)  0.03 (-0.81–1.27) 
 

�:� ratio 2.70 (0.97–3.91) 1.09 (0.15–6.83) 
 

Saliva parameters 
controlling for flow 
rate (µg/min) 
 

Kappa secretion  0.80 (0.17–1.60) 
 

0.41 (0.03–0.71) 
 

Lambda secretion 0.37 (0.08–1.04) 0.21 (0.07–0.88) 
FLC sum   1.26 (0.27–2.07) 0.55 (0.26–1.52) 
FLC difference    0.25 (-0.08–1.14)  0.02 (-0.23–0.42) 

 
�:� ratio 1.30 (0.27–3.25) 0.75 (0.04–2.26) 

Serum concentration 
(mg/L) 
 

Kappa  10.24 (7.91–12.29) 10.68 (7.28–13.96) 

Lambda  13.04 (10.44–17.25) 12.89 (8.45–16.74) 

FLC sum  23.38 (18.64–28.44) 24.26 (15.74–29.86) 

FLC difference -2.37 (-6.06–0.96) -2.53 (-5.87–0.02) 

�:� ratio 0.75 (0.58–1.09) 
 

0.76 (0.65–1.00) 

                                                                                                                                                                              

 

 
 
 

 

 to an all-out 1 h cycling 
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5 mg/L for lambda. The precision around these concentrations
has been accepted as being poor and the ‘gap’ in quantitation
at the lower end of the assay has been highlighted previously
(24, 29). The development of these new highly sensitive FLC
assays opens the door to improved detection and accuracy for
a range of other biological specimens that characteristically
have low concentrations of FLCs, such as cerebral spinal fluid
and urine.

Overall median concentrations of sali-
vary kappa FLCs were 10-fold lower,
and lambda FLCs 20-fold lower com-
pared with serum. Interestingly, no sig-
nificant correlations emerged between
FLCs in saliva and serum for any param-
eters, with the exception of the FLC ratio
and FLC difference. This suggests that
the proportion and difference between
FLC isotypes in saliva broadly reflects
serum, but saliva may not be representa-
tive of individual kappa and lambda con-
centrations or total polyclonal FLC lev-
els in serum. Consequently, these data do
not provide evidence that salivary FLC
levels are able to identify those with
higher/lower FLC levels in serum, but
could be useful in detecting those with
altered FLC ratios or large differences
between isotypes. This would be particu-
larly applicable in plasma cell
dyscrasias. Future research in disease

populations is required to develop salivary FLC reference
ranges in patients and explore the relationship between FLCs
in serum and saliva to assess disease-specific utility. 

Identifying the source of FLCs in saliva was not examined as
part of the present investigation; however, possible pathways
have been highlighted by other studies involving salivary bio-

 

Table 4. Free light chain (FLC) responses to an incremental submaximal treadmill test to 75% 
HRmax in healthy older adults  
Median (5–95th percentile)  Pre-exercise Post-exercise 1 h post-exercise 
Saliva flow rate (mL/min)  0.31 (0.09–0.80) 0.29 (0.10–0.86)* 0.32 (0.11–0.90) 

Saliva concentrations (mg/L) 

FLC sum  4.80 (1.06–23.49) 2.84 (0.44–17.17) 3.83 (0.61–16.97)*** ††† 

FLC difference 2.92 (0.9–15.80) 1.72 (-0.37 –13.49)*** 2.14 (0.11–12.77)*** ††† 

FLC ratio  4.20 (1.23–9.37) 4.16 (0.37–9.05) 4.29(1.14–8.57) 

Saliva parameters controlling for flow rate (µg/min)  

FLC sum   1.86 (0.28–6.67) 0.65 (0.08–4.44)*** 1.11 (0.22–6.34)*** ††† 

FLC difference   1.03 (0.02–4.80) 0.40 (-0.03–3.12)*** 0.65 (-0.002–4.36)*** ††† 

FLC ratio  1.39 (0.25–5.69) 1.01 (0.05–4.62)* 1.45 (0.19–4.97)† 

Serum concentrations (mg/L)    

FLC sum  20.73 (10.68–35.38) 20.98 (11.00–34.88) 20.42–35.60) 

FLC difference 0.77 (-4.02–4.20) 0.63 (-3.87–4.30) 1.15 (-3.87–4.41) 

�:� ratio 1.07 (0.71–1.52) 1.07 (0.70–1.43) 1.13 (0.71–1.45) 
                                                                                                                                                         

                           ∗ Significantly different to pre-exercise; † significantly different to post-exercise 
*** and ††† p < 0.001; * and † p < 0.05 
 

 

 
 
 
 
 
 

 

 

 
Table 5.  Summary of median percentage changes in free light chain parameters in serum and 
saliva in response to acute exercise in young and older adults  
 Young adults  Older adults  

 Maximal exercise:  
1 h all-out cycling 

time trial  

Submaximal exercise: 
2 h cycling at 60% 

VO2max 

Submaximal treadmill 
test to 75% HRmax 

 % pre–post % pre–post %pre–1 h 
post 

%pre–post %pre–1 h 
post 

Saliva concentration  
Kappa  -33.9 -9.6 -6.0 -50.6 -27.9 
Lambda  -6.2 5.6 -3.9 -46.3* -37.6 

Saliva Secretion  
Kappa  -34.0 -29.8 -10.4 -59.0 -26.8 
Lambda  -8.2 -12.0 -28.8 -53.5 -31.0 

Serum concentration  

Kappa  2.4   1.3 0.7 
Lambda 0.6   0.3 -2.3 

                                                                                                                                                             
* Significantly different to young adults submaximal exercise pre-post change value, p < 0.05 

�

�

�

�

�
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Figure 1. Salivary kappa (A) and lambda (B) free light chain (FLC) secretion rates and the kappa:lambda ratio controlling for flow rate (C) in
young and older adults. Boxes represent the 25–75th percentile, with the line indicating the median, and whiskers show the 10–90th percentile.  
* Significantly higher FLC secretion rate and kappa: lambda ratio in the older adults compared with the young adults, p < 0.001

Figure 2. Kappa (A) and lambda (B) free light chain (FLC) concentrations in serum and saliva in response to submaximal exercise in older adults
* Kappa (A) and lambda (B) FLC concentrations were significantly reduced post-exercise and 1 h post-exercise compared with pre-exercise in
saliva, p < 0.001; † Kappa and lambda FLC concentrations increased 1 h post-exercise compared with immediately post-exercise in saliva, p <
0.05. Serum FLC levels did not change in response to exercise. Values are means ± SEM
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markers. The predominant immunoglobulin in saliva is secre-
tory IgA, which is secreted by local plasma cells and synthe-
sised in dimeric form. Alternatively, IgG, and the majority of
monomeric IgA, present in saliva is derived from serum rather
than local production; these likely enter the saliva through
gingival cervices, via gingival crevicular fluid (GCF) (30, 31).
GCF is an oral fluid that consists of serum transudate and tis-
sue exudates, and has been shown to include immunoglobu-
lins (32). Other serum factors, such as hormones, can enter
saliva via passive diffusion through cells or filtration mecha-
nism between cells, depending on the size of the molecule
(33). As FLCs concentrations and secretion rates in saliva did
not correlate well with serum levels, a proportion of FLCs in
saliva may be a result of local production and/or dependent
upon variable levels of periodontitis. FLCs in saliva could be
from serum or may reflect local production, or a combination
of both these possibilities. Further studies are required to
determine the exact source and mode of entry of FLCs in sali-
va. 

Older adults demonstrated significantly higher levels of all
FLC parameters in saliva compared with young adults. Saliva
flow rates were significantly lower in older adults compared to
young adults. This is consistent with previous studies and has
been proposed to be driven by medication use (28, 34), in fact,
flow rate may not be affected by age in healthy individuals who
are not taking medication (35). In the present study, all findings
withstood correction for chronic medication usage and when
adjusting for flow rate all saliva parameters remained higher in
the older adults, suggesting the observed age differences are
not simply reflecting flow rate differences. The pattern of ele-
vated FLCs in the older cohort was not observed for serum,
where higher lambda FLC levels were seen in the younger
adults, resulting in a lower FLC ratio and higher FLC differ-
ence. Although these findings were statistically significant, it
should be noted that all participants had FLC levels and ratios
within the normal range, and these age differences in serum are
therefore unlikely to have any clinical implications. There were

no significant sex effects on FLC levels, although it should be
noted the majority of participants were male, therefore possible
gender effects should still be considered in future studies. Fur-
ther, age differences in FLCs were independent of time of day:
there were no differences in saliva samples based upon time of
day and all serum samples were taken in the same time period.
However, repeated sampling of individuals across the day
would be required to conclusively determine if FLCs exhibit
any form of diurnal variation.

As age-related increases were observed across saliva indices
rather than serum, these findings may be indicative of age
specific changes at an oral level. Physiological changes due to
ageing have been hypothesised to result in salivary gland atro-
phy and in turn affect secretory capacity, although available
evidence suggests that this postulation may not necessarily be
true (36). The present study suggests that the concentration
and secretion of FLCs is elevated rather than diminished with
age; this may be due to oral factors related to ageing. Ageing
is associated with higher rates of gum disease, decay and con-
sequently tooth loss. In the UK, less than 10% of adults over
65 years of age have no signs of pocketing, calculus or bleed-
ing (indicators of periodontal health) and only 1% of adults
aged over 55 can be classified as having excellent oral health
(37). Nearly 50% of adults aged 65–74 display signs of gin-
givitis and 65% of 75–84 year olds have indications of more
advanced periodontal disease (38). Similarly, a large study in
the US found that 64% of adults aged ≥ 65 had moderate or
severe periodontitis (39). Periodontitis is associated with low
molecular weight serum proteins in the crevivular fluid, pro-
portional to the degree of inflammation (40). Low molecular
weight proteins would encompass FLCs rather than whole
immunoglobulins. The higher levels of salivary FLCs
observed in the elderly cohort may reflect poorer overall oral
health and accompanying greater degree of immune activation
and inflammation compared with the young cohort. Although
no participants in the present study reported any specific den-
tal problems or gum disease, underlying processes may be

Figure 3. Salivary kappa (A) and lambda (B) free light chain (FLC) secretion rates in response to submaximal exercise in older adults.
* Kappa (A) and lambda (B) FLC secretion rates were significantly reduced post-exercise (p < 0.001) and 1 h post-exercise (p < 0.01) compared
with pre-exercise in saliva; † Kappa and lambda FLC secretion rates increased 1 h post-exercise compared with immediately post-exercise,
p < 0.001. Values are means ± SEM
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taking place that have not yet manifested with any noticeable
signs to the individual, or may occur prior to the presentation
of periodontal disease. Broader ranges of FLCs were observed
in older adults for saliva variables compared with young
adults, suggesting a higher degree on inter-individual variabil-
ity in this age group; this may reflect larger individual differ-
ences in oral health. 

Elevated salivary FLC levels in older individuals may have
implications for wider aspects of health. The immune decline
and dysregulation that occurs with ageing favours a pro-
inflammatory profile, which is associated with various chron-
ic diseases (41, 42). Oral inflammation has been suggested to
impact upon systemic inflammation, and consequently effect
vital organs and contribute to or exacerbate inflammatory
conditions (43); this concept is particularly important in the
context of immunosenescence and age-related diseases.
Although FLCs have been implicated in immune and inflam-
matory processes, as this is the first study to explore salivary
FLCs their specific roles within the oral environment is cur-
rently unknown. Further, in the present sample all participants
had serum FLC levels within the normal range and were in
good health. It would be interesting to examine the relation-
ship between salivary FLCs and serum FLCs in patients with
periodontitis or chronic diseases where polyclonal FLCs may
be elevated. Alternatively, as evidence suggests that FLCs
may have anti-viral properties (20), raised FLCs may also
confer some degree of protection against pathogens, such that
having elevated levels may in fact be advantageous. Whole
immunoglobulins were not measured as part of the present
study; however, salivary IgA secretion rates have been shown
to be significantly lower in elderly individuals and decrease
with increasing age (34, 44). The balance between secretory
immunity and FLCs in saliva should be explored as part of
future investigations.

In younger adults, 2 h of submaximal exercise resulted in
modest reductions in salivary FLC concentrations and secre-
tions rates immediately post-exercise. However, significant
findings only emerged in relation to the FLC difference and
Κ:λ ratio between post- and 1 h post-exercise; these were
driven by slightly higher recovery of kappa FLC concentra-
tions and secretions at 1 h relative to lambda FLCs. For the 1
h TT, percentage reductions in salivary parameters post-exer-
cise were greater than observed after 2 h of cycling, but no
significant findings were observed for this exercise trial. In
contrast, older adults demonstrated significant reductions in
kappa and lambda FLC concentrations and secretion rates, in
addition to sum, difference and ratio parameters, post-exer-
cise. These variables then significantly increased 1 h post-
exercise compared to immediately post-exercise, although
generally remained significantly below pre-exercise values.
These findings suggest that salivary FLCs are significantly
reduced after exercise in older adults, where only minor alter-
ations occur in young individuals.

Stimulation of the sympathetic nervous system can result in
vasoconstriction of salivary glands. This, in addition to hyper-
ventilation causing evaporation and dehydration during exer-
cise, may lead to a decrease in saliva volume (45, 46).
Parasympathetic withdrawal is also thought to contribute sig-

nificantly to the reduction in saliva flow rate with exercise
(44). It may be that blood flow to the saliva glands during
exercise is reduced to a greater extent in older adults. Howev-
er, given there was no significant effect of exercise on saliva
flow rates, in either age group, and changes were also
observed when variables were expressed as secretion rates,
the mechanism responsible for the decrease in salivary FLCs
does not appear to be linked to saliva volume. These changes
are also unlikely to reflect differences in exercise duration or
intensity. Older adults exercised for one third or sixth of the
time as the young adult cohorts, and although the maximum
intensity was higher than the 2 h cycling bout, the TT exceed-
ed 75% HRmax. Prolonged and intense exercise has been
shown to decrease secretion of salivary IgA, which has been
attributed to changes in transport into the saliva, rather than
changes in local plasma cell activation and immunoglobulin
synthesis (47). It is likely that this is also the case for FLCs
due to the transient nature of exercise-induced changes, and
the mechanisms of FLC transport into the saliva are reduced
in response to exercise, without any significant accompanying
change in volume. As the roles of salivary FLCs are yet to be
determined, the implications of a reduction in FLCs post-exer-
cise are unclear at present, nor if acute changes translate into
altered resting levels as a result of exercise training. 

Serum FLCs did not change in response to exercise in either
age group. This is consistent with findings in elderly individu-
als in relation to endurance walking (22). In contrast, increas-
es in FLCs, resulting in minor elevations in FLC sum and Κ:λ
ratio, have been observed after marathon running (24). It may
be that only high intensity exercise of a sufficiently prolonged
nature is capable of eliciting perturbations in serum FLC
parameters. Including the present study, only three investiga-
tions into FLCs and exercise have taken place to date. Further
studies are required to fully characterise the FLC response to
acute exercise, including resistance exercise.

CONCLUSIONS 

We have generated reference ranges for FLCs in saliva in
healthy individuals. Polyclonal FLCs in serum have been
shown to be able to identify and monitor disease in a range of
conditions and be prognostic of mortality in the general popu-
lation. The ability to reliably assess FLCs in saliva and the
reference ranges provided will potentially broaden the use of
this biomarker in healthy and clinical populations. We have
demonstrated that older adults have higher salivary FLC
parameters compared with young adults. This may be impor-
tant in the context of inflammatory process and diseases asso-
ciated with ageing. Additional research is required to explore
connections between serum and saliva FLCs in disease and
understand the biological roles of salivary FLCs. Exercise did
not affect serum FLCs, but significantly reduced salivary
FLCs in older adults. These changes appear to be transient
and FLC concentrations and secretion rates began to recover
at 1 h post-exercise, although remained below pre-exercise
values. Future studies are needed to appreciate the relation-
ship between FLCs and acute exercise and chronic exercise
training. Given what we already know about serum FLCs and
their diverse applications as a biomarker, salivary FLCs have
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a range of exciting prospects within aspects of ageing, disease
and exercise immunology research.
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ABSTRACT

Vitamin D is mainly obtained through sunlight ultraviolet-B
(UVB) exposure of the skin, with a small amount typically
coming from the diet. It is now clear that vitamin D has
important roles beyond its well-known effects on calcium and
bone homeostasis. Immune cells express the vitamin D recep-
tor, including antigen presenting cells, T cells and B cells, and
these cells are all capable of synthesizing the biologically
active vitamin D metabolite, 1, 25 dihydroxy vitamin D. There
has been growing interest in the benefits of supplementing
vitamin D as studies report vitamin D insufficiency (circulat-
ing 25(OH)D < 50 nmol/L) in more than half of all athletes
and military personnel tested during the winter, when skin
sunlight UVB is negligible. The overwhelming evidence sup-
ports avoiding vitamin D deficiency (25(OH)D < 30 nmol/L)
to maintain immunity and prevent upper respiratory illness
(URI) in athletes and military personnel. Recent evidence
supports an optimal circulating 25(OH)D of 75 nmol/L to pre-
vent URI and enhance innate immunity and mucosal immunity
and bring about anti-inflammatory actions through the induc-
tion of regulatory T cells and the inhibition of pro-inflamma-
tory cytokine production. We provide practical recommenda-
tions for how vitamin D sufficiency can be achieved in most
individuals by safe sunlight exposure in the summer and daily
1, 000 IU vitamin D3 supplementation in the winter. Studies
are required in athletes and military personnel to determine
the impact of these recommendations on immunity and URI;
and, to demonstrate the purported benefit of achieving
25(OH)D > 75 nmol/L. 

Keywords: Exercise; Immune; Infection; Cholecalciferol;
Ergocalciferol

1. INTRODUCTION

Stress-induced immune dysregulation is widely acknowl-
edged to have negative implications for health (48). Those
working in the field of exercise immunology have shown us
that individuals who undertake heavy physical exertion, par-
ticularly when combined with periods of psychological stress,
nutritional inadequacy and sleep disruption (e.g. athletes and
military personnel), risk compromising host defence and
increasing their susceptibility to respiratory viral infections
such as the common cold and possibly to other infectious
microorganisms (58, 136, 137). In 1981, the British general
practitioner and celebrated epidemiologist, R. Edgar Hope-
Simpson was the first to hypothesise that respiratory viral
infections (e.g. epidemic influenza) have a ‘seasonal stimulus’
intimately associated with solar radiation. He observed an
increased incidence of respiratory viral infections during the
winter that appeared to be more strongly related to the amount
of solar radiation than the presence of anti-viral antibodies.
The nature of this ‘seasonal stimulus’ remained undiscovered
until the important immuno-modulatory effects of the sun-
light-dependent secosteroid vitamin D were fully recognised
(Figure 1) (24); indeed, vitamin D levels in the human body
are known to fall to a nadir during the peak influenza season
and peak when influenza is scarce (95).

Vitamin D refers to a group of fat-soluble secosteroids respon-
sible for enhancing intestinal absorption of calcium, iron,
magnesium, phosphate and zinc (63). In humans, vitamin D
can be obtained either from sunlight exposure at the skin or in
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Figure 1. The association between circulating 25(OH)D (closed cir-
cles) and respiratory infection (open circles) in British adults. Adapted
from Berry et al. (16). Upper dotted line indicates vitamin D sufficiency
threshold (50 nmol/L) and lower dotted line indicates vitamin D defi-
ciency threshold (30 nmol/L) as suggested by the Institute of Medi-
cine (66).
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the foods we eat and by consuming dietary supplements. Vita-
min D production as a result of sunlight ultraviolet (UV) B
radiation penetrating the skin typically provides 80-100% of
the body’s vitamin D requirements. In humans, the most
important compounds in the vitamin D group are vitamin D3
(also known as cholecalciferol) and vitamin D2 (ergocalcifer-
ol). Both cholecalciferol and ergocalciferol can be ingested
from the daily diet and from supplements. Unlike other fat-
and water-soluble vitamins, the body can also synthesise vita-
min D (specifically cholecalciferol) in the skin, from choles-
terol, when exposure from sunlight UVB is adequate. Evi-
dence indicates the synthesis of vitamin D from sunlight UVB
exposure is regulated by a negative feedback loop that pre-
vents toxicity, but because of uncertainty about the cancer risk
from overexposure to sunlight, currently no recommendations
are issued by national bodies regarding the amount of sunlight
exposure required to meet vitamin D requirements. Accord-
ingly, the recommended daily dietary intake of vitamin D for
adults (5 µg or 200 IU in the European Union and 15 µg or
600 IU in the USA) assumes that no synthesis occurs and all
of a person's vitamin D is from food intake, although that will
rarely occur in practice. As vitamin D can be synthesised in
adequate amounts by humans and most other mammals
exposed to sunlight, it is not strictly a vitamin (i.e. an organic
compound and a vital nutrient that an organism requires in
limited amounts), and following its hydroxylation in the body
to 1, 25 dihydroxy vitamin D (1, 25(OH)2D) it may be consid-
ered a hormone as its synthesis and biological activity occur
in different locations. Its discovery in the 1930s can be attrib-
uted to key contributions by the chemist Adolf Windaus that
included the elucidation of the chemical structures of vitamin
D (144).

Inadequate nutrition in terms of
dietary energy, macro- or
micronutrients is a potential
cause of depressed immune
function in those engaging in
heavy training regimens (137).
While most individuals under-
going heavy training who con-
sume a varied diet sufficient to
meet their energy needs should
meet their micronutrient
requirements, one exception can
be the failure to achieve ade-
quate vitamin D status during
the winter months due to limited
vitamin D synthesis from
reduced sunlight exposure
(106). Therefore, dietary
sources of vitamin D and oral
vitamin D supplementation are
of particular importance during
the winter as will be discussed
in this review. 

The focus of this review is on
the effects of vitamin D on
immune function and suscepti-
bility to infection and its poten-

tial importance for health maintenance in athletes and military
personnel. After covering the structure, sources, metabolism
and measurement of vitamin D we will present evidence
showing that vitamin D deficiency (defined by the Institute of
Medicine (IoM) as a circulating 25(OH)D concentration < 30
nmol/L and used hereafter) occurs commonly in athletes and
military personnel. The influence of vitamin D status on
innate and adaptive immunity, wound repair and respiratory
infection with specific reference to those undergoing heavy
training schedules will follow. Then we will discuss whether a
circulating 25(OH)D level ≥ 75 nmol/L represents an optimal
vitamin D status for immune function and host defence with
some simple practical guidance on safe summer sunlight
exposure and safe oral vitamin D supplementation during the
autumn and winter. The reader is referred to other recent
reviews for a consideration of the influence of vitamin D on
bone health and risk of fractures, cancer prevention, hyperten-
sion and mortality (15, 20) and the emerging role of vitamin D
in optimising muscle function and athletic performance (6, 80,
99, 105, 106, 123, 130).

1.1 Vitamin D structure and sources
All forms of vitamin D belong to a family of lipids called sec-
osteroids which are very similar in structure to steroids except
that two of the B-ring carbon atoms of the typical four steroid
rings are not joined, whereas in steroids they are (Figure 2A).
The biologically active metabolite, 1, 25(OH)2D, acts very
much like a steroid, binding to nuclear receptors and modulat-
ing gene expression and subsequently the synthesis of specific
proteins.

Figure 2. General structure of a secosteroid compared with that of a traditional steroid (A) and the struc-
ture of the vitamin D secosteroids (B): Ergocalciferol (D2) is produced by UV irradiation of ergosterol, a
membrane sterol which is produced by some kinds of plankton, invertebrates, yeasts and fungi. Chole-
calciferol (D3) is produced by ultraviolet B irradiation of 7-dehydrocholesterol in the skin which supplies
80-100% of the body’s vitamin D requirements. Also shown (C) is the biologically active form of vitamin D,
1, 25-dihydroxy-vitamin D (1, 25(OH)2D), known as calcitriol or calciferol.
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Two forms of vitamin D can be obtained from dietary sources
(Figure 2B): vitamin D3 (cholecalciferol) and vitamin D2
(ergocalciferol). While vitamin D3 is found in food from ani-
mal origin, such as oily fish, egg yolk, liver and milk, vitamin
D2 is present in some plants and mushrooms (derived from
UVB exposure of fungi and yeast ergosterols). Some foods
including cereals, margarine and dairy products may be forti-
fied, usually with vitamin D3. The fractional absorption of
both forms of vitamin D from lipid micelles (with the aid of
bile salts) in the gut is about 50%. After uptake by intestinal
mucosal cells they are incorporated into chylomicrons and
enter the circulation via the lymphatic system.

Under optimal conditions of skin sunlight exposure, vitamin
D3 production from UVB-mediated conversion of 7-dehydro-
cholesterol in the plasma membrane of skin cells provides 80-

100% of the body’s vitamin D requirements (78). This process
is rapid and the production of vitamin D3 in the skin after only
a few minutes of appropriate sunlight easily exceeds dietary
sources. The UVB radiation (wavelength of 290-320 nm) pro-
motes photolytic cleavage of 7-dehydrocholesterol into pre-
vitamin D in the epidermis, which is subsequently converted
into vitamin D3 by a spontaneous thermal isomerisation.
Newly synthesised vitamin D3 (and its metabolites) are bound
to vitamin D-binding protein (VDBP) for systemic transport.
Vitamin D2 is more rapidly metabolised than vitamin D3, is
less well bound to VDBP and therefore has a shorter half-life.

1.2 Metabolism of vitamin D
Vitamin D needs to be hydroxylated twice to achieve the bio-
logically active form, 1, 25(OH)2D (Figure 2C). The endoge-
nously synthesised vitamin D3 and diet-derived D2 and D3

Figure 3. Mechanisms for innate and adaptive immune responses to vitamin D. Ergocalciferol (vitamin D2) from the diet and cholecalciferol (vita-
min D3) from the diet or produced from the action of UVB on the skin are metabolised in the liver to form 25-hydroxyvitamin D (25(OH)D), the
main circulating form of vitamin D. Target cells such as monocytes, macrophages and dendritic cells expressing the mitochondrial vitamin D-
activating enzyme 1-α hydroxylase (CYP27B1) and the cytoplasmic vitamin D receptor (VDR) can then utilise 25(OH)D for intracrine responses
via localised conversion to 1, 25-dihydroxy-vitamin D (1, 25(OH)2D; calcitriol, shown in the Figure as 1,25D for intracellular locations). In mono-
cytes and macrophages this promotes antibacterial responses to infection. In dendritic cells, intracrine synthesis of 1, 25(OH)2D inhibits dendrit-
ic cell maturation, thereby modulating helper T-helper (Th) cell function. Th cell responses to 25(OH)D may also be mediated in a paracrine fash-
ion, via the actions of dendritic cell-generated 1, 25(OH)2D. Intracrine immune effects of 25(OH)D also occur in epithelial cells expressing the
VDR and the 1-α hydroxylase (CYP27B1). However, other leukocytes such as neutrophils and natural killer (NK) cells do not appear to express
CYP27B1 and are therefore likely to be directly affected by circulating levels of 1, 25(OH)2D synthesised by the kidneys or locally produced in
and secreted from tissue macrophages and dendritic cells. VDR-expressing Th cells are also potential targets for systemic 1, 25(OH)2D,
although intracrine mechanisms have also been proposed. In a similar fashion, epithelial cells can respond in an intracrine fashion to 25(OH)D,
but may also respond to systemic 1, 25(OH)2D to promote antibacterial responses.
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must first be hydroxylated in the liver into 25(OH)D (calcidiol
or calcifediol) at the carbon 25-position by the enzyme, 25-
hydroxylase. The main storage form of vitamin D, 25(OH)D
is found in muscles and adipose tissue, and 25(OH)D is the
major circulating metabolite of vitamin D, with a half-life of
2-3 weeks. Therefore, the total plasma concentration of
25(OH)D is considered to be the primary indicator of vitamin
D status (11).

In the second hydroxylation, 25(OH)D is converted in the kid-
ney to the biologically active form, 1, 25(OH)2D (calcitriol or
calciferol), by 1-α-hydroxylase, an enzyme which is stimulat-
ed by parathyroid hormone (PTH) when serum calcium and
phosphate concentrations fall below their normal physiologi-
cal range of 2.1–2.6 mmol/L and 1.0–1.5 mmol/L, respective-
ly. 1, 25(OH)2D, is released into the circulation from the kid-
ney which is considered as a vital endocrine source of hor-
mone (Figure 3). Normal concentrations of circulating 1,
25(OH)2D are approximately 50-250 pmol/L, about 1000
times lower than its precursor, 25(OH)D; the plasma half-life
of 1, 25(OH)2D is 4-6 hours. Some cells other than kidney
cells also express 1-α-hydroxylase and have the enzymatic
machinery to convert 25(OH)D to 1, 25(OH)2D in non-renal
compartments including cells of the immune system as illus-
trated in Figure 3 (8). Importantly, 1, 25(OH)2D limits its own
activity in a negative feedback loop by inducing 24-hydroxy-
lase, which converts 1, 25(OH)2D into the biologically inac-
tive metabolite, 1, 24, 25(OH)3D. In addition, 1, 25(OH)2D
also inhibits the expression of renal 1-α-hydroxylase. This
negative feedback loop reduces the likelihood of hypercal-
caemia by preventing excessive vitamin D signalling, thus
maintaining bone health.

1.3 Mode of action of 1, 25(OH)2D
1, 25(OH)2D exerts its functions by acting as a modulator of
over 900 genes (73). Circulating 1, 25(OH)2D passes through
the plasma membrane of target cells and binds to the vitamin
D receptor (VDR) in the cytoplasm. The VDR is a nuclear
receptor and ligand-activated transcription factor. It is a mem-
ber of the superfamily of nuclear hormone receptors and it is
composed of an α-helical ligand-binding domain and a highly
conserved DNA binding domain. High-affinity binding of 1,
25(OH)2D to the α-helical ligand-binding domain of VDR
activates transcription by heterodimerization with the retinoid
X receptor (RXR), which is essential for the high-affinity
DNA binding to cognate vitamin D response elements
(VDRE). The 1, 25(OH)2D-VDR-RXR heterodimer translo-
cates to the nucleus where it binds to VDRE located in the
regulatory regions of 1, 25(OH)2D target genes and then
induces expression of the vitamin D responsive genes (8). 

1.4 Vitamin D measurement
Measurement of plasma or serum 25(OH)D concentration is
widely used in clinical practice and research reports to assess
vitamin D status as 25(OH)D is the major circulating metabo-
lite of vitamin D in whole blood. It has been demonstrated
that 25(OH)D in whole blood, serum or plasma is stable at
room temperature or when stored at -20°C and is unaffected
by multiple freeze-thaw cycles (2, 7, 143). For example, stor-
age of serum samples for up to 3 years at -20°C does not
affect serum 25(OH)D concentrations (2) and 25(OH)D con-

centrations in serum samples that have been thawed and
refrozen up to four times are still reliable (7).

Plasma or serum 25(OH)D concentration can be measured by
competitive protein binding assay, immunoassay, high pres-
sure liquid chromatography (HPLC) and liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) (40). Current
25(OH)D ELISAs employ polyclonal or monoclonal antibod-
ies that bind specifically to human 25(OH)D. Nevertheless,
the competition between the 25(OH)D specific antibodies and
VDBP in plasma samples makes these assays difficult to con-
trol (29, 38). The plasma 25(OH)D concentration cannot be
measured accurately unless it is released from VDBP and the
strong protein binding of 25(OH)D requires the employment
of suitable conditions to release 25(OH)D from VDBP (40,
135). In addition, most commercial immunoassays cannot
measure the concentration of 25(OH)D2 and 25(OH)D3 inde-
pendently. It has been reported that there was an underestima-
tion of plasma 25(OH)D2 concentration in several commercial
immunoassays which resulted in marked variations of the
total plasma 25(OH)D levels (D2 and D3) (40, 135). The LC-
MS/MS method is generally considered to be the gold stan-
dard method for the measurement of plasma or serum
25(OH)D levels because isotope dilution LC-MS/MS method
can simultaneously and accurately quantitate both 25(OH)D2
and 25(OH)D3 (135, 146). Furthermore, both 25(OH)D2 and
25(OH)D3 can be extracted from plasma samples using isolute
C18 solid phase extraction cartridges in the LC-MS/MS assay.
Nonetheless, the use of LC-MS/MS is not without limitations.
Significant inter-assay variability of 16.4% has been reported
for 25(OH)D measurement using in-house standards and can
only be avoided if laboratories use common standards (26) as
well as adopt the similar preparation and calibration methods
(39). 

1.5 Classical biological role of vitamin D for bone health
The classic function of vitamin D is to maintain the health of
bones and teeth by influencing calcium homeostasis. Vitamin
D influences bone health by upregulating the expression of
genes for several calcium transport proteins that enhance cal-
cium absorption from the diet in the small intestine and
increase calcium reabsorption in the renal tubules (in associa-
tion with elevated PTH). Vitamin D also stimulates bone cell
differentiation to promote calcium homeostasis and bone
health (63). In the general population, individuals who main-
tain higher vitamin D status have higher bone mineral density
in the hip and lumbar spine (63). In physically active popula-
tions, sufficient vitamin D is important for the prevention of
stress fractures. For example, in Finnish military recruits
stress fracture risk was 3.6 times higher in those with relative-
ly low vitamin D status (25(OH)D concentration < 75
nmol/L) compared to those with higher status (118). A ran-
domised, placebo-controlled, double-blind trial of vitamin D3
supplementation (daily 800 IU with 2 g calcium) found a 20%
reduction in stress fracture incidence in female US naval
recruits compared with those taking a placebo (79).

1.6 Is there a consensus of opinion on vitamin D status
classifications for immune health?
The simple answer to this question is ‘no’. The IoM has rec-
ommended a circulating 25(OH)D level above 50 nmol/L to
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achieve ‘good bone health’ in virtually all of the population
but there are no such classifications for vitamin D status in
relation to immunity and resistance to common infections
(Table 1) (117). In fact, right now there is still no definitive
consensus of opinion on the thresholds for vitamin D status

and bone health. For example, the circulating
25(OH)D level below which represents deficiency
for bone health has been proposed as 30 nmol/L by
the IoM (117) but 50 nmol/L by the Endocrine
Society and a number of world-leading
researchers in the field (20, 64). Furthermore,
based on the studies relating 25(OH)D with circu-
lating PTH levels, as well as other evidence for
reducing risk of fracture, improving muscle
strength and preventing chronic diseases, the

Endocrine Society recommends that vitamin D sufficiency
should be defined as circulating 25(OH)D > 75 nmol/L (64).
Also, a recent and comprehensive review that summarises the
various studies that have attempted to evaluate threshold lev-
els for circulating 25(OH)D levels in relation to bone mineral

 

Table 2. Vitamin D status in athletes and military personnel. 

Season Location 
(latitude) Population N Age 

(years) 

Circulating 25(OH)D concentration (nmol/L) 

Ref 
% < 30 nmol/L1 

Deficient 
% < 50 nmol/L1 

Insufficient 
% < 75 nmol/L2 

Suboptimal 

Winter 
        

 Finland  
(60 - 70 ºN) 

Finnish military 
recruits 

196 18 - 28 19% < 25 78% < 40 - Laaksi et al.(77) 

 Liverpool, UK 
(53 °N) 

Elite soccer players 20 24 - 65% - Morton et al. 
(100) 

 Liverpool, UK 
(53 °N) 

UK club athletes 30 20 - 24 20% 57% - Close et al. (34) 

 Liverpool, UK 
(53 °N) 

Professional UK 
athletes 

61 18 - 27 35%  64% - Close et al.(33) 

 Loughborough, 
UK (53 ºN) 

Recreational to elite 
athletes 

225 21 8% 38% - He et al. (56) 
 

 Barcelona  
(41 ºN) 

Professional 
basketball players 

21 25 10% < 25 57% - Garcia 
& Guisado(42) 

Autumn         
 Washington, 

USA (47 °N) 
Collegiate athletes 39 18 - 33 - 3% 26% < 80 Storlie et al. (127) 

 Australia  
(35 °S) 

Australian female 
gymnasts 

18 10 - 17 - 33% 83%  Lovell (87) 

Summer         

 Finland  
(60 - 70 ºN) 

Finnish military 
recruits 

756 18 - 29 - 4% < 40 - Laaksi et al.(76) 

 

     

  
    

 

    

 
    

 
    

 
    

 

 California, 
USA (34 °N) 

Collegiate athletes 223 - - 3% 34% < 80  Villacis et 
al.(133) 

 Doha, Qatar 
(25 ºN) 

Middle-eastern 
sportsmen 

93 13 - 45 59% < 25 91% 100% Hamilton et 
al.(51) 

 Doha, Qatar 
(25 ºN) 

Professional Qatar 
based footballers 

342 16 - 33 12% < 25 
 

56% 84% Hamilton et 
al.(52) 

All seasons         
 Carolina, USA 

(35 °N) 
Young active 
military personnel 

312 - - - 52% Wentz et al.(142) 

Not reported         
 East Germany 

(53 ºN) 
Competitive 
gymnasts 

85 8 - 27 37% < 25 - - 
Bannert et al.(12) 

 Pittsburgh, 
USA (40 °N) 

National football 
league players 

80 22 - 37 - 26% 69% Maroon et al.(92) 

 Jerusalem, 
Israel (32 °N) 

Athletes and 
dancers 

98 10 - 30 - - 73% Constantini et 
al.(35) 

 Texas, USA 
(31 °N) 

Overweight and 
obese soldiers 

314 31 - 21% 72% < 72 Funderburk et 
al.(41) 

Age is presented as mean or range. Hyphen ‘-’ indicates not reported.  
1Values are based on current recommendations for bone health, where circulating 25(OH)D < 30 nmol/L is defined as deficient and < 50 nmol/L is defined as insufficient (66). 
Note: not all authors have used the IoM classification as reflected in the table.  
2Evidence suggests that those with circulating 25(OH)D < 75 nmol/L have a higher adjusted odds of acute respiratory infections compared with individuals with 25(OH)D levels 
� 75 nmol/L (97).�
�

 

Table 1. Classification of vitamin D status suggested by the Institute of Medicine . 1

Vitamin D status Circulating 25(OH)D concentration 
(nmol/L) 

Deficient < 30 
Inadequate 30 - 50 
Sufficient > 50  
1Institute of Medicine (66). 
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density, lower limb function, dental health, cancer prevention,
risk of falls, fractures, incident hypertension and mortality
concludes that for all endpoints, circulating levels of
25(OH)D < 50 nmol/L are associated with adverse effects or
no benefit, while the most advantageous circulating levels for
25(OH)D appeared to be close to 75 nmol/L (20). Further
research is clearly required to investigate whether a circulat-
ing 25(OH)D > 75 nmol/L is necessary to optimise immune
function, as will be discussed in more detail in section 5.3. For
the purposes of this review, vitamin D deficiency is denoted
as circulating 25(OH)D < 30 nmol/L in line with the current
IoM recommendations (117). 

2. IS VITAMIN D DEFICIENCY A PROBLEM
FOR ATHLETES AND MILITARY

PERSONNEL?

The answer to this question appears to be ‘yes’ although to
date we know of no evidence indicating that athletes are at
greater risk of vitamin D deficiency than non-athletes. A sum-
mary of the current evidence on vitamin D status in athletes
and military personnel is provided in Table 2. As logic dic-
tates, vitamin D deficiency is more prevalent in the winter
when skin sunlight UVB exposure and endogenous synthesis
of vitamin D is low and in those who cover their skin whilst
training outdoors in the summer (51) or who train predomi-
nantly indoors (12). In the winter months more than half of
the athletes and military personnel studied could be consid-
ered to have insufficient vitamin D status (circulating
25(OH)D < 50 nmol/L) and as many as 35% could be consid-
ered vitamin D deficient. Important considerations when
interpreting the data on the incidence of vitamin D deficiency
in athletes and military personnel (Table 2) include: sunlight
avoidance behaviour (fear of sunburn and skin cancer); sea-
son; latitude; skin type; clothing and sunscreen use, all of
which will be discussed in section 7.

3. EMERGING BIOLOGICAL ACTIONS OF
VITAMIN D

Many tissues other than kidney, including brain, lung, muscle,
skin, adipose tissue and cells of the immune system possess
both the 1-α-hydroxylase and VDR and are able to produce
the biologically active 1, 25(OH)2D from circulating
25(OH)D (11). It is important to note that extra-renal 1-α-
hydroxylase differs from renal 1-α-hydroxylase in that it is not
regulated by circulating PTH, calcium and phosphate concen-
trations (145). In recent years it has been established that vita-
min D is not only important for calcium homeostasis and bone
health but also for the optimal function of skeletal muscle and
immune function.

3.1 Vitamin D and skeletal muscle function
Vitamin D can modulate skeletal muscle function by both
genomic and nongenomic events. 1, 25(OH)2D induces mus-
cle gene transcription and protein synthesis to influence mus-
cle cell proliferation and differentiation, calcium uptake and
phosphate transport across the sarcolemma (50). The nonge-
nomic responses include modulation of calcium uptake across

the sarcolemma and the activation of mitogen-activated pro-
tein kinase signalling pathways in muscle fibres (50). Vitamin
D also up-regulates expression of insulin-like growth factor-1
(IGF-1) (5), which has a well-recognised role in muscle
remodelling, hypertrophy and strength gains (74). IGF-1,
which is mostly produced by the liver and bound by insulin-
like growth factor binding protein 3 (IGFBP-3) in the serum,
is a key component in muscle regeneration and could induce
proliferation, differentiation and hypertrophy of skeletal mus-
cle (5, 122). IGFBP-3 expression could be regulated by vita-
min D as there are vitamin D response elements in the pro-
moter region of the human IGFBP-3 gene which might lead to
higher circulating amounts of IGFBP-3 and so delay the nor-
mally rapid clearance of IGF-1 in the bloodstream (50, 83).
The obvious implication of these findings is that vitamin D
status and vitamin D supplementation might affect muscle
strength, endurance and athletic performance. This has
received considerable attention over the past decade and the
results of these studies have been the main focus of numerous
recent reviews about vitamin D and the athlete (6, 80, 99, 105,
106, 123, 130). The general consensus at present is vitamin D
deficiency could negatively impact athletic performance due
to the influence of vitamin D on muscle function. However,
there is insufficient evidence from a limited number of cross
sectional vitamin D status studies and longitudinal, ran-
domised, placebo-controlled vitamin D3 supplementation
studies in athletes to conclude that vitamin D is a direct per-
formance enhancer (46).

4. VITAMIN D AND IMMUNE FUNCTION

Vitamin D is known to have important effects on both innate
and adaptive immune function with implications for host
defence. These issues are the main focus of the remainder of
this review.

The discovery of VDR in almost all immune cells, including T
lymphocytes, B lymphocytes, neutrophils and antigen pre-
senting cells, such as monocytes, macrophages and dendritic
cells prompted the idea that vitamin D could have a vital role
in the regulation of immune responses (11). These immune
cells also express the mitochondrial vitamin D-activating
enzyme, 1-α-hydroxylase (CYP27B1) and thus possess the
ability to convert 25(OH)D to 1, 25(OH)2D. This conversion
is regulated by circulating levels of 25(OH)D and can also be
induced by activation of specific toll-like receptors (TLRs)
(18) which act as pathogen detectors. Thus, 1, 25(OH)2D
could play important roles in both innate and adaptive
immune responses (Figure 3). Four potential mechanisms by
which vitamin D can influence immune function have been
proposed: 1) direct endocrine actions on immune cells mediat-
ed by circulating 1, 25(OH)2D formed in the kidney; 2) direct
intracellular actions of 1, 25(OH)2D following intracrine con-
version of 25(OH)D to 1, 25(OH)2D within immune cells; 3)
paracrine actions of 1, 25(OH)2D produced in and secreted
from antigen presenting cells on local lymphocytes and neu-
trophils and 4) indirect effects on antigen presentation to T
cells mediated by influence of circulating 1, 25(OH)2D on
antigen presenting cells (60, 112). The proposed actions of 1,
25(OH)2D on the human immune system are summarised in
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Table 3. Although the actions of vitamin D do not alter num-
bers of circulating leukocytes, neutrophils, monocytes or lym-
phocytes, the proportions of lymphocyte subsets, particularly
within the T cell compartment, can be modified as can the
functions of various immune cells associated with both innate
and acquired immunity.

4.1 Vitamin D, innate immunity and mucosal immunity
It has been demonstrated that 1, 25(OH)2D is a vital mediator
of innate immune responses, enhancing the antimicrobial
properties of immune cells such as monocytes and
macrophages through the induction of antimicrobial proteins
(AMPs) and stimulation of autophagy and autophagosome
activity (18, 31). 1, 25(OH)2D is a key link between TLR acti-
vation and antimicrobial responses in innate immunity. Fol-
lowing activation of the TLR signalling cascade in the pres-
ence of microbes, 1, 25(OH)2D has a vital role in up-regulat-
ing the production of AMPs, such as cathelicidin and β-
defensin (85, 138). The AMPs have a broad range of activities
against microorganisms, particularly bacteria, and may also
be involved in the direct inactivation of viruses through mem-
brane destabilisation (68). They are produced by epithelial
cells and macrophages and in the lungs are secreted into the
biofilm covering the inner surface of the airways, thereby cre-
ating a barrier that is chemically lethal to microbes. Both
macrophages and epithelial cells, possessing the 1-α-hydroxy-
lase and VDR, are capable of responding to and producing 1,
25(OH)2D. The biologically active form, 1, 25(OH)2D, can
induce expression of the vitamin D responsive genes to
enhance the production of cathelicidin and β-defensin by
binding to VDREs as described previously in section 1.3. The
stimulation of TLRs by interaction with pathogen associated
molecular patterns in macrophages or by wounding the epi-
dermis in keratinocytes results in increased expression of both

the VDR and the 1-α-hydroxylase enzyme, which up-regu-
lates the production of 1, 25(OH)2D to stimulate the expres-
sion of cathelicidin and β-defensins in the presence of ade-
quate 25(OH)D as illustrated in Figure 4 (31, 85). 25(OH)D,
the major circulating form used to determine vitamin D status,
is an essential factor for the local production of 1, 25(OH)2D
to up-regulate cathelicidin production in the skin and in
macrophages. While 1, 25(OH)2D alone is sufficient for the
strong induction of cathelicidin expression, the combination
of IL-1β and 1, 25(OH)2D is required for the strong induction
of β-defensin. 1, 25(OH)2D can double the induction of β-
defensin production by IL-1β signalling which stimulates NF-
κB transcription factor function (84). 

In addition to its effects on AMPs, 1, 25(OH)2D strengthens
epithelial barrier functions by up-regulating genes for the pro-
teins required in tight junctions (e.g. occludin), gap juctions
(e.g. connexin 43) and adherens junctions (e.g. E-cadherin) in
epithelial cells, fibroblasts and keratinocytes (32, 47, 107).
Furthermore, 1, 25(OH)2D enhances the effectiveness of
monocytes and macrophages in killing microbes by enhancing
the generation of reactive oxygen species and the expression
of inducible nitric oxide synthase in these phagocytic cells
(124) as well as augmenting IL-1β secretion and up-regulating
the expression of CD14, the lipopolysaccharide (LPS) recep-
tor. 

Recent studies on natural killer (NK) cell function indicate
that 1, 25(OH)2D upregulates the expression of NK cell sur-
face cytotoxicity receptors NKp30, NKp44 and NKG2D,
downregulates the expression of the killer inhibitory receptor
CD158 and enhances NK cell cytolytic activity (3). Vitamin D
appears to have rather limited effects on neutrophil function.
Although neutrophils are recognised as an important source of

 

Table 3. The proposed effects of 1, 25 dihydroxy vitamin D on the immune system. 
Target site Actions of 1, 25 (OH)2D 
Antigen presenting cells Upregulation of the production of antimicrobial proteins and peptides (AMPs) (e.g. cathelicidin, β-defensins) 
 Increased generation of reactive oxygen species and the expression of inducible nitric oxide synthase 
 Increased macrophage phagocytosis 
 Upregulation of CD14 expression 
 Downregulation of CD40 (required for B cell activation) 
 Downregulation of CD80/86 (required for T cell activation) 
 Downregulation of MHCII expression 
 Elevation of IL-10 production 

 Inhibition of production of pro-inflammatory cytokines 
Saliva Increased saliva flow and AMP secretion  
Epithelial cells Upregulation of genes for gap junction, adherens junction and tight junction proteins to strengthen barrier function 
Natural Killer cells Downregulation of production of IFN-γ 
 Upregulation of expression of NK cytotoxicity receptors NKp30 and NKp44 

 Augmentation of IL-2 activated cytolysis 
T cells Increased vitamin D receptor expression 
 Suppression of T helper (Th) type 1 and induction of Th2 
 Inhibition of production of pro-inflammatory cytokines IL-2 and IFN-γ by Th1 cells 
 Elevation of IL-4 production by Th2 cells 
 Suppression the development of Th17 cells and inhibition of the production of cytokines by Th17 cells 
 Induction of Treg cells 
 Increased IL-10 production by Treg cells 

 Upregulation of phospholipase C-gamma 1 expression leading to increased antigen-specific T cell activation and 
proliferation 

B cells  Increased vitamin D receptor expression 
 Suppression of B cell proliferation and immunoglobulin production 

 Inhibition of the differentiation of B cell precursors into plasma cells 
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cathelicidin and do express VDRs, they seem to have no 1-α
hydroxylase activity that would enable them to convert
25(OH)D into the biologically active 1, 25(OH)2D necessary
to initiate cathelicidin gene expression (59). However, neu-
trophils can be influenced directly by circulating 1, 25(OH)2D
and, as in monocytes, expression of CD14 on the cell surface
is augmented by 1, 25(OH)2D (129). Previous exposure of
neutrophils to pro-inflammatory cytokines such as tumour
necrosis factor-α (TNF-α) or granulocyte macrophage colony-
stimulating factor or with the VDBP leads to alterations in
complement activation peptide C5a-mediated neutrophil func-
tions, including enhanced chemotaxis (19). A recent study on
VDBP knockout mice reported that neutrophil recruitment to
the lung in both C5a- and CXCL1-induced alveolitis was 50%
lower than in the wild type controls (131) and that the reduced
neutrophil response in VDBP knockout mice could be
restored to wild-type levels by administering exogenous
VDBP suggesting that VDBP may have a more significant
role in neutrophil recruitment than previously recognised.
These various effects of vitamin D can be suggested as
improving innate immunity and could conceivably contribute
to a reduced susceptibility to infections.

4.1.1 Vitamin D, innate immunity and mucosal immunity
in athletes
A recent study in university athletes reported a higher level of
plasma cathelicidin and salivary secretory immunoglobulin A
(SIgA) secretion in those who had plasma 25(OH)D greater
than 120 nmol/L compared with those who had lower vitamin
D status (56) and a follow-up randomised, placebo controlled,
double blind vitamin D3 supplementation study (5, 000 IU/day

for 14 weeks) by the same group (55) reported significant
increases in salivary secretion rates of both SIgA and catheli-
cidin compared with no significant changes in the placebo
group. This was due, at least in part to a significant increase in
saliva flow rates over time in the vitamin D3 group. Several
animal studies have demonstrated that VDRs are present in
the parotid, submandibular and sublingual salivary glands
which points to a possible role for vitamin D in the regulation
of salivary secretion. This is supported by the finding that
salivary flow rates were stimulated after treatment with vita-
min D3 in vitamin D deficient rats (108, 128). The mechanism
for how vitamin D affects salivary flow rates requires elucida-
tion. But it was suggested that vitamin D might stimulate sali-
vary secretion through the regulation of calcium as the rapid
efflux of calcium plays a role in the stimulation of fluid secre-
tion (108).

In summary, the discovery of increased VDR and 1α-hydrox-
ylase (CYP27B1) expression in macrophages following a
pathogen challenge, and the subsequent enhancement of AMP
production, oxidative burst and autophagosome activity has
underlined the importance of intracrine vitamin D as a key
enhancer of innate immune function. It is now clear that both
macrophages and dendritic cells are able to respond to
25(OH)D, the major circulating vitamin D metabolite, thereby
providing a link between the function of these cells and the
variations in vitamin D status among humans. Although the
evidence is limited, recent studies in athletes show beneficial
effects of high circulating vitamin D (> 120 nmol/L) on innate
immunity and mucosal immunity. 

Figure 4. Cathelicidin induction via activation of TLRs and vitamin D. 25-hydroxy vitamin D (25(OH)D) is transported in the circulation bound to
the vitamin D binding protein (VDBP). Pathogen associated molecular patterns (PAMPs) on invading microorganisms trigger toll-like receptors
(TLR 1/2 and TLR4) and subsequent downstream signalling (dashed arrow) induces the mitochondrial 1-α hydroxylase (CYP27B1), increasing
the intracellular conversion of 25(OH)D to 1, 25(OH)2D which after binding to the vitamin D receptor (VDR) along with the retinoid X receptor
(RXR) in the cytoplasm translocates to the nucleus where it binds to cognate vitamin D response elements (VDRE) located in the regulatory
regions of 1, 25(OH)2D target genes and then induces transcription of the vitamin D responsive genes leading to increased amounts of antimi-
crobial proteins (e.g. cathelicidin, β-defensin) being produced.
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4.2 Vitamin D, adaptive immunity and inflammation
In contrast with the innate immune responses, many of the
reported actions of vitamin D on adaptive immunity are
indicative of anti-inflammatory and suppressive mechanisms,
which could be beneficial for those with autoimmune disor-
ders. The effect of 1, 25(OH)2D on antigen presenting cells is
to induce IL-10 and suppress IL-12 production, inhibit den-
dritic cell activation by down-regulating expression of costim-
ulatory molecules CD40 and CD80/86 while up-regulating the
production of AMPs and autophagosome activity (1). Further-
more, 1, 25(OH)2D can inhibit T cell proliferation and also
influence the phenotype of T cells, in particular through the
suppression of Th1 cells which are associated with cellular
immunity (81). Studies using human T cell cultures have
shown that 1, 25(OH)2D inhibits T cell proliferation and pro-
duction of IL-2 and interferon gamma (IFN-γ) (102, 116,
132). In contrast, 1, 25(OH)2D enhances cytokine production
by Th2 cells (e.g. IL-4) that are associated with humoral
immunity (21). Thus, vitamin D could help limit the inflam-
mation and tissue damage associated with excessive Th1 cel-
lular immunity by shifting the balance to a Th2 cell pheno-
type. 1, 25(OH)2D also has an influence on the activity of
Th17 cells, which are linked to inflammatory tissue damage.
It appears that 1, 25(OH)2D can suppress the development of
Th17 cells and inhibit the production of cytokines by Th17
cells (27). In addition, it has been shown that treatment of
naive CD4 T cells with 1, 25(OH)2D potently induces the
development of regulatory T cells (Treg) which are capable of
producing cytokines that block Th1 development (49). Vita-
min D also increases synthesis of the primary anti-inflamma-
tory cytokine IL-10 by Treg cells and dendritic cells (45, 120).
Overall, vitamin D is suggested to maintain a balance between
inflammatory Th1/Th17 cells and immunosuppressive
Th2/Treg cells to temper inflammation and tissue damage
(59). It has also been demonstrated that 1, 25(OH)2D can sup-
press B cell proliferation and immunoglobulin production and
inhibit the differentiation of B cell precursors into plasma
cells, which highlights a potential role for vitamin D in B cell
related disorders (30). 

The actions of vitamin D on adaptive immunity appear to be
mostly suppressive or inhibitory, so why does this not impair
immune responses to pathogens and increase susceptibility to
infection? The answer to this paradox may be found in the
recent studies indicating that vitamin D is essential in activat-
ing and controlling the T-cell antigen receptor and thus
enhancing the recognition of antigens by T lymphocytes (73,
134) leading to an activation of the cellular immune response
in response to pathogen exposure. Naive human T cells have
very low expression of phospholipase C-gamma 1 (PLC-γ1),
a key signalling protein downstream of many extracellular
stimuli, and this is associated with low T cell antigen receptor
(TCR) responsiveness in naive T cells. However, TCR trigger-
ing leads to a large up-regulation of PLC-γ1 expression,
which correlates with greater TCR responsiveness. Induction
of PLC-γ1 is dependent on vitamin D and expression of the
VDR. Naive T cells do not express the VDR, but VDR expres-
sion is induced by TCR signalling via the alternative mitogen-
activated protein kinase p38 pathway. Thus, initial TCR sig-
nalling via p38 leads to successive induction of VDR and
PLC-γ1, which are required for subsequent classical TCR sig-

nalling and T cell activation. These findings indicate that vita-
min D is crucial for the activation of the acquired immune
system and therefore very important for the effective clear-
ance of viral infections. The aforementioned suppressive
actions of vitamin D on adaptive immunity may therefore be a
reaction to prevent the development of an exaggerated
immune response and excessive inflammation following T
cell activation. This is, of course, important as the ideal
immune response is rapid, proportionate, and effective but
finite; an inflammatory response which is disproportionate or
lasts too long risks injury to the host. The recognition that in
adaptive immunity vitamin D is needed for its effective acti-
vation when challenged by pathogens is more in keeping with
its role in promoting innate immunity and the reduction in res-
piratory infection incidence with improved vitamin D status
which has been reported in several large scale studies in both
the general population (44) and athletes (56) which are dis-
cussed in more detail in section 5 of this review.

It is also important to recognise that the primary influence of
1, 25(OH)2D may vary with the tissue site. Systemic levels of
1, 25(OH)2D may aid in maintaining tonic immunosuppres-
sion and thus prevent trivial antigenic stimuli from initiating
an immune response. Upon initiation of an immune response
to a significant antigenic challenge 1, 25(OH)2D may, in con-
cert with other suppressor mechanisms, limit the extent of the
host response by inhibition of IL-2 and IFN-γ production. At
local sites of chronic inflammation concentrations of 1,
25(OH)2D may be elevated and may act in an autocrine or
paracrine fashion to alter the immune response, for example,
by increasing IL-1β production and antigen presentation by
tissue macrophages. The activation of T cells is associated
with increased expression of VDRs, thus potentially limiting
T cell proliferation in the presence of the 1, 25(OH)2D. Thus,
the end result of the opposing effects of 1, 25(OH)2D on
immune cells and their secretory products may vary with the
specific cells involved, their state of maturation and activa-
tion, and the local concentrations of 1, 25(OH)2D.

The identification of hundreds of primary 1, 25(OH)2D target
genes in immune cells has provided new insight into the role
of vitamin D in the adaptive immune system, such as the mod-
ulation of antigen-presentation and T cell proliferation and
phenotype, with the over-arching effects being to suppress
inflammation and promote immune tolerance, while also
being able to activate the acquired immune response in the
presence of pathogen challenge. Thus variations in 25(OH)D
levels have the potential to influence both innate and adaptive
immune responses.

4.3 Vitamin D and cytokine responses
The studies that have reported modulation of pro- and anti-
inflammatory cytokine production by vitamin D have general-
ly administered 1, 25(OH)2D in vivo in animals (25, 147) or in
vitro in human peripheral blood mononuclear cell cultures
(70, 101, 115, 116) and observed increases in anti-inflamma-
tory cytokines such as transforming growth factor-β, IL-4 and
IL-10 and reductions in pro-inflammatory cytokines including
IL-2, IL-6, IFN-γ and TNF-α. However, these studies have
used supraphysiological (nanomolar) concentrations of 1,
25(OH)2D3 to determine mitogen- or bacteria-stimulated
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cytokine production in human peripheral blood mononuclear
cell cultures (the normal human plasma 1, 25(OH)2D3 concen-
tration is 50-250 pmol/L). Furthermore, this experimental
approach is not a true reflection of differences in vitamin D
status, where marked differences in circulating 25(OH)D con-
centration may exist and might have more influence on
immune cell functions than changes in levels of circulating 1,
25(OH)2D. Using in vitro antigen-stimulated human whole
blood culture, inhibition of IL-2, IL-6, IFN-γ and TNF-α pro-
duction was only observed at 1, 25(OH)2D3 concentrations of
1, 000 or 10, 000 pmol/L and not within the more realistic
range of 0 to 200  pmol/L (54). This suggests that antigen-
stimulated cytokine production is unchanged within the nor-
mal reference range of 1, 25(OH)2D3 concentrations.

4.3.1 Vitamin D and cytokine responses in athletes
A recent study in athletes indicated that athletes deficient in
25(OH)D (circulating 25(OH)D < 30 nmol/L) had substantial-
ly lower in vitro antigen-stimulated production of the pro-
inflammatory cytokines (IL-6, IFN-γ and TNF-α) by whole
blood culture than athletes with high vitamin D status (circu-
lating 25(OH)D > 90 nmol/L) (56). This is similar to a report
of decreased macrophage IL-6, IL-1β and TNF-α production
following in vitro LPS stimulation of peritoneal macrophages
in vitamin D deficient mice (69). In that study the authors also
reported that TNF-α and IL-6 concentrations in serum were
~50% lower following in vivo administration of LPS in vita-
min-D deficient mice indicating that vitamin D deficiency
does result in a defect of cytokine production. A higher pro-
inflammatory cytokine production in response to an antigen
challenge with better vitamin D status could be seen as being
beneficial to host defence against pathogenic microorganisms.
Indeed, athletes with high vitamin D status had fewer upper
respiratory illness (URI) episodes during a 4-month winter
period than those with vitamin D deficiency (56). 

Further studies are warranted to understand the mechanisms
by which vitamin D affects adaptive immunity and the impli-
cations for both infectious and autoimmune diseases. In par-
ticular, studies in athletes and military personnel are required
to examine the influence of seasonal changes in vitamin D sta-
tus and vitamin D supplementation (see section 6) on in vivo
immune measures with known clinical endpoints such as the
antibody response to vaccination (136).

It is also worth noting that some cytokines have an influence
on vitamin D metabolism, For example IFN-γ is a Th1 pro-
inflammatory cytokine that influences vitamin D metabolism
in human monocytes (37, 126) and macrophages (72) by
increasing 1α-hydroxylase activity which mediates the con-
version of 25(OH)D to 1, 25(OH)2D. In contrast to IFN-γ, IL-
4 is a Th2 anti-inflammatory cytokine that initiates the catabo-
lism of 25(OH)D to the biologically inactive 24, 25(OH)2D
(37). Furthermore, recent genome-wide analyses (31) have
highlighted how cytokine signalling pathways can influence
the intracrine vitamin D system and either enhance or abro-
gate responses to 25(OH)D.

4.4 Vitamin D, wound repair and rehabilitation from injury
The emerging evidence for an influence of vitamin D status
during musculoskeletal rehabilitation following injury or sur-

gery is of potential importance to athletes. One study reported
that vitamin D status influenced strength and recovery in
young, recreationally active individuals following anterior
cruciate ligament repair (14). In this study, those with circulat-
ing 25(OH)D concentration below 75 nmol/L recovered more
slowly and had significantly attenuated increases in peak iso-
metric force compared to those with concentrations above 75
nmol/L. Another study by the same group reported that fol-
lowing an intense single limb exercise bout a faster recovery
of muscle strength occurred with higher pre-exercise levels of
circulating 25(OH)D (13). Studies in athlete populations are
currently lacking but a few studies of patients in rehabilitation
units support the idea that vitamin D may be important for
rehabilitation (13, 71, 121). A study in a general rehabilitation
unit found that vitamin D deficiency delayed rehabilitation
and increased length of stay by 19% (71). Another ran-
domised trial in female stroke patients found that supplemen-
tation with 1, 000 IU vitamin D/day improved muscle strength
and increased the relative number and size of type II muscle
fibres (121). 

5. VITAMIN D STATUS AND RESPIRATORY
INFECTION

5.1 Vitamin D status and respiratory infection in the gene-
ral population 
Several cross-sectional and cohort studies have reported a
negative association between vitamin D status and respiratory
infection incidence. In the National Health, Nutrition and
Examination Survey involving 18, 883 participants above 12
years, those with circulating 25(OH)D < 25 nmol/L were 1.4
times more likely to report recent URI compared to those with
25(OH)D ≥ 75 nmol/L, even after adjusting for demographics
and clinical data (season, body mass index, smoking history,
asthma and chronic obstructive pulmonary disease) (44). The
proportion of participants who had a self-reported URI was
also significantly different between vitamin D groups (24% in
those with circulating 25(OH)D levels < 25 nmol/L vs. 20%
with levels of 25-75 nmol/L vs. 17% with levels of ≥ 75
nmol/L) (44). In a cohort study over 3.5 months in 198
healthy adults, there was a significant inverse association
between circulating 25(OH)D concentration and risk of acute
viral respiratory tract infection (45% in those with 25(OH)D <
95 nmol/L vs. 17% in those with circulating 25(OH)D ≥ 95
nmol/L). Circulating 25(OH)D > 95 nmol/L was also associat-
ed with a significant two-fold reduction in the risk of develop-
ing acute respiratory tract infections (119). The main strength
of the study was that infection was confirmed by determina-
tion of pathogens in swabs collected from participants who
exhibited symptoms of respiratory tract infection. Further-
more, in a nationwide study involving 6, 789 middle-aged
British adults, 12% of those with circulating 25(OH)D < 25
nmol/L had a respiratory infection in the month prior to blood
sampling compared to 6% in those with 25(OH)D > 100
nmol/L. Circulating 25(OH)D was inversely associated with
risk of acute respiratory infection even after taking into
account lifestyle and socio-economic factors. Each 10 nmol/L
increase in circulating 25(OH)D significantly reduced the risk
of self-reported acute respiratory infection by 7% (16).
Hence, these population-wide studies indicate an inverse rela-
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tionship between circulating 25(OH)D and the incidence of
URI.

5.2 Vitamin D status and respiratory infection in military
personnel and athletes 
In 756 young Finnish conscripts who were starting military
training during the summer time (July), 4% had low circulat-
ing 25(OH)D concentrations (stated by the authors as < 40
nmol/L). Although only a minority showed such low levels of
circulating 25(OH)D, this group had significantly more duty
days lost due to respiratory infection during the following 6
months of training to January (median: 4 vs. 2 days) than
those with circulating 25(OH)D > 40 nmol/L. Those with low
25(OH)D were also 1.6 times more likely to miss duty due to
respiratory infection (76). However, the study only measured
circulating 25(OH)D at the start of military training and thus
failed to account for any changes in 25(OH)D during the
training period that might have influenced respiratory infec-
tion incidence. 

Studies in athletic populations have yielded similar findings.
Vitamin D status was assessed in a group of elite athletes who
reported to a physician with URI symptoms. Athletes who had
positive virology/bacteriology results (infectious group; mean
± SD circulating 25(OH)D 79 ± 164 nmol/L) or had mild to
moderate leukocytosis (suggestive group; circulating
25(OH)D 77 ± 95 nmol/L) had significantly lower circulating
25(OH)D levels than those who had negative virology/bacte-
riology results and normal differential leukocyte counts
(unknown group; 168 ± 251 nmol/L) (36). Irrespective of the
high SDs reported, which suggest large between-participant
variability in circulating vitamin D levels, the vitamin D level
in the infectious and suggestive groups appear relatively high
(means > 75 nmol/L): it’s unclear if this finding can be
explained by the assay used to determine circulating 25(OH)D
as the assay method is not mentioned. In another group of
endurance athletes, a significantly greater proportion of those
with circulating 25(OH)D < 30 nmol/L presented with URI
symptoms than those with 25(OH)D > 120 nmol/L (56). Fur-
thermore, the total number of URI symptom days and the
median symptom-severity score in athletes with circulating
25(OH)D < 30 nmol/L was significantly higher than those
with 25(OH)D > 120 nmol/L (56). 

In summary, though causality cannot be established from
cross-sectional comparisons, studies in military personnel and
athletes agree with the large general population studies (that
used powerful logistical regression techniques to identify con-
tributing factors to URI) by showing an inverse relationship
between circulating 25(OH)D and the incidence of URI.

5.3 Is there an optimal vitamin D status to prevent respira-
tory infections?
As mentioned previously, circulating 25(OH)D is recom-
mended to be > 50 nmol/L for optimum bone health as this
represents the level that reduces circulating PTH to a mini-
mum and allows maximum calcium absorption (66). Nonethe-
less, Chapuy et al. (28) reported an inverse relationship
between circulating levels of 25(OH)D and PTH up to 75
nmol/L, at which point the decrease in PTH in response to
increasing 25(OH)D levelled out. As such, many experts now

agree that a circulating 25(OH)D concentration of at least 75
nmol/L is desirable (4, 20, 64, 109). In accordance with this
recommendation, one large scale study involving 14, 108 par-
ticipants over 16 years of age (NHANES, 2001–2006) sup-
ports the proposed circulating 25(OH)D cut-off level of 75
nmol/L for the prevention of respiratory infection as there was
a near linear inverse relationship between circulating
25(OH)D levels and the cumulative frequency of acute respi-
ratory infection up to 25(OH)D levels ~75 nmol/L (97). Inter-
estingly, in another study, a partition analysis determined that
a circulating 25(OH)D cut-off level of 95 nmol/L best dis-
criminated between groups that did or did not develop viral
infections and it has been reported that adults with 25(OH)D
status < 95 nmol/L had a significant two-fold increase in the
risk of developing acute respiratory infection during winter
months compared with those whose 25(OH)D status was > 95
nmol/L (119). Therefore, the optimal circulating 25(OH)D
level required to prevent URI in athletes and military person-
nel has yet to be determined, but based on the limited evi-
dence available, is likely to be  75 nmol/L or possibly higher
(e.g. 95 nmol/L). Continued research using randomised-con-
trolled trials of vitamin D supplementation (see the next sec-
tion) is required to substantiate the purported 75 nmol/L cut-
off for circulating 25(OH)D to prevent URI in athletes and
military personnel.

6. THE EFFECTS OF ORAL VITAMIN D
SUPPLEMENTATION AND UVB IRRADIA-
TION ON VITAMIN D STATUS, IMMUNITY

AND RESPIRATORY INFECTION

As described in section 5, a consistent observation in the
extant literature is that vitamin D insufficiency is associated
with increased URI incidence and symptom duration. There-
fore, adopting strategies to avoid vitamin D insufficiency e.g.
taking a daily oral vitamin D supplement during the winter
and, where possible, practising safe summer sunlight expo-
sure is important to optimise vitamin D status and defence
against URI. The information covered in this section consid-
ered alongside the sections that follow on factors affecting
vitamin D status (section 7) and toxicity (section 8) will form
the backdrop for the closing section on simple recommenda-
tions to optimise vitamin D status and immune health for ath-
letes and military personnel (section 10).

6.1 The effects of oral vitamin D supplementation on vit-
amin D status, immunity and respiratory infection
Although vitamin D2 and D3 are available as oral supple-
ments, vitamin D3 supplementation is more commonly used
as it has a greater efficacy in raising circulating 25(OH)D
compared to vitamin D2 (65). Current evidence (Table 4)
indicates that oral vitamin D supplementation enhances
innate responses to mycobacterial infection (specifically,
Mycobacterium bovis in the BCG-lux assay) (93) and
increases circulating levels of the AMP cathelicidin (17, 55).
A shift towards an anti-inflammatory cytokine profile (91,
125) and an increase in circulating regulatory T cells (111)
has also been demonstrated with oral vitamin D supplemen-
tation. Nevertheless, there are weaknesses with some of
these studies that limit the interpretation in terms of the
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influence of vitamin D supplementation on immunity;
including, the lack of experimental control (111, 125) and
co-supplementation with calcium (91). In addition, a few of
these studies were conducted using Multiple Sclerosis
patients (91, 125), an autoimmune disease characterised by

an inflammatory profile, and there is a large discrepancy
amongst studies with regards the oral vitamin D dosing regi-
mens (Table 4). As such, more randomised-controlled trials
are needed in young, healthy athletic populations to confirm
these findings.

 

Table 4. Summary of evidence regarding the effects of oral vitamin D supplementation on immune function. 

1Mean, median or range is provided for age as reported.  
2Mean values are reported unless stated otherwise.  
Hyphen ‘-’ indicates not reported. RCT = Randomised controlled trial. DB = Double-blinded. UT = Uncontrolled trial. BCG = Bacille Calmette Guérin, a vaccine against 
tuberculosis, prepared from a strain of Mycobacterium bovis. IFN-� = Interferon gamma. MS = Multiple sclerosis. 

Study 
design 
 

Population1 Season or 
month Supplementation 

Change in circulating 
25(OH)D concentration2  

(pre to post, nmol/L) 
Immune outcome Ref 

UT 25 healthy 
adults,  
39 years 

- 50, 000 IU Vit D2 
every other day for 
5 days 

Vit D group: � 62 from pre    
< 80  

 
Group with largest increase in plasma 25(OH)D (80 - 160 
nmol/L) showed increase in plasma cathelicidin  

Bhan et 
al.(17) 

RCT 
DB 

39 athletes,  
20 years 

Winter 5, 000 IU Vit D3 or 
placebo daily for 14 
weeks 

Vit D group: � 55 to 126 
Placebo group: � 57 to 33 

 
Vit D group: Plasma cathelicidin � 15% 
Placebo group: Plasma cathelicidin � 9% 

Heet 
al.(55) 

RCT 
DB  

131 healthy 
adults,  
25 - 45 years 

Winter and 
Spring 

Single dose of     
100, 000 IU Vit D2 
or placebo at 
baseline 

Vit D group: � 35 to 67 
Placebo group: - 

 
Vit D group: Ability of whole blood to restrict BCG-lux 
luminescence � 20% compared to placebo 
 
No difference in whole blood antigen-stimulated IFN-� 
secretion 
 

Martineau 
et al.(93) 

RCT 
DB 

39 MS patients - 1, 000 IU Vit D3 and 
800 mg calcium or 
placebo daily for 6 
months 

Vit D group: � 42 to 70  
Placebo group: - 
 

 
Vit D group: TGF-ß1 levels � 28% 
Placebo group: No effect 
 

Mahon et 
al.(91) 

UT 46 healthy 
adults,  
31 years 

Feb to Jun 140, 000 IU of Vit 
D3 at baseline and 
week 4  

Vit D group: � 60 to 145  
 
Vit D group: % Tregs� 17%  Prietlet 

al.(111) 

UT 15 MS patients  Oct to Dec 20, 000 IU Vit D3 
daily for 3 months  

Vit D group: � 50 to 380 
(median) 

 
Vit D group: Proportion of IL-10+ CD4+ T cells � 92% 
Ratio between IFN-�+ and IL-4+ CD4+ T cells � 19% 

 
Smolders 
et al.(125) 

 

Table 5. Summary of evidence regarding the effects of oral vitamin D supplementation on self-reported URI. 

Study 
design 
 

Population1 Season or 
month Supplementation 

Change in circulating 
25(OH)D2 
(pre to post, nmol/L)   

URI outcome Sig. 
 

Ref 

RCT 
DB 

162 healthy 
adults, 
18 - 80 years 

Winter 2, 000 IU Vit D3 or 
placebo daily for 3 
months 

Vit D group: � 64 to 89  
Placebo group: � 63 to 61 
 
 

Episodes per group
Vit D group: 48        Placebo group: 50 
 
Symptom duration (days)  
Vit D group: 5          Placebo group: 5 

 
NS 
 
 
NS 

Li-Ng et 
al.(82) 

RCT 
DB 

164 young 
Finnish 
conscripts, 
18 - 28 years 

Autumn and 
Winter 

400 IU Vit D3 or 
placebo daily for 6 
months 

Vit D group: � 79 to 72 
Placebo group: � 74 to 51 
 
 

Symptom incidence (%, Vit D vs. Placebo) 
Cough           65  vs. 57                      
Runny nose       74  vs. 75                
Sore throat        48  vs. 45                  
Fever            31  vs. 38                        
 
Absent from duty due to URI (days) 
Vit D group: 2           Placebo group: 3  

 
 
NS 
NS 
NS 
NS 
 
 
NS 

Laaksi et 
al.(75) 

RCT 
DB 

322 healthy 
adults in New 
Zealand, 
47 years 

Feb to Nov Initial dose of 200, 000 
IU Vit D3, 200, 000 IU 
a month later, 
subsequently 100, 000 
IU monthly or placebo 
for 18 months 

Vit D group: � 72 to > 120  
Placebo group: � 70 to < 50  
 
 

Episodes per person  
Vit D group: 4           Placebo group: 4   
 
Missed work due to URI (days) 
Vit D group: 1           Placebo group: 1  
 
Symptom duration (days) 
Vit D group: 12         Placebo group: 12 

 
 
NS 
 
 
NS 
 
 
NS 

Murdoch 
et 

al.(103) 

1Average age or age range provided where reported.  
2Mean values are reported unless stated otherwise.  
RCT = Randomised controlled trial. DB = Double-blinded. NS = Non-significant. 
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Currently, there is little evidence to support vitamin D supple-
mentation to reduce URI incidence and duration (Table 5).
Three randomised-controlled trials showed no difference
between oral vitamin D supplementation and placebo for URI
incidence and duration (75, 82, 103). This is despite the fact
that vitamin D supplementation increased circulating
25(OH)D compared to the placebo. The lack of an observed
effect of oral vitamin D supplementation on URI in these
studies may be due to participants having relatively high base-

line vitamin D levels at the outset (baseline circulating
25(OH)D levels range from 64 to 79 nmol/L). Indeed, it has
been suggested that boosting the 25(OH)D level in those with
vitamin D deficiency (circulating 25(OH)D level < 30
nmol/L) activates various innate and adaptive immune
responses that are critical in the control of some respiratory
viral infections; however, boosting from a higher starting
level of 25(OH)D probably provides no additional benefit
(22). Randomised-control trials of oral vitamin D supplemen-
tation are sorely needed in athletes and military personnel
around the winter-time nadir in circulating 25(OH)D level
when evidence indicates vitamin D deficiency in up to 35% of
individuals (Table 2). Moreover, for convenience, rather than
confirming the presence of pathogens in oral/nasopharyngeal
swabs, studies have tended to rely on self-report of URI using
common-cold symptom questionnaires that have been criti-
cised (36). Notwithstanding this limitation, symptoms of URI
without a detectable pathogen appear to be common in those
under heavy training stress (36) and likely have a negative
impact upon training and performance (113).

6.2 The effects of UVB irradiation on vitamin D status and
immunity 
As introduced in section 1.1, for a range of skin colours and
latitudes between 30 and 60 °N, the majority of vitamin D can
be obtained through short-lasting skin exposures to natural
UVB irradiation from summer sunlight (~15 min each day).
Importantly, prolonged exposures give diminishing returns in
terms of vitamin D formation (61) and raise the risk of erythe-

ma (i.e. sunburn) for fairer skin types (140) and skin cancer
(10). For example, a single minimum erythemal dose (MED:
the minimum amount of sunlight that burns the skin) typically
provides an oral equivalent vitamin D dose of 10, 000 to 25,
000 IU (140). As such, experts recommend short, frequent
exposures to a standard erythemal dose (SED: equates to ~ ¼
to ½ MED for the white UK population) in shorts and t-shirt
that does not burn the skin and provides the oral equivalent
vitamin D dose of ~1, 000 IU (Figure 5). To ensure safety and

efficacy, exposing a large surface area over a shorter duration
as opposed to a small surface area for prolonged periods is
recommended to increase circulating levels of vitamin D. For
example, full body exposure for 2 min is preferable to over-
exposing a (bald) head and neck for 20 min (139). 

It remains unknown if UVB exposure of the skin (either from
sunlight or a sun cabinet) has additional benefits on immune
function, health and performance independent of the synthesis
of vitamin D. For example, UV radiation generates nitric
oxide locally at the skin which has been associated with bene-
fits to cardiovascular health via a decrease in systemic blood
pressure (67). In addition to its effects on vasodilatation, nitric
oxide may also influence neurotransmission, immune
defence, regulation of cell death (apoptosis) and cell motility
(67). The potential for mood enhancement (possibly mediated
via increased β-endorphins) and stress reduction with skin
sunlight or artificial UVB exposure to influence immune
function, health and performance should not be overlooked.
Indeed, it’s possible, but remains unknown, that UVB expo-
sure of the skin improves immune function and exercise per-
formance to a greater extent than the equivalent oral vitamin
D supplementation due to enhanced levels of nitric oxide,
mood or some as yet unknown mechanism.

A method to replicate safe summer sunlight exposure using
sub-erythemal solar simulated radiation in a laboratory-based
irradiation cabinet has been developed by Rhodes and col-
leagues (Figure 5A) (114). During the winter months, when
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Figure 5. (A) Impact of simulated summer sunlight exposures on circulating 25(OH)D, adapted from Rhodes et al. (114). White adult Caucasians
from Greater Manchester, UK (53.5 °N) received simulated summer sunlight exposures, specifically 1.3 standard erythemal dose (SED), three
times weekly for 6 weeks, while wearing T-shirt and shorts. (B) Influence of daily 1, 000 IU oral vitamin D3 supplementation (close circle) or
placebo (open circle) for 6 months from early autumn to late winter in adults living in New Zealand (46 °S), adapted from Logan et al. (86). Dot-
ted horizontal lines indicate Institute of Medicine thresholds for deficiency (30 nmol/L) and sufficiency (50 nmol/L) and the proposed optimal
threshold (75 nmol/L) for circulating 25(OH)D to prevent URI (97). 1To avoid the confounding influence of skin exposure to ambient UVB the
study commenced in wintertime (53.5 °N) when sunlight is negligible and circulating 25(OH)D is at its nadir.
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vitamin D status was low, this method restored adequate cir-
culating levels of vitamin D (25(OH)D level > 50 nmol/L) in
the majority of volunteers. Importantly, in line with policy
recommendations in the UK, this method simulates summer
sunlight exposure (at latitudes between 30 and 60 °N for most
skin types), on several occasions each week, for ~15 min
wearing t-shirt and shorts without producing sunburn (140).
Whether this method to restore adequate circulating vitamin D
in the winter improves immunity and host defence remains
largely unknown and requires investigation. Promising work
shows a threefold increase in circulating Tregs
(CD4+CD25hiFoxP3+) that correlated positively with the
change in circulating 25(OH)D in patients with immune-
mediated skin disease (e.g. psoriasis) after 4 weeks of pho-
totherapy treatment (96). 

7. FACTORS AFFECTING VITAMIN D
STATUS IN ATHLETES AND MILITARY

PERSONNEL

Vitamin D can be increased through natural food sources or
the exposure of skin to UVB radiation. The vitamin D produc-
tion in the skin from sufficient UVB exposure provides 80-
100% of body requirements (78). In particular, several factors
can affect the production of vitamin D via UVB exposure,
these include season and latitude as well as age, skin colour,
clothing and sunscreen use. 

7.1 Season and latitude
The solar zenith angle (SZA) is the angle between the local
vertical and the position of the sun in the sky. During the sum-
mer and at low latitudes the SZA is small. Conversely, the
SZA is large during the winter and at high latitudes. At a large
SZA, UVB radiation (290 – 320 nm) travels a longer path
through the atmosphere and there is greater attenuation of the
radiation compared to a small SZA (139). Consequently, the
amount of UVB radiation reaching the Earth’s surface is
reduced and scattered over a larger area (139). This explains
why vitamin D deficiency is more prevalent in countries at
high latitudes and particularly during the winter months (43).
Furthermore, it has been estimated that the contribution of
sunlight to vitamin D status is only 20% during the winter
(88) and 80% (89) during the spring and summer thus sug-
gesting the importance of the increase in the contribution of
diet during winter in order to prevent vitamin D deficiency.

7.2 Age
As one ages, cutaneous vitamin D production declines. This is
due to the decrease in the amount of 7-dehydrocholesterol
available in the epidermal layer of the skin, where the majori-
ty of vitamin D is formed following exposure to UVB radia-
tion (90). Despite the decline in vitamin D3 production with
age, the elderly can still achieve adequate amounts of vitamin
D in the summer through regular skin exposure to sunlight
(141) (section 6.2). Nonetheless, older athletes living in the
northern latitude may wear more clothing and train mostly
indoors. As regular skin sunlight exposure is limited, this
group of elderly people is at a greater risk of vitamin D defi-
ciency. Therefore, a combination of regular sun exposure
where possible and increased vitamin D intake from the daily

diet and oral supplementation are important considerations to
ensure that older athletes have adequate vitamin D. 

7.3 Skin colour
The amount of melanin pigment in the skin can interfere with
vitamin D synthesis by absorbing UVB radiation and blocking
the wavelength of sunlight required to synthesise vitamin D
(89), thus preventing the cutaneous production of pre-vitamin
D3. Melanin content is higher in dark-skinned individuals
compared to fair-skinned individuals. Hence, for a given dose
of UVB, a dark-skinned individual will produce less pre-vita-
min D3 than a fair-skinned individual (30). An analysis of the
vitamin D status in 63 elite UK track and field athletes report-
ed 7% of dark-skinned athletes with 25(OH)D < 50 nmol/L
compared to only 1% of fair-skinned athletes during the sum-
mer (110). When individuals were given UVB doses adjusted
for their skin colour, it was discovered that there was a ten-
dency for dark-skinned individuals to show a smaller increase
in 25(OH)D (9). Nonetheless, it should be noted that, dark-
skinned individuals can produce equivalent amounts of vita-
min D3 as their fair-skinned counterparts when exposed to
adequate amounts of UVB radiation (30).

7.4 Clothing
Clothing can act as a physical barrier preventing UVB radia-
tion from reaching the skin. As the majority of vitamin D is
synthesised in the skin, any area covered by clothing will
reduce the exposed skin surface area to sunlight. Broadly
speaking, in terms of vitamin D synthesis, there is an inverse
relationship between the surface area of the skin exposed to
sunlight and the duration of exposure. To illustrate this rela-
tionship, a fully clothed person with the head and neck
exposed for 20 min would synthesise an equivalent amount of
vitamin D to exposing the whole body for 2 min (139). In the
summer, athletes who train and compete for prolonged peri-
ods in short-sleeved tops and shorts may not receive adequate
sun protection. In contrast, military recruits who train in long-
sleeved uniform and wear helmets (and those who train
indoors or who cover their skin for religious reasons) are at
risk of a lack of sun exposure and vitamin D deficiency. In
these groups at risk of vitamin D deficiency, alternative meth-
ods to increase vitamin D levels e.g. solar-simulated radiation
or oral supplementation warrant investigation (see recommen-
dations in section 10).

7.5 Sunscreen use 
The use of sunscreen interferes with vitamin D3 formation by
absorbing and reflecting UVB radiation, thus preventing UVB
radiation from reaching the target skin cells. Topical applica-
tion of a sunscreen of sun protection factor 8 was found to
limit vitamin D3 production in protected compared to unpro-
tected participants (94). Although sunscreen use can be bene-
ficial in preventing sunburn and skin cancer, it should be used
appropriately. For example, in the summer, athletes exposed
to UVB radiation for prolonged periods are at increased risk
of sunburn and should be encouraged to apply a broad-spec-
trum water-resistant sunscreen of at least SPF 30-50 every 2
to 4 hours (53). On the other hand, the elderly have a reduced
ability to synthesise vitamin D cutaneously and are at greater
risk of vitamin D deficiency. It has been recommended that
they expose their hands, face, arms and legs to summer sun-
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light two to three times a week for only ~¼ of the duration
that will take for them to reach mid sunburn and apply SPF ≥
15 on all exposed skin for any further time spent outdoors (61,
62). This will allow the elderly to obtain the beneficial effects
of sunlight for vitamin D nutrition whilst avoiding the detri-
mental effects of overexposure.

7.6 Natural food sources
As mentioned earlier, vitamin D can be obtained from the diet
(Table 6) by consuming foods such as oily fish (e.g. tuna,
mackerel, salmon), shiitake mushrooms and egg yolks (63).
Interestingly, an analysis of the vitamin D3 content in a variety
of oily fish showed that farmed salmon contains only 25% of
the vitamin D3 found in wild caught Alaskan salmon (30),
suggesting that wild-type fish are a better source of vitamin
D3 than farmed varieties. In countries such as America and
Canada, some foods such as milk, breakfast cereals and mar-
garine are also fortified with vitamin D in order to increase
vitamin D intake (23) (Table 6).

8. VITAMIN D TOXICITY

Excessive intake of vitamin D can result in vitamin D intoxi-
cation, which is characterised by hypercalcaemia (total serum
calcium corrected for albumin > 2.6 mmol/L), renal stones
and renal calcification, with kidney failure and death (57).
Except for infrequent cases of accidental or intentional poi-
soning, this is extremely rare. Both the intoxication literature
and several controlled dosing studies show no cases of con-
firmed intoxication at circulating 25(OH)D levels below 500
nmol/L. Correspondingly, the oral intakes needed to produce
such levels are in excess of 20, 000 IU/day in otherwise
healthy adults and 10, 000 IU/day (which is substantially

more than is apparently needed for any recog-
nised efficacy endpoint) is considered as the tol-
erable upper intake level (57). Incidentally, it is
worth noting that whole-body skin sun expo-
sure, such as might be achieved in a few minutes
on a summer day, produces an endogenous vita-
min D production of 10, 000 to 20, 000 IU,
depending upon skin type (9). Thus, frequent
summer sun exposures produce inputs of the
same magnitude as the proposed upper intake
level (can be characterised as a “physiological”)
and there has never been a case of vitamin D
intoxication reported as a result of sun exposure. 

The toxicity of intakes of high oral doses of
vitamin D has been established on the basis of
relatively short-term studies and there has to be
some concern about the longer-term implica-
tions for health of high vitamin D intakes over a
lifetime. The IoM indicates that sparse data are
available for upper circulating 25(OH)D levels
in humans, and values above 125-150 nmol/L
should raise concerns about potential adverse
effects because of several large scale studies
indicating an increased multivariable-adjusted
risk of all-cause mortality not only for circulat-
ing 25(OH)D levels below 30 nmol/L, but also

for levels above 125 nmol/L (66). The all-cause mortality data
emerging from the examination of national survey data as
well as observational studies suggest adverse effects at circu-
lating 25(OH)D levels much lower than those associated with
the toxicity demonstrated by short-term acute hypervita-
minosis D. In general, these studies, as expected, indicated
that low circulating 25(OH)D levels akin to < 30 nmol/L are
associated with an increased risk of mortality. Furthermore, as
circulating 25(OH)D levels increase up to a point mortality is
lowered. However, some, but not all, of the studies have
observed a troubling U-shaped relationship with a statistically
significant trend between increasing circulating 25(OH)D lev-
els and lower odds ratios for all-cause mortality. For these rea-
sons, a circulating 25(OH)D of above 125-150 nmol/L is not
recommended, corresponding to intakes of not more than 5,
000 IU/day in the absence of adequate sun exposure.

9. CONCLUSIONS 

A multitude of studies have suggested that vitamin D deficien-
cy (circulating 25(OH)D level < 30 nmol/L) not only has neg-
ative consequences on bone health but also increases the risk
for many acute and chronic illnesses, including respiratory
infections. Recent work in athletes shows beneficial effects of
optimising vitamin D status on innate immunity and mucosal
immunity and vitamin D exerts anti-inflammatory actions
through the induction of regulatory T cells and the inhibition
of pro-inflammatory cytokine production. Although the inci-
dence of vitamin D insufficiency (circulating 25(OH)D level
< 50 nmol/L) appears to be similar in athletic and non-athletic
populations, studies show that more than half of all athletes
and military personnel are vitamin D insufficient in the winter
months and as many as 35% are vitamin D deficient. To date,

 

Table 6. Dietary sources of vitamin D .  1

Sources Vitamin D content 
Natural foods  
Cod liver oil ~ 400 - 1000 IU/teaspoon vitamin D3 
Salmon (fresh, wild)   ~ 600 - 1000 IU/100 g vitamin D3 
Salmon (fresh, farmed)   ~ 100 - 250 IU/100 g vitamin D3 
Salmon (canned) ~ 300 - 600 IU/100 g vitamin D3 
Sardines (canned) ~ 300 IU/100 g vitamin D3 
Mackerel (canned) ~ 250 IU/100 g vitamin D3 
Tuna (canned) ~ 230 IU/100 g vitamin D3 
Herring in oil ~ 800 IU/100 g vitamin D3 
Pickled herring ~ 480 IU/100 g vitamin D3 
Shiitake mushrooms (fresh) ~ 100 IU/100 g vitamin D2 
Shiitake mushrooms (dried) ~ 1600 IU/100 g vitamin D2 
Egg yolk ~ 20 - 50 IU/yolk vitamin D3 
Cheese ~ 7 - 28 IU/100 g vitamin D3  
Cow’s milk ~ 0.4 - 1.2 IU/100 ml vitamin D3 
  
Fortified foods2  
Fortified milk ~ 100 IU/237 ml vitamin D3 
Fortified orange juice ~ 100 IU/237 ml vitamin D3 
Fortified yoghurts ~ 100 IU/237 ml vitamin D3 
Fortified butter ~ 50 IU/100 g vitamin D3 
Fortified margarine ~ 430 IU/100 g vitamin D3 
Fortified cheeses ~ 100 IU/85 g vitamin D3 
Fortified breakfast cereals  ~ 100 IU/30 g vitamin D3 

1Adapted from Holick et al. (63) and Pludowski et al. (109). 
2Countries with fortification policies include Australia, Finland, UK and the USA (77, 89, 98, 104). 
IU denotes international unit. 1 IU is equivalent to 0.025 µg. To convert µg to IU multiply by 40.   
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studies point to the benefits of avoiding vitamin D deficiency
to maintain immunity and reduce the burden of URI in ath-
letes and military personnel. In answer to the question posed
in the title of this review, there is broad agreement that a circu-
lating 25(OH)D level of 75 nmol/L represents an optimal vita-
min D status for the prevention of URI (97). Fruitful future
lines of enquiry include verification of this proposed optimal
vitamin D status to maintain immunity and resistance against
URI in athletes and military personnel. In addition, investiga-
tions should explore whether UVB exposure of the skin
(either from sunlight or an irradiation cabinet) has additional
benefits on immune function, health and exercise perform-
ance independent of the synthesis of vitamin D.

10. PRACTICAL RECOMMENDATIONS
(FIGURE 6)

In Figure 6 we attempt to provide some simple practical rec-
ommendations for athletes and military personnel on how
vitamin D sufficiency can be achieved in the summer and
maintained during the winter. Mindful of key factors such as
latitude and skin type, as little as 15 min of exposure to sum-
mer sunlight between 10am and 3pm wearing t-shirts and

shorts on most days can achieve vitamin D sufficiency in
most individuals and levels deemed optimal in some (Figure
5A and 6) (114, 140). Dietary sources of vitamin D and vita-
min D supplements become important considerations during
the winter months when skin sunlight as a source of vitamin
D is absent or drastically reduced (Figure 6). Studies have
shown that consuming a 1, 000 IU/day vitamin D3 supple-
ment during the winter can achieve vitamin D sufficiency in
most individuals (86, 89) and maintain end-of-summer
25(OH)D levels throughout the autumn and winter (Figure
5B) (86). Finally, the recommendation to take a 1, 000 IU/day
vitamin D3 supplement in the autumn-winter may also be
suitable for those who cannot achieve the safe summer sun-
light guidance (Figure 6). For example, individuals training
indoors in the summer or those required to wear clothing (for
protective or religious reasons) that restricts skin sunlight
exposure in the summer may benefit from 1, 000 IU/day vita-
min D3 supplementation year-round as there is evidence that
these individuals can suffer vitamin D deficiency, even dur-
ing the summer months (Table 2) (51, 52). Further research
endeavours are required to determine whether following
these recommendations for vitamin D benefit athletes and
military personnel by maintaining immunity and increasing
resistance against URI. 

Figure 6. Practical recommendations for athletes and military personnel on how vitamin D sufficiency can be achieved in the summer and main-
tained during the winter. 1Recommended summer sunlight exposure (114, 140). 2Recommended oral vitamin D3 supplementation (86, 89).
3Countries with fortification policies include Australia, Finland, UK and the USA (77, 89, 98, 104) but average dietary vitamin D intake remains
below 1, 000 IU/day. 4Sunlight safety recommendations (139, 140). 5Safety recommendations for oral vitamin D supplementation (57). UVB =
ultraviolet-B. URI = upper respiratory illness.
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ABSTRACT

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease with a persistent systemic inflammation. Exercise-
induced inflammatory response in SLE remains to be fully elu-
cidated. The aim of this study was to assess the effects of acute
exercise on leukocyte gene expression in active (SLEACTIVE)
and inactive SLE (SLEINACTIVE) patients and healthy controls
(HC). Methods: All subjects (n = 4 per group) performed a
30-min single bout of acute aerobic exercise (~70% of VO2
peak) on a treadmill, and blood samples were collected for
RNA extraction from circulating leukocyte at baseline, at the
end of exercise, and after three hours of recovery. The expres-
sion of a panel of immune-related genes was evaluated by a
quantitative PCR array assay. Moreover, network-based
analyses were performed to interpret transcriptional changes
occurring after the exercise challenge. Results: In all groups,
a single bout of acute exercise led to the down-regulation of
the gene expression of innate and adaptive immunity at the
end of exercise (e.g., TLR3, IFNG, GATA3, FOXP3, STAT4)
with a subsequent up-regulation occurring upon recovery.
Exercise regulated the expression of inflammatory genes in
the blood leukocytes of the SLE patients and HC, although the
SLE groups exhibited fewer modulated genes and less densely
connected networks (number of nodes: 29, 40 and 58; number
of edges: 29, 60 and 195; network density: 0.07, 0.08 and
0.12, for SLEACTIVE, SLEINACTIVE and HC, respectively). Conclu-
sion: The leukocytes from the SLE patients, irrespective of
disease activity, showed a down-regulated inflammatory gene
expression immediately after acute aerobic exercise, followed
by an up-regulation at recovery. Furthermore, less organized
gene networks were observed in the SLE patients, suggesting
that they may be deficient in triggering a normal exercise-
induced immune transcriptional response.

Key words: physical activity, inflammation, autoimmunity,
gene array, exercise immunology, network analysis, hubs.

Abbreviations: 
SLE, systemic lupus erythematosus
SLEINACTIVE, inactive systemic lupus erythematosus patients
SLEACTIVE, active systemic lupus erythematosus patients
BMI, body mass index
SLEDAI, systemic lupus erythematosus disease activity index
HC, healthy controls
VAT, ventilatory anaerobic threshold
RCP, respiratory compensation point
VE, ventilation
VCO2, carbon dioxide output
Baseline, prior to exercise
End-ex, end of exercise
Recovery, three hours of recovery
HR, heart rate
VO2, oxygen uptake
DE, differentially expressed

INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune rheu-
matic disease characterized by an immune-mediated inflam-
mation of multiple organs (65). Although mechanisms under-
lying SLE pathogenesis have not yet been fully elucidated,
patients with active (SLEACTIVE) and inactive (SLEINACTIVE) dis-
ease exhibit up-regulation of the expression of genes involved
in both innate and adaptive immunity when compared with
their healthy counterparts (18, 23). This molecular dysfunction
may result in auto-antibody production, immune complex dep-
osition, and complement system activation (11), ultimately
leading to chronic inflammation (11, 33). The consequent
exacerbated inflammatory response has been implicated in
some SLE-related comorbidities, such as atherosclerosis and
endothelial dysfunction (26), which have been thought to be
the main causes of mortality in SLE patients (59).

Physical exercise has emerged as a potential tool for counter-
acting SLE comorbidities (45), endothelial dysfunction (19),
aerobic deconditioning (12), cardiac dysautonomia (29), and
inflammation (46). In fact, exercise has been shown to exert
anti-inflammatory effects in a number of chronic diseases,
including inflammatory rheumatic diseases. It has been specu-

Effects of acute aerobic exercise on leukocyte inflammatory gene expression in
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lated that such a role of exercise may be due to an anti-inflam-
matory environment induced by successive acute exercise
bouts. In response to a single bout of exercise, skeletal muscle
releases interleukin-6 (IL-6) in an exponential fashion accord-
ing to the duration and intensity of exercise (41, 42). Because
IL-6 has classically been considered a pro-inflammatory
cytokine primarily secreted by stimulated immune cells (e.g.,
monocytes and macrophages) (2), its increase in response to a
single bout of exercise was initially regarded as a pro-inflam-
matory response. However, the increase in IL-6 is not preced-
ed by an increase in tumor necrosis factor alpha (TNF-α) and,
most importantly, is followed by increased levels of anti-
inflammatory cytokines, namely IL-1 receptor antagonist (IL-
1ra) and IL-10 (41, 63). Therefore, rather than pro-inflamma-
tory, the acute exercise-induced increase in IL-6 may actually
lead to an anti-inflammatory environment (9). Studies with
recombinant IL-6 (rhIL-6) infusion further support the anti-
inflammatory consequences of the exercise-induced increase
in IL-6. When healthy subjects are exposed to a low-dose of E.
Coli endotoxin in a “low-grade inflammation model”, the infu-
sion of rhIL-6 (mimicking the exercise-induced IL-6 response)
blunts the otherwise expected increase in TNF-α (62). This
anti-inflammatory role of IL-6 has been associated with the
transitory increase of this cytokine secreted by the muscle in
response to a single bout of exercise (43), while persistent high
serum levels of IL-6 have been associated with a persistent
inflammatory response and chronic disabilities (20).

Even though consecutive bouts of exercise may potentially
exert anti-inflammatory effects, there is limited evidence
showing that regular exercise training may attenuate inflam-
mation in chronic diseases. In this regard, Adamopoulos et al.
(1) observed a reduction in resting TNF-α, IL-6, soluble TNF
receptors 1 and 2 (sTNFR1 and sTNFR2, respectively) in
patients with congestive heart failure after 12 weeks of aero-
bic training [5 sessions per week, 30 min per session, 80% of
maximal heart rate (HRmax)]. Conversely, Niebauer et al. (37)
failed to observe any changes in cytokines in patients with the
same disease after a similar training program. In patients with
coronary heart disease, 12 weeks of aerobic training (3 ses-
sions per week, 45 min per session,  70-80% HRmax) resulted
in reductions in IL-1, IL-6, interferon-gamma (IFN-γ) and C-
reactive protein, and increases in IL-10 (22). Likewise,
patients with fibromyalgia showed a reduction in C-reactive
protein serum levels and pro-inflammatory cytokines produc-
tion (IL-1β and TNF-α) in ex vivo stimulated monocytes, after
8 months of aquatic aerobic exercises (2 sessions per week, 60
min per session, 40-75% HRmax) (39, 40). In contrast, patients
with chronic obstructive pulmonary disease did not experi-
ence any change in IL-6, TNF-α, sTNFR1 and sTNFR2 after
an 8-week aerobic training (5 sessions per week, 60 min per
session, 90% peak power) (51). Studies involving patients
with autoimmune diseases are scarce. The three studies
assessing the effects of aerobic exercise (2 to 5 sessions per
week, 30 to 60 minutes per session, 3 to 8 weeks at either 60%
VO2peak or 75% HRmax) in patients with multiple sclerosis did
not show any changes in pro- or anti-inflammatory cytokines
(6, 13, 58).

The effects of exercise training upon inflammation in autoim-
mune inflammatory rheumatic diseases are also controver-

sial. Baslund et al. (7) showed that 8 weeks of an interval aer-
obic training (4 to 5 sessions per week, 30 min per session,
80% VO2max) did not elicit any changes in a number of
immune parameters, namely natural-killer cell activity,
monocyte count, lymphocyte proliferative responses or circu-
lating levels of IL-6, IL-1α and IL-1β in patients with
rheumatoid arthritis with low disease activity. Likewise, Rall
et al. (56) did not observe changes in peripheral blood
mononuclear cells production of TNF-α, IL-6, IL-2, IL-1β or
lymphocyte proliferation after 12 weeks of a progressive
resistance exercise program (2 sessions per week, 3 sets of 8
repetitions, 80% of 1RM) in patients with rheumatoid arthri-
tis. Bearne et al. (8) examined the acute and chronic effects a
5-week lower-body strength exercise program (2 sessions per
week, 4 sets of 6 isometric contractions at maximal voluntary
contraction) on the cytokine response in patients with
rheumatoid arthritis. Before the exercise program, a single
bout of strength exercise did not elicit any significant
changes on IL-1, IL-6 and TNF-α levels, which supports the
safety of exercise in these patients. Similarly, after the train-
ing program, no significant changes were observed in resting
levels of these cytokines. However, IL-6 level was decreased
after an acute single exercise session at the end of the inter-
vention. TNF-α response was also acutely decreased,
although this did not reach statistical significance. Although
the training program did not change baseline cytokine levels
in these patients, it is conceivable to speculate that the chron-
ic exercise may have affected, in a positive way, the inflam-
matory response to a single bout of exercise. Interestingly,
Nader et al. (34) reported decreased expression of pro-
inflammatory and pro-fibrotic gene networks (using microar-
ray technique) after 7 weeks of resistance training [3 sessions
per week, 45 min per session (3 sets of 10RM in 5 muscle
groups)] in patients with dermatomyositis and polymyositis,
indicating an important local anti-inflammatory effect of
exercise in these patients, which might be associated with
improvements in clinical symptoms.

Recently, our group investigated the effects a 12-week aerobic
training program [2 sessions per week, 30 to 50 minutes per
session, from ventilatory anaerobic threshold (VAT) to 10%
below respiratory compensation point (RCP)] in patients with
SLE in remission (47). Prior to and after the regular training
program, cytokines and sTNFRs were assessed at rest and in
response to single bouts of acute moderate and intense exer-
cises. Exercise training led to a decrease in resting sTNFR2
and a trend towards reduction in IL-10. In response to a bout
of moderate exercise, area under the curve of IL-10 was
reduced and area under the curve of IL-10, IL-6, TNF-α, and
sTNFR1 approached comparable values to those of the
healthy control group after the exercise training program in
SLE group. In response to a bout of intense exercise, area
under the curve of IL-10 was also reduced in SLE; additional-
ly, area under the curve of sTNFR2 tended to decrease after
training. Altogether, these findings indicate that an exercise
training program did not exacerbate inflammation in women
with SLE in remission at rest or in response to single bouts of
acute exercise, irrespective of exercise intensity. Moreover,
exercise training attenuated the exacerbated inflammatory
milieu, suggesting that this intervention may promote a home-
ostatic immunomodulatory effect in SLE.  
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Mechanisms underlying exercise-induced changes in cytokine
pattern are not yet fully elucidated in healthy subjects and
patients with an inflammatory disease; however, it has been
postulated that modulation in gene expression of leukocyte
cells could explain alterations in inflammatory mediators in
response to exercise (60). This concept has been supported by
gene array studies (10, 15, 16, 53, 54). A growing number of
studies have demonstrated that a single bout of exercise can
modulate gene expression in circulating leukocytes in healthy
subjects (60). Notably, these studies have revealed that exer-
cise can simultaneously stimulate anti- and pro-inflammatory
genes as well as growth and repair genes, suggesting a coordi-
nated counterbalanced response to the stress imposed by exer-
cise (53).

Connolly et al. (16) showed that a 30-minute cycling exercise
(80% VO2peak) led to an up-regulation of genes related to stress
and inflammation in peripheral blood mononuclear cells in
healthy subjects. Importantly, altered expression levels of pro-
inflammatory genes returned to baseline 60 minutes into
recovery, whereas IL-1RA gene, which is thought to be an
anti-inflammatory mediator, increased during this stage. This
response was paralleled by an increase in IL-1ra and IL-6 cir-
culating levels. Heat shock proteins (HSP) genes, which have
been shown to inhibit NF-κB (27), were also upregulated dur-
ing the exercise. Based on these findings, the authors suggest-
ed that changes in IL-1RA and HSP gene expression might be
related to the anti-inflammatory effect of exercise. Büttner et
al. (10) also showed a significant up-regulation of leukocytes
genes involved in energy metabolism, extracellular matrix,
heat-shock response and inflammation in response to a high-
er- and lower-intensity exercise (80% and 60% VO2max) in
healthy subjects. Amongst the most up-regulated genes in
response to exercise were HSP, IL-1RA, and membrane metal-
loendopeptidase (MME), which is thought to control the
bioavailability of pro-inflammatory peptides. On the other
hand, amongst the most down-regulated genes was the natural
killer receptor gene BY55/CD160, which is an important co-
stimulator of the T-cell receptor possibly able to affect T-cell
expansion and cytotoxicity (38). The authors suggested that
these gene responses might be associated with the anti-inflam-
matory response to exercise. 

In a series of studies, Radom-Aizik et al. (52, 54, 55) assessed
gene expression in different leukocyte subpopulations (i.e.,
monocytes, natural killer cells, and neutrophils) in response to
acute exercise in adult healthy subjects (55). These authors
observed that ten 2-min bouts of exercise (85% of VO2peak)
interspersed by 1-min intervals were able to modulate mono-
cytes gene expression in healthy subjects (55). The main up-
regulated genes in the monocytes following exercise were
heparin-binding EGF-like growth factor (HBEGF), amphireg-
ulin (AREG), and epiregulin (EREG), which have been associ-
ated with vascular remodeling (70). Additionally, the main
down-regulated genes in response to exercise were TNF-α,
TLR4, and CD36, which have been associated with the anti-
inflammatory effects of exercise (21, 61). Radom-Aizik et al.
(52) also showed that an acute exercise protocol (2-min exer-
cise at 77% of VO2peak, interspersed by 1-min intervals) modu-
lated pathways related to cancer, cell communication, and
inflammation in circulating NK cells. This conclusion was

based on the modulation of TNF family genes, with an
increase in the gene expression of TNF-induced protein 3
(TNFAIP3), and decreases in the gene expression of TNF lig-
and superfamily member 13b (TNFSF13B) and TNF ligand
superfamily member 4 (TNFSF4). Finally, because neu-
trophils remain elevated or continue to increase after exercise,
unlike peripheral blood mononuclear cells, Radom-Aizik et
al. (54) investigated the effects of a 30-min exercise bout
(VO2peak) on neutrophil gene expression in healthy young
men. The authors showed that many of the altered genes were
related to regulation of cell physiology, immune response,
stress response, apoptosis, and signal transduction. A number
of genes involved in growth and tissue repair were up-regulat-
ed (e.g., ARE, a member of the epidermal growth factor), as
well as genes potentially involved in angiogenesis [e.g.,
platelet-derived factor D (PDGFD) and fibroblast growth fac-
tor receptor-2 (FGFR2)]. Moreover, up-regulation of pro- and
anti-apoptotic genes was also observed. Finally, as observed
in peripheral blood mononuclear cells, both pro- and anti-
inflammatory genes were up-regulated. For instance,
granzyme A (GZMA) and perforin (PRF1) genes, which are
known to control protein that promote cell lysing of
pathogens, thereby allowing neutrophils to kill or damage
these cells, were up-regulated. In addition, annexin 1
(ANXA1), which is thought to inhibit the release of free radi-
cals from activated neutrophils (48), and HSP genes were also
up-regulated. The apparently “paradoxical response” to exer-
cise led the authors to suggest that “the genomic response in
neutrophils immediately following the perturbation of exer-
cise might be characterized as a cellular ‘wake up’ call”.
These findings were further supported by another study (36),
which observed an activation of the innate immunity charac-
terized by an increase in gene expression of toll-like receptors
in neutrophils after a single bout of exercise.

Therefore, in healthy individuals, a global gene expression
analysis of circulating peripheral blood mononuclear cells and
neutrophils shows that exercise stimulates an orchestrated up-
regulation of both pro- and anti-inflammatory genes, which
are normalized after at least one hour of recovery (16, 54).
However, a concern remains that exercise may trigger an
immunological “danger” type of stress and  inflammatory
response characterized by “pre-activated” circulating leuko-
cytes (e.g., asthma, musculoskeletal injury, and anaphylaxis),
which could lead, at least in theory, to detrimental effects in
inflammatory diseases (17). In contrast to this hypothesis, we
did not observe exacerbated inflammation following both
acute and chronic exercise in SLE patients (40, 41).  Nonethe-
less, the influence of exercise on inflammation-related gene
expression in blood cells of SLE patients has not been
addressed. Therefore, this study aimed to investigate the
effects of acute aerobic exercise on the modulation of
immune-related gene expression in circulating leukocytes
from SLEINACTIVE and SLEACTIVE patients and healthy individu-
als. Based on our previous findings (40, 41), we hypothesized
that a single bout of exercise would similarly modulate leuko-
cyte gene expression in SLE patients and controls, without
inducing an exacerbated gene inflammatory response.  
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MATERIAL AND METHODS

Ethical approval
This study was approved by the Local Ethical Committee
(School of Medicine of University of Sao Paulo – nº 0185/11
and the subjects signed an informed consent. This study was
registered at clinicaltrials.gov as NCT01515163. All of the
procedures were in accordance with the Helsinki Declaration
revised in 2008. 

Participants and Experimental design
Four SLEINACTIVE and four SLEACTIVE women were consecutively
selected and were regularly followed at the Outpatient Lupus
Clinic of the Rheumatology Division of the School of Medicine
at the University of Sao Paulo, Brazil. All patients fulfilled the
American College of Rheumatology criteria for SLE diagnosis
(25). Disease activity was determined by Systemic Lupus Erythe-
matosus Disease Activity Index (SLEDAI) scores. The inclusion
criteria for both SLE groups were an age range of 20 to 40 years
and physical inactivity for at least six months prior to the selec-

tion process. Exclusion criteria were secondary rheumatic disease
(e.g., Sjögren syndrome, antiphospholipid syndrome), body mass
index (BMI) ≥ 30 kg/m2, acute renal failure, cardiac and pul-
monary involvement, fibromyalgia, and musculoskeletal and
joint disorders precluding the exercise testing. For the SLEINAC-

TIVE group, inclusion criteria were SLEDAI scores < 4 and the
absence of glucocorticoid therapy for at least six months prior to
entry. All patients in the SLEACTIVE group had SLEDAI scores of
between 4 and 8 and received a daily glucocorticoid dose of ≤ 20
mg. Disease manifestations were defined as follows: cutaneous
disease, articular involvement, neuropsychiatric disease, renal
disease, cardiopulmonary disease, and hematologic complica-
tions. Four age- and BMI-matched healthy women were selected
for this study as the healthy control (HC) group. The participants'
demographic and laboratory parameters are demonstrated in
Tables 1 and 2. Patients and controls were randomly selected
from a larger group of participants described elsewhere (46).

All subjects (i.e., SLEINACTIVE, SLEACTIVE, and HC) performed
a maximal graded treadmill cardiopulmonary exercise test to

Table 1. Demographic, clinical and therapy data of patients (SLEINACTIVE and SLEACTIVE) and healthy controls (HC).

SLEACTIVE SLEINACTIVE HC
(n = 4) (n = 4) (n = 4)

Age (years) 32.5 ± 3.4 34.5 ± 3.4 29.3 ± 4.8
Body mass (kg) 69.8 ± 8.8 62.0 ± 5.3 58.0 ± 4.9
Height (cm) 164.8 ± 2.9 158.1 ± 3.6 157.8 ± 5.4
BMI (kg/m2) 25.7 ± 3.0 24.9 ± 3.1 23.3 ± 1.6
SLEDAI 6.3 ± 1.1* 1.3 ± 0.8 -
Disease duration (years) 6.8 ± 2.8 6.8 ± 1.8 -
Drugs [nº(%)]
Glucocorticoid 4 (100%) 0 (0%) -
Antimalarial 3 (75%) 3 (75%) -
Azathioprine 1 (25%) 1 (25%) -
Methotrexate 1 (25%) 0 (0%) -
Mycophenolate mofetil 2 (50%) 1 (25%) -

Data are presented as the mean ± standard deviation or n (%). BMI = body mass index; SLEDAI = systemic lupus erythematosus disease activ-
ity index; SLE: systemic lupus erythematosus; SLEINACTIVE: women with inactive SLE; SLEACTIVE: women with active SLE. * denotes significant dif-
ferences between SLEACTIVE versus SLEINACTIVE (P < 0.05).

Table 2. Laboratory parameters of patients (SLEINACTIVE and SLEACTIVE) and healthy controls (HC). 

SLEACTIVE SLEINACTIVE HC
(n = 4) (n = 4) (n = 4)

C3 (90-180 mg/dL) 70.8 ± 14.4# 100.7 ± 9.0 130.8 ± 17.4
C4 (10-40 mg/dL) 6.3 ± 1.3# 13.1 ± 4.9 27.0 ± 7.6
CPK (26-192 U/L) 83.0 ± 15.0 111.7 ± 38.0 103.5 ± 22.0
Creatinine (0.50-0.90 mg/dL) 0.83 ± 0.18 0.77 ± 0.12 0.78 ± 0.08
Erythrocytes (4.0-5.4 million/mm3) 4.2 ± 0.4 4.1 ± 0.2 4.5 ± 0.3
Hematocrit (35-47%) 39.3 ± 2.9 38.9 ± 0.5 38.2 ± 1.0
Leukocytes (4.0-11.0 mil/mm3) 5.6 ± 0.5 4.3 ± 1.2 8.0 ± 3.6
Platelets (140-450 mil/mm3) 202.5 ± 45.2 259.5 ± 66.5 255.8 ± 50.4
CRP (< 5 mg/L) 3.2 ± 4.6 2.2 ± 2.5 3.3 ± 2.3
ESR (5.6-11.0 mm) 7.5 ± 9.0 12.0 ± 6.4 7.0 ± 5.0

Data are presented as the mean ± standard deviation. CPK: creatine phosphokinase; CRP: C-reactive protein; ESR: erythrocyte sedimentation
rate. # denotes significant differences between SLEACTIVE versus HC (P < 0.05).
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determine their ventilatory anaerobic threshold (VAT) and
RCP. Thereafter, the subjects in the SLEINACTIVE, SLEACTIVE,
and HC groups underwent a 30-min single bout of acute aero-
bic exercise, and a leukocyte gene expression analysis was
performed prior to exercise (Baseline), immediately after
exercise (End-ex), and after three hours of recovery (Recov-
ery). 

Cardiopulmonary exercise test
A maximal graded exercise test was performed on a treadmill
(Centurion 200, Micromed, Brazil) with increments in veloci-
ty and grade each minute until volitional exhaustion. Oxygen
consumption (VO2) and carbon dioxide output were obtained
through breath-by-breath sampling and expressed as a 30-s
average using an indirect calorimetric system (Cortex - model
Metalyzer IIIB, Leipzig, Germany). HR was continuously
recorded at rest, during exercise and at recovery using a 12-
lead electrocardiogram (Ergo PC Elite, Inc. Micromed,
Brazil). Cardiopulmonary exercise test results were consid-
ered to be maximal when one of the following criteria was
met: VO2 plateau (i.e., < 150 mL/min increase between two
consecutive stages), HR of no less than 10 beats below age-
predicted maximal HR and respiratory exchange ratio value of
above 1.10 (49). The VO2peak was calculated as the average
value for the final 30 s of the test. The VAT was identified fol-
lowing previously described procedures (68). In brief, this
value was determined when the ventilatory equivalent for VO2
(VE/VO2) increased without a concomitant increase in the
ventilatory equivalent for carbon dioxide (VE/VCO2). The
RCP was determined when the VE/VO2 and VE/VCO2
increased simultaneously.

Single bout of acute aerobic exercise
At least 72 hours after the cardiopulmonary exercise test, a
single bout of acute aerobic exercise was performed on a
treadmill for the assessment of gene expression in the leuko-
cytes. 

The acute aerobic exercise bout was set at an intensity corre-
sponding to 50% of the delta difference (∆) between the VAT
and the RCP (SLEINACTIVE: 69.0 ± 11.3% of VO2peak; SLEAC-

TIVE: 67.6 ± 5.1% of VO2peak; HC: 63.2 ± 6.6% of VO2peak). The
exercise bout was comprised of a 5-min warm-up and 30 min
of exercise at the pre-determined exercise intensity.

Blood sampling and RNA isolation
Prior to exercise, the antecubital vein was cannulated for
blood sampling. Approximately 10 mL of blood were collect-
ed with the patients in the seated position immediately before
the acute exercise (Baseline), immediately after the acute
exercise (End-ex), and 3 hours after the end of the acute exer-
cise (Recovery). Blood was drawn into tubes containing anti-
coagulant (EDTA) for subsequent analysis. White blood cells
were isolated using an erythrocyte lysis buffer (17 mM tris-
HCl and 0.144 M ammonium chloride, pH 7.2) followed by
two washing steps in PBS containing 2 mmol/L EDTA. The
buffers were used at 4°C, and the tubes were placed on ice.
Total RNA was isolated from the resulting cell pellet using the
Trizol reagent (Invitrogen, Carlsbad, CA) in accordance with
the manufacturer's instructions. The RNA concentrations were
determined using the NanoDrop spectrophotometer (Nan-

oDrop, Thermo Scientific, Wilmington, DE). RNA quality
was assessed using the Agilent Bioanalyzer 2100 System
(Agilent Technologies, Palo Alto, CA), following the manu-
facturer’s recommendations.

PCR array analysis
The PCR array analyses of the mRNA were performed in two
sets of six 96-well plates per group, following the manufactur-
er’s recommendations (The Human Innate & Adaptive
Immune Responses RT2 Profiler™ PCR Array Kit; Qiagen,
South Korea). The data analysis and validation were per-
formed using the free online software provided by the manu-
facturer’s website (Qiagen, South Korea). Gene expression
levels were considered to be altered (up- or down-regulated) if
fold changes of > 2.0 were observed.

Bioinformatics analysis
A protein-interaction network analysis was performed to
evaluate the network representations of the signaling path-
ways and the physical relationships between the proteins
encoded by the differentially expressed (DE) genes. The
Cytoscape plugin GeneMania (31) was employed to scan for
physical and pathway interactions between the seed nodes.
Network descriptive parameters (i.e., number of nodes, num-
ber of edges, average node degree, diameter, characteristic
path length, clustering coefficient, and network density)
were calculated using the Cytoscape Plugin Network Ana-
lyzer (5). After the networks were constructed, the twenty
percent most connected nodes in each network (considered
as hubs) were marked with yellow borders for a better visu-
alization. 

Statistical analysis
Data are presented as mean ± standard deviation. The Gauss-
ian distribution of the data was tested by Kolmogorov-
Smirnov’s test (with Lilliefor’s correction). Demographic data
of the three groups (SLEINACTIVE, SLEACTIVE, and HC) were
compared using one way ANOVA followed by Bonferroni
post hoc test. Drugs proportions of both SLE groups were
compared with χ2 test. All data analysis was performed using
the Statistical Package for Social Sciences (SPSS), version
17.0 for Windows. The level of significance was set at P ≤
0.05. 

RESULTS

Patients and healthy controls main characteristics' are present-
ed in Table 1 and 2. Age, body mass, height, and BMI were
comparable between the SLEINACTIVE, SLEACTIVE, and HC
groups (P > 0.05). The SLEACTIVE group showed higher
SLEDAI score compared with the SLEINACTIVE group (P <
0.05) and lower C3 and C4 levels compared with the HC
group (P < 0.05). 

In the HC group, 46 DE genes (5 up-regulated and 41 down-
regulated) were modulated at the end of the single bout of
acute exercise, whereas 26 DE genes were up-regulated at
Recovery compared with Baseline (Table 3). Additionally, the
network analysis indicated that the main exercise-modulated
genes were as follows: IL2, IFNG, TNF, IL18, IL23A, IL1B,
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IFNAR1, IL1R1, JAK2, STAT1, STAT3, STAT4, TYK2, IRF3,
NFKB1 and MYD88 (Figure 1; genes with yellow borders). 

In the SLEINACTIVE group, there were 39 DE genes (7 up-regu-
lated and 32 down-regulated) at End-ex compared with Base-
line, whereas 22 genes (20 up-regulated and 2 down-regulat-
ed) were modulated at Recovery compared with Baseline
(Table 4). Additionally, the network analysis revealed that the
main exercise-modulated hubs were as follows: IL2, IL13,
IL18, GATA3, STAT4, CCL5, LY96, TLR4, TLR7, TLR8 and
TLR9 (Figure 2; genes with yellow borders). 

In the SLEACTIVE group, 32 DE genes (3 up-regulated and 29
down-regulated) were modulated at End-ex when compared
with Baseline, while 17 (13 up-regulated and 4 down-regulat-
ed) were modulated at Recovery when compared with Base-
line (Table 5). Network analysis revealed that the main exer-
cise-modulated hubs were IL2, IFNG, IL18, IL13, GATA3,
STAT4, and CCL5 (Figure 3; genes with yellow borders). 

The analysis of the network descriptive parameters is shown
in Table 6. Interestingly, the lower number of nodes and
edges, average node degree, and network density in the SLE-
ACTIVE and SLEINACTIVE groups indicated that a single bout of
exercise modulated less dense gene networks in the SLE
groups when compared with the HC group. In addition, SLE-
ACTIVE had lower network connectivity when compared with
SLEINACTIVE. 

DISCUSSION

To the best of our knowledge, this is the first study to assess
the effects of acute exercise on the gene expression profiles of
circulating leukocytes from SLE patients. The main findings
of this study were two-fold: i) the SLE patients and healthy
individuals displayed changes in the expression of their leuko-
cyte inflammation-related genes following acute aerobic exer-
cise; and ii) exercise regulated fewer immune-related genes
and less connected networks in the leukocytes from the SLE
patients compared with their healthy peers.

Leukocytes from the HC group showed a down-regulation of
genes related to innate immunity (i.e., cytokines and their
receptors) at End-ex, in contrast with previous findings (30,
66). Although these previous studies did not detect any alter-
ations in cytokine-related gene expression, cytokine serum
levels did increase after exercise in accordance with a recent
study from our group (46). In addition, the expression of Toll-
like receptor pathway-related genes (i.e., TLR3, TLR7,
MYD88, IRF3, and IFNB1), which are associated with the
inflammatory process (3), were down-regulated at End-ex in
the HC group, suggesting that an anti-inflammatory response
occurred immediately after exercise as previously reported
(60). Conversely, at Recovery, the leukocytes of the HC group
showed the up-regulation of the expression of genes related to
the JAK/STAT pathway (i.e., JAK2, TYK2, STAT1, STAT3,
STAT4, IFNG, and IFNAR1) and the pro-inflammatory path-
way (i.e., IL1B, IL1R1, NFKB1, TLR1, TLR8, and CD14), cor-
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roborating previous results (35, 54). The increased gene
expression in relation to the JAK/STAT pathway has been
associated with a variety of cellular functions (32); however,
particularly in response to exercise, it has been linked to cell
growth and the survival of neutrophils (54). Additionally, the
increased expression of pro-inflammatory pathway-related
genes at Recovery support previous findings (35). Neubauer
et al. (35) suggested that this up-regulation might be
explained by the appearance of muscle-derived damage-asso-
ciated molecular mechanisms. Such molecules could be rec-
ognized by Toll-like receptors (TLR), triggering downstream
pathways in a similar manner as the activation of sterile
inflammation (14), but differing due to the transient nature of
the exercise-induced inflammatory response (35).

The SLEINACTIVE group showed a similar response to the HC
group, with the down-regulation of innate immunity genes
such as cytokine-related (i.e., IL13, IL2, IL18, and CCL5) and
TLR-related pathway (i.e., TLR6, LY96, and TICAM1) genes
at End-ex. These genes were up-regulated at Baseline. Thus, it

seems that exercise may negatively modulate the expression
of genes over-expressed at baseline in SLE. However, while
cytokine-related genes were altered in response to exercise,
serum cytokine levels appeared to be not affected (46). The
down-regulation observed at End-ex was not sustained during
Recovery, where there was up-regulation of genes related to
JAK/STAT pathway (i.e., STAT4, IL13, and IL2) and
cytokines (i.e., IL13, IL1A, and CCR5). Although these genes
have been implicated in SLE pathogenesis (4, 28), the same
response has also been observed in healthy individuals (54) in
a transitory manner (35). Moreover, adaptive immunity genes
(i.e., GATA3, RORC, and FOXP3) were down-regulated at
End-ex in SLEINACTIVE, and GATA3 was the highest connected
gene in its corresponding network. GATA3 is a transcription
factor responsible for promoting the responses of T helper 2
cells and has been associated with the autoantibodies produc-
tion in SLE patients (44), as well as autoimmune glomeru-
lonephritis in mice (69). Therefore, it seems that a single bout
of exercise could, at least transiently, down-regulate transcrip-
tion factors associated with SLE disease pathogenesis. 

Figure 1. Network analysis of changes in gene expression obtained from comparisons between Baseline, End-ex and Recovery periods
in healthy controls. Network analysis of the DE genes resulting from the comparisons of End-ex vs. Baseline and Recovery vs. Baseline in the
HC. Networks were constructed using information obtained from the pathways (grey edges) and physical interactions (blue edges). Diamond
and square nodes denote the DE genes regulated immediately after exercise (End-ex) and at Recovery, respectively. V-shaped nodes represent
the genes regulated during both periods (End-ex and Recovery). The up- and down-regulated genes are depicted in red and green, respective-
ly. The down-regulated genes at End-ex that were up-regulated at Recovery are depicted in orange.
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In the SLEACTIVE group, fewer genes were modulated by exer-
cise, resulting in a less connected network. The main down-
regulated network genes at End-ex were related to both innate
and adaptive immunity, such as IL2, IFNG, IL18, IL13,
GATA3, and CCL5. Interestingly, we observed a down-regula-
tion of IFNG, which has been pointed out as a major effector
molecule in SLE disease (64). Moreover, the reduction in
GATA3 gene expression was also observed in SLEINACTIVE at
End-ex. At Recovery, fewer genes were up-regulated (i.e.,
STAT4, TLR3, IRF7, CCR4, and CCR5), and they possessed
low degrees of connection, suggesting only the partial activa-
tion of the immune pathway. 

Overall, we observed a similar response pattern of leukocyte
gene expression in the SLEINACTIVE, SLEACTIVE and HC groups
following a single bout of acute exercise, since all groups
showed a global down-regulation of blood leukocyte gene
expression at End-ex compared with Baseline. These findings
further support the notion that a single bout of aerobic exer-

cise (up to ~70% VO2peak) may not trigger a pro-inflammatory
response in SLE patients (46, 47). Despite this, the analysis of
network parameters (i.e., number of nodes, number of edges,
average node degree, and network density) suggested a lower
network connectivity in the SLEINACTIVE and SLEACTIVE groups
when compared with the HC group. Moreover, when com-
pared the HC group, the SLE groups showed a higher network
diameter with a lower clustering coefficient, which may sug-
gest a less efficient and controlled flow of information (57).
One hypothesis for the less connected networks and reduced
number of modulated genes in SLE groups would be that an
overexpression of inflammatory genes at Baseline might have
precluded the additional exercise-induced transcriptional up-
regulation in the leukocytes, as the expression of inflammato-
ry genes might have approached maximum levels at Baseline.
Alternatively, the drug therapies in SLE groups may have par-
tially impeded the broader gene modulation observed in the
HC group. In fact, treatment with immunosuppressive drugs
(e.g., glucocorticoid, chloroquine, and methotrexate) has been

Figure 2. Network analysis of changes in gene expression obtained from comparisons between Baseline, End-ex and Recovery periods
in SLEINACTIVE patients. Network analysis of DE genes resulting from the comparisons of End-ex vs. Baseline and Recovery vs. Baseline in the
SLEINACTIVE patients. Networks were constructed using information obtained from the pathways (grey edges) and physical interactions (blue
edges). Diamond and square nodes denote the DE genes regulated immediately after exercise (End-ex) and at Recovery, respectively. V-shaped
nodes represent genes regulated during both periods (End-ex and Recovery). The up- and down-regulated genes are depicted in red and green,
respectively. The down-regulated genes at End-ex phase that were up-regulated genes at Recovery are depicted in orange.
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shown to suppress the expression of inflammatory cytokine-
related genes in human peripheral blood mononuclear cells
(24, 67). Interestingly, lower network connectivity was
observed in the SLEACTIVE group in comparison with the
SLEINACTIVE group. Difference in drug therapy between the
SLE groups may possibly account for this observation;
although both SLE groups were receiving immunosuppressive
therapy, only the SLEACTIVE group was treated with glucocorti-
coids, which may induce a very potent immunomodulatory
response (24, 67). 

Importantly, the gene expression changes in the leukocytes
from the HC group formed more densely connected networks
compared to those from the SLE groups, and some genes were
exclusively regulated in the HC group, such as IL23, JAK2,
STAT1, STAT3, and TYK2. The latter has been considered
important in the maintenance of complex I-dependent mito-
chondrial respiration and ATP production. Notably, Tyk2(-/-)

showed decreased exercise tolerance compared with wild-
type mice, which was paralleled by deficiencies in Tyk2

kinase and other components of the JAK/STAT pathway, pre-
disposing the animals to abnormal responses following
inflammatory challenges (50). 

One may argue that the main limitation of this study is the
lack of gene expression assessment in specific sub-sets of
leukocytes, such as neutrophils or peripheral blood mononu-
clear cells. However, our main purpose was to investigate the
global effect of exercise on leucocyte gene response, rather
than the specific response of each leukocyte subset. Further-
more, previous studies reported that a single bout of acute aer-
obic exercise elicited a similar gene expression in total leuko-
cytes (10) and neutrophils (16), suggesting that leukocyte
gene expression may be representative of its sub-populations.
Notwithstanding, since we did not analyze possible changes
in leukocyte number, which may have influenced gene
expression, additional studies involving SLE patients are
required to further clarify the role of acute aerobic exercise
upon leukocyte sub-sets gene expression. Furthermore, the
lack of biochemistry data (e.g., cytokines and acute phase pro-

Figure 3. Network analysis of changes in gene expression obtained from comparisons between Baseline, End-ex and Recovery periods
in SLEACTIVE patients. Network analysis of the DE genes resulting from the comparisons of End-ex vs. Baseline and Recovery vs. Baseline in the
SLEACTIVE patients. Networks were constructed using information obtained from the pathways (grey edges) and physical interactions (blue
edges). Diamond and square nodes denote the DE genes regulated immediately after exercise (End-ex) and at Recovery, respectively. V-shaped
nodes represent genes regulated during both periods (End-ex and Recovery). The up- and down-regulated genes are depicted in red and green,
respectively. Down-regulated genes at End-ex that were up-regulated at Recovery are depicted in orange.
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teins) at each time-point may be considered another limita-
tion, thus a more integrative study comprising molecular, bio-
chemical, and physiological responses remains necessary.
Finally, caution should be exercised in generalizing the cur-
rent findings since this is a relatively small-scale study (i.e., n
= 8 patients and 4 controls).  

CONCLUSIONS

In conclusion, our results indicated that a single bout of acute
aerobic exercise altered gene expression levels in circulating
leukocytes from healthy individuals and SLE patients, irre-
spective of disease activity. Immediately after exercise,
inflammatory genes were down-regulated in all groups com-
pared with Baseline; at Recovery, an up-regulation was
observed. Less connected networks were revealed in the SLE
groups, suggesting that the leukocytes from these patients are
deficient in triggering a normal exercise-induced immune
transcriptional response. Further studies are needed to assess
the association of exercise-induced molecular changes with
the potential benefits and risks of exercise training in SLE
management.
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ABSTRACT

Cancer-related fatigue significantly disrupts normal function-
ing and quality of life for a substantial portion of cancer sur-
vivors, and may persist for years following cancer treatment.
While the causes of persistent fatigue among cancer survivors
are not yet fully understood, accumulating evidence suggests
that several pathways, including chronic inflammation, auto-
nomic imbalance, HPA-axis dysfunction, and/or mitochondri-
al damage, could contribute towards the disruption of normal
neuronal function and result in the symptom of cancer-related
fatigue. Exercise training interventions have been shown to be
some of the more successful treatment options to address can-
cer-related fatigue. In this review, we discuss the literature
regarding the causes of persistent fatigue in cancer survivors
and the mechanisms by which exercise may relieve this symp-
tom. There is still much work to be done until the prescription
of exercise becomes standard practice for cancer survivors.
With improvements in the quality of studies, evidenced-based
exercise interventions will allow exercise scientists and oncol-
ogists to work together to treat cancer-related fatigue.

INTRODUCTION

The National Comprehensive Cancer Network defines cancer-
related fatigue as a “distressing, persistent, subjective sense of
physical, emotional and/or cognitive tiredness or exhaustion
related to cancer or cancer treatment that is not proportional to
recent activity and interferes with usual function” [1]. Fatigue
is thought to be the most widespread adverse side effect of
cancer in adults and children [1], with some studies placing
the percent of patients suffering from fatigue as high as 75-
99% [2]. Fatigue lasts longer than other treatment side-effects
[3], and is the symptom reported to interfere most substantial-

ly with activities of daily living [3-6]. While it is associated
with cancer itself [1], fatigue frequently worsens during treat-
ment and is recognized as a factor limiting patient adherence
to cancer therapy [2, 7]. This may explain why patients report-
ing high levels of fatigue during treatment have shorter dis-
ease free intervals [8]. Although symptoms frequently
improve following treatment completion, fatigue persists in a
substantial number of cancer survivors. It has been estimated
that 19-38% of survivors experience significant levels of
fatigue following treatment [1, 7, 9], which is a much higher
prevalence than in the population without a cancer history. In
some instances, fatigue continues for years after the cancer
treatment has ended. For example, in a longitudinal study of
763 breast cancer survivors, 35% were fatigued in the first 5
years after treatment, and 34% reported fatigue 5-10 years fol-
lowing treatment [10].  Similar results were found in a survey
of 1294 breast, prostate, or colorectal cancer survivors, where
approximately one third of survivors reported fatigue 6 years
after treatment [11].

The diagnostic criteria for cancer-related fatigue are presented
in Table 1. Fatigue is a complex multi-dimensional phenome-
non that occurs across physical, cognitive, and emotional
domains [2] and is comprised of both peripheral and central
aspects [12]. Peripheral fatigue refers to events that occur in
the muscles and at the neuromuscular junctions, while central
fatigue refers to events that originate in the brain. Central
fatigue includes physical (I don't have the strength to do it) as
well as motivational (I don't want to engage in the effort to do
it) components. In a qualitative study of cancer-related
fatigue, 7 of 20 patients described motivational deficits during
unstructured interviews [13]. Furthermore, in studies that
directly asked patients about their level of motivation or inter-
est, the rate of reported deficits increased to 50%-65% [14-
16]. Fatigue is most commonly measured through self-reports.
Standardized questionnaires ask individuals to rate fatigue on
a numeric scale and frequently gather additional data, such as
its temporal pattern and duration and its interference with
daily function [17]. Several fatigue-specific questionnaires
have been developed to assess dimensions of fatigue. In addi-
tion, fatigue is often rated by patients together with other
symptoms on a single multi-symptom assessment measure,
such as the M.D. Anderson Symptom Inventory [18]. Never-
theless, cancer-related fatigue is thought to be underreported
and underestimated, and thus undertreated [7].
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Factors leading to the development of persistent cancer-relat-
ed fatigue are not well understood [1, 3]. The occurrence and
severity of cancer-related fatigue is not related to the type of
disease or treatment variables, making it difficult to identify
populations with the greatest risk for fatigue. Specifically, no
reliable associations have been found between fatigue and
type of cancer, disease stage at diagnosis, tumor size, number
of nodes involved, presence and site of metastases, time since
diagnosis, the type, extent, and length of cancer treatment, or
time since treatment [9]. Several processes have been pro-
posed to play a role in fatigue, including anemia, inflamma-
tion [19], hypothalamic-pituitary-adrenal (HPA) axis dysfunc-
tion [20], disruption of circadian rhythms [21], disturbance of
monoamine pathways that regulate neurotransmitters [12],
and loss of skeletal muscle [22]. Psychological variables are
also thought to play a role [7]. The contributions of these fac-
tors to cancer-related fatigue are discussed in more detail
below. The lack of consensus on the underlying cause(s) of
cancer-related fatigue has limited its treatment options [2]. No
single pharmacological or behavioral intervention has been
found to be completely effective at addressing cancer-related
fatigue [19]; however exercise training interventions have
been some of the most successful at alleviating this symptom
[23]. As presented in the current review, the multifaceted
effects of exercise training, which include improvements in
inflammation, brain function, fitness, and self-efficacy, may
help explain the beneficial effects of exercise on cancer-relat-
ed fatigue.

Mechanisms of persistent fatigue in cancer survivors
Inflammation
Chronic inflammation has received much attention as a poten-
tial mechanism leading to persistent fatigue in cancer sur-
vivors, partially due to observed associations between inflam-
mation and fatigue in cancer survivors. Compared to nonfa-
tigued survivors, fatigued breast cancer survivors exhibit
higher levels of neopterin [24], a biomarker of macrophage
activation, and C reactive protein (CRP) [25-27], an acute
phase protein that is the most commonly used biomarker of
inflammation.  Further signs of heightened immune activity in
fatigued breast cancer survivors are elevated white blood cell
counts [25, 27-29], elevated T-cell counts [30], and increased
production of  tumor necrosis factor (TNF)-α and interleukin
(IL)-6 following lipopolysaccharide stimulation [31] in com-
parison to nonfatigued survivors. While most of the evidence
linking inflammation and fatigue in cancer survivors has been
collected in breast cancer survivors, immune activation has
been implicated in fatigue among other groups as well. For
example, in testicular cancer survivors measured a median of
11 years post-treatment, fatigue was associated with higher
levels of CRP [28].  Additionally, ovarian cancer survivors
whose symptoms of fatigue improved in the year following
treatment had decreases in plasma IL-6 [32]. Genetic markers
also support a link between inflammation and fatigue. Signifi-
cant associations between single nucleotide polymorphisms
for several cytokines and fatigue have been demonstrated in
lung cancer survivors [33]. Although the sample size was
small, Bower et al found that fatigued breast cancer survivors
had heightened gene expression for activation of pro-inflam-
matory cytokines, chemokine signaling, vascular growth fac-
tor, and transcriptional activation in leukocytes [34]. The
same study by Bower et al also reported increased signaling
by transcription factor nuclear factor-kappa B (NF-κB), which
is responsible for and responds to the upregulation of many
pro-inflammatory genes, and also found decreased expression
of glucocorticoid receptor transcription factor [34]. Decreased
glucocorticoid signaling suggests decreased sensitivity to cor-
tisol, the main endogenous brake on the production of pro-
inflammatory cytokines [12].

Causal links between inflammation and central fatigue have
been demonstrated using animal models in which the symp-
toms of fatigue and reduced motivation appear after induction
of high levels of pro-inflammatory cytokines, such as inter-
leukin-1 beta (IL-1β) [12]. Further evidence has come from
human studies where fatigue is induced by typhoid vaccina-
tion, activation of the immune system through administration
of low dose endotoxin, or in patients receiving recombinant
cytokines such as interferon (IFN)-α as treatment for hepatitis
C [12]. Treatments which reduce inflammation, such as antag-
onists of TNF-α, have also been shown to reduce fatigue in
patients with rheumatoid arthritis or psoriasis [35, 36].

Fatigue is one component of ‘sickness behavior’, the coordi-
nated set of adaptive behavioral changes that occur in infected
individuals to promote survival, and include lethargy and
sleepiness. These changes are orchestrated in the brain follow-
ing the release of inflammatory mediators that ultimately
stimulate the brain to induce feelings of sickness. Mechanisti-
cally, elevated cytokines that mediate the inflammatory

Table 1. Diagnostic criteria for cancer-related fatigue

Symptoms present every day or nearly every day during
the same 2-week period in the past month:
• Significant fatigue, diminished energy, or increased need

to rest, disproportionate to recent change in activity
level

And at least  five of the following symptoms:
• Generalized weakness or limb heaviness
• Diminished concentration or attention
• Decreased motivation or interest to engage in usual

activities
• Insomnia or hypersomnia  
• Sleep is unrefreshing or non-restorative 
• Perceived need to struggle to overcome inactivity
• Marked emotional reactivity (e.g., sadness, frustration,

or irritability) to feeling fatigued
• Difficulty completing daily tasks attributed to feeling

fatigued
• Perceived problems with short-term memory 
• Post-exertional malaise lasting several hours

The symptoms cause clinically significant distress or impair-
ment in social, occupational, or other important areas of func-
tioning.
There is evidence from the history, physical examination, or
laboratory findings that the symptoms are a consequence of
cancer or cancer therapy.
The symptoms are not primarily a consequence of comorbid
psychiatric disorders such as major depression, somatization
disorder, somatoform disorder, or delirium.

From Bennett et al (3).
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response have been proposed to cause central fatigue and
other symptoms by targeting the basal ganglia and dopamine
function [37]. Inflammation originating in the periphery is
communicated to the central nervous system (CNS) by several
pathways, including activation of sensory nerves [19]. This
results in the production of prostaglandins and pro-inflamma-
tory cytokines such as IL-1β and TNF-α by endothelial cells,
macrophages, and microglia in the CNS [38]. These CNS
inflammatory mediators then influence neurons directly or
indirectly by modifying astrocyte, oligodendrocyte, and
endothelial cell functions [12], thereby contributing to
instances of fatigue. 

Systemic inflammation also affects the bioavailability of
amino acid precursors of neurotransmitters. For example, an
enzyme involved in the synthesis of neopterin by peripheral
macrophages also leads to a relative deficit of an essential
cofactor of aromatic amino acid hydroxylase enzymes used in
the synthesis of dopamine, norepinephrine, and serotonin
[39]. Serotonin neurotransmission can also be impaired dur-
ing inflammation by cytokine-induced activation of
indoleamine 2,3-dioxygenase, which metabolizes the sero-
tonin precursor tryptophan into kynurenine [40-43]. Kynure-
nine is further metabolized into neurotoxic kynurenine
metabolites that are thought to play a role in depression [44]
and are associated with fatigue in lung cancer patients [45].
Thus, inflammation in the periphery impacts neural pathways
that play a role in behavior, motivation, and central fatigue.
The links between immune activation and changes in the cen-
tral nervous system thought to contribute to fatigue are illus-
trated in Figure 1.

Autonomic nervous system and hypothalamic-pituitary-adre-
nal axis dysregulation
An imbalance in the autonomic nervous system may also play
a role in cancer-related fatigue. Heightened sympathetic activ-
ity increases energy demands, whereas higher parasympathet-
ic activity facilitates energy conservation [46]. Parasympa-
thetic activity is also referred to as vagal tone, and can be
assessed by measuring the fluctuation in time between con-
secutive heart beats, or heart rate variability (HRV). Low
HRV indicates low vagal tone and thus parasympathetic
underactivity [47]. In non-cancer populations, sympathetic
overactivity and parasympathetic underactivity are linked to
fatigue [48]. For example, healthy adults with lower HRV
report more fatigue when performing cognitively demanding
tasks than those with higher HRV [49], and lower HRV is
associated with driver-related fatigue [50] and greater fatigue
after exercise [51]. Autonomic dysfunction has been observed
in breast cancer patients during and after treatment [52]. In
breast cancer survivors, fatigue is associated with low HRV at
rest [20, 53, 54] and in response to social stress [20]. Low
vagal tone is also linked to an exaggerated pro-inflammatory
profile due to a corresponding deficiency in the cholinergic
anti-inflammatory pathway of the parasympathetic nervous
system [55]. In a study of breast cancer survivors, low HRV
was associated with greater plasma levels of IL-6 and CRP;
these markers of inflammation did not however mediate the
relationship between fatigue and HRV [54]. Fagundes et al
also found elevated levels of norepinephrine in fatigued sur-
vivors indicating heightened sympathetic activity; this

occurred independently of parasympathetic underactivity,
suggesting that both aspects of the autonomic nervous system
may be altered in cancer-related fatigue [20]. 

The HPA-axis is central to regulating inflammatory responses
through glucocorticoids such as cortisol [56]. In healthy peo-
ple, cortisol levels display a diurnal pattern corresponding to
the rest-activity cycle. Altered diurnal cortisol secretion and
disrupted circadian rhythms are indicative of HPA-axis dys-

Figure 1. Systemic inflammation contributes to cancer-related
fatigue. Cancer and its treatments activate leukocytes, resulting in
increased expression of the transcription factor NF-κB and produc-
tion of pro-inflammatory mediators, such as interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-α), and interferon-gamma (IFN-γ). Dysreg-
ulation of the hypothalamic-pituitary-adrenal (HPA)-axis leads to
altered release of cortisol; glucocorticoid receptor (GCR) function on
leukocytes is also decreased. Inflammation in the periphery leads to
inflammation in the central nervous system (CNS) through several
immune-to-brain communication pathways. Signals from sensory
nerves activate CNS cells such as microglia to produce pro-inflamma-
tory cytokines, including IL-6, TNF-α, and interlukin-1 beta (IL-1β).
These inflammatory mediators then impact neurons directly or indi-
rectly through altered oligodendrocyte, astrocyte, and endothelial cell
functions. Inflammation in the periphery also decreases the availabili-
ty of precursors, such as tetrahydrobiopterin (BH4) required for the
synthesis of the neurotransmitters dopamine (DA), norepinephrine
(NE), and serotonin (5HT). Deficits in serotonin production also occur
as tryptophan (Trp) is converted into kynurenine from an inflamma-
tion-mediated increase in indoleamine 2,3-dioxygenase (IDO).
Kynurenine is further metabolized in the brain into neurotoxic kynure-
nine metabolites such as 3-hydroxy kynurenine and quinolinic acid.
Dashed lines indicate a disrupted pathway. CRH: corticotropin
release hormone; ACTH: adrenocorticotropic hormone.
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function and are linked to increased cytokine signaling and
fatigue in a variety of conditions. For example, a flattened cir-
cadian cortisol cycle is observed in chronic fatigue syndrome
[57].  Fatigued breast cancer survivors have been found to
have lower morning serum cortisol levels [24], flattened diur-
nal cortisol cycles [58], and decreased cortisol responses to
acute psychological stress [59]. Ovarian cancer survivors are
also reported to have altered cortisol cycles, and a return to
normal cortisol cycles are associated with improvements in
fatigue [32]. HPA-axis dysregulation has been reported in
other cancer survivor groups, including nasopharyngeal [60],
prostate [61], and leukemia [62], although fatigue was not
measured in these studies. Nonetheless, there is evidence sug-
gesting that HPA-axis dysfunction is a common occurrence
following cancer treatment and that it is associated with
fatigue.

Alternative mechanisms
Additional explanations for fatigue among cancer survivors
include loss of fitness. Sarcopenia is a common side effect of
cancer and its treatments, where alterations in skeletal muscle
metabolism lead to the loss of skeletal muscle contractile
strength and mass [63]. The resulting loss of muscle strength
likely contributes to the physical experience of fatigue [22].
Cancer patients also exhibit lower oxygen consumption,
which combined with decreased muscle strength makes the
relative intensity of daily living activities closer to the anaero-
bic threshold [64, 65]. Certain psychological traits are also
risk factors for developing fatigue. Specifically, breast cancer
survivors suffering from fatigue have poor self-efficacy [66],
that is, the belief in their ability to execute behaviors neces-
sary to produce a specific performance. Engaging in catastro-
phizing or negative thoughts is also strongly predictive of
fatigue in breast cancer survivors [7].

Despite the fact that the majority of the literature to date sup-
ports a connection between inflammation and persistent
fatigue in cancer survivors, no definite proof has yet been
obtained for a causal role of inflammation in this population.
In addition, a few studies report negative results [67, 68], or
concomitant increases in anti-inflammatory mediators among
fatigued cancer survivors [24, 28]. A closer analysis of the lit-
erature on toxicities of cancer therapy and inflammation
shows that there are alternative to the inflammation hypothe-
sis. In addition to their direct cytotoxic effects on highly pro-
liferative cells, chemotherapeutic agents generate free radicals
and superoxides that contribute to cellular DNA damage and
cell death. These events take place not only at the level of the
tumor but also in distant organs. There, radical oxygen species
induce tissue injury that triggers inflammatory pathway cas-
cades. This mechanism is responsible for the toxic effect of
chemotherapeutic agents on the gastrointestinal tract, kidney,
and heart [69, 70]. However, there is no evidence for propaga-
tion of the very localized inflammatory response affecting
peripheral organs. 

The situation is similar with radiation. Radiotherapy can also
cause inflammation in target organs, such as the lung in
patients with lung cancer. However, even in this case there is
no correlation between the severity of radiation-induced pneu-
monitis and circulating biomarkers of inflammation, other

than IL-6 and this in a non-consistent manner [71]. Most
chemotherapeutic agents have a limited penetrability into the
nervous system, and even when they can cross the blood-
nerve or the blood-brain barrier they do not cause neuronal
death since neurons are terminally differentiated cells. What is
observed instead is evidence of neuronal mitochondrial dam-
age that usually manifests in the form of swelling mitochon-
dria [72]. In summary, there is no conclusive evidence for the
occurrence of systemic inflammation in response to cancer
therapy and subsequent activation of immune-to-brain com-
munication pathways. A causal role for mitochondrial dys-
function has been demonstrated for chemotherapy-induced
peripheral neuropathy [73-75]. This could also be involved in
the pathophysiology of other cancer-related symptoms,
including fatigue, by impairing neuronal energetic metabo-
lism and function.

Exercise training interventions to reduce cancer-related
fatigue
Several treatments have been proposed to address fatigue in
cancer survivors, although so far no single treatment has been
shown to be fully effective. A meta-analysis of randomized
controlled trials of pharmaceutical therapies for cancer-related
fatigue reveal a small effect size for all drug classes [76]. Psy-
chosocial interventions, including educational, supportive,
and behavioral interventions, have been more successful, with
meta-analyses showing a small to moderate effect on cancer-
related fatigue [77-79]. In particular, exercise interventions
are significantly associated with improvements in fatigue,
both during and after treatment, for a variety of cancers,
including breast, colorectal, prostate, head and neck, gynecol-
ogical, and hematological cancers [65, 80-86].

A significant reduction in cancer-related fatigue was reported
in a systematic review of randomized controlled trials and
controlled clinical trials that compared exercise interventions
with non-exercise or standard-of-care controls on quality of
life in adult cancer patients [83]. This analysis included 40 tri-
als with 3694 cancer patients; 30 of the trials were conducted
post-treatment. Despite the fact that a wide range of exercise
interventions were employed (including resistance training,
walking, cycling, yoga, Qigong, and Tai Chi), an overall sig-
nificant reduction in fatigue was found after 12 weeks (stan-
dardized mean difference: -0.82, 95% confidence interval
(95% CI): -1.50 to -0.14) and at a 6 month follow-up (stan-
dardized mean difference: -0.42; 95% CI -0.02 to -0.83) [83].
A meta-analysis of randomized controlled trials of exercise
interventions among cancer survivors also reported an overall
significant reduction in fatigue after the interventions [82].
Data from 44 studies enrolling a total of 3254 participants of
different cancer types were included and demonstrated that
the interventions reduced cancer-related fatigue to a greater
extent than standard-of-care controls (weighted mean effect
size: 0.31, 95% CI: 0.22 to 0.4). Characteristics of the exer-
cise interventions from individual trials were also analyzed
for moderating effects on change in fatigue. Greater reduc-
tions in cancer-related fatigue were noted with interventions
that used moderate-to-high intensity resistance exercise (3-6
METs, 60-80% 1-Repetition Maximum). The length and num-
ber of each exercise session included in an intervention did
not significantly impact results [82].
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The importance of exercise intensity has also been demon-
strated by a randomized controlled trial of exercise training in
breast cancer survivors [84]. In this study, 25 postmenopausal
breast cancer survivors trained 3 times a week for 15 weeks
on a cycle ergometer; changes in peak oxygen consumption,
peak power, and fatigue were compared to untrained controls.
Statistically and clinically significant improvements in
fatigue were observed in the trained group; these improve-
ments were significantly correlated with increases in peak
oxygen consumption and peak power output [84]. These
results suggest that improvements in cardiopulmonary fitness
mediate improvements in fatigue, although a causal relation-
ship has not been established. A more recent meta-analysis of
controlled studies involving cancer patients and survivors
also found a statistically significant reduction in fatigue
resulting from physical exercise interventions (weighted
mean effect size: -0.54, 95% CI: -0.90 to -0.19) [86]. Of the
14 studies included in the analysis that used post treatment
interventions, 13 report positive results and 7 were statistical-
ly significant. The authors of the meta-analysis caution that
the overall moderate effect size should be interpreted bearing
in mind that the effect sizes of the individual studies were
heterogeneous [86].

Thus far, variability in the study populations, exercise pre-
scription, outcome measures, and overall study quality make
results hard to translate clinically. High quality, randomized
controlled trials that prescribe and monitor exercise using the
best available techniques and include multiple measurements
of fatigue would add to the literature. It is also important for
future studies to include various modes of exercise as it is
unlikely that a one-size-fits-all approach in exercise training
will be successful. Rather, taking into account factors such as
age, cancer site, medical comorbidities, previous exercise
training, and personal preference would help target exercise
interventions to individuals. One note of caution in the inter-
pretation of these studies discussed above is the existence of
publication bias [78], meaning studies with minor or negative
results could be missed. Another limitation is that most exer-
cise interventions have not included fatigue as a criterion for
study entry. Individuals not experiencing fatigue are unlikely
to show change in this symptom, and so the effect of exercise
on fatigue may actually be larger than has been reported.
Alternatively, fatigue could be a barrier for entry into exercise
trials. The randomized controlled trial by Courneya et al had a
14% recruitment rate which could limit the generalizability of
the findings [84]. However, once enrolled, the exercise group
completed 98.4% of the prescribed exercise sessions; similar
adherence has been reported by others [86].

Exercise appears to be safe for cancer survivors, as similar
numbers of adverse events have been reported in interventions
and control groups [86]. Overall, exercise is well-tolerated by
cancer survivors, and the American College of Sports Medi-
cine guidelines recommend most cancer survivors accrue 150
minutes/week of moderate or 75 minutes/week of vigorous
intensity aerobic activity, and engage in strength training
twice a week, similar to recommendations for healthy popula-
tions [87]. Together, the literature support the feasibility of
exercise training in cancer survivors, and the possibility that
training yields improvements in both fitness and fatigue.

Mechanisms by which exercise may reduce fatigue
Psychological well-being and physical fitness
Just as the benefits of exercise training are multifaceted in
healthy populations, exercise likely acts through a variety of
mechanisms to improve the quality of life and reduce fatigue
in cancer survivors. Even without addressing the underlying
cause(s) of cancer-related fatigue, exercise training yields
psychological benefits that can reduce the symptoms of
fatigue. Attaining new skills and meeting physical activity
goals can improve confidence, decrease catastrophizing
behavior, and increase self-efficacy [88], thus reducing the
contribution of these factors towards fatigue. McAuley et al
have shown that self-efficacy mediates the relationship
between increased physical activity levels and reduced fatigue
in breast cancer survivors [66, 89]. Exercise training can also
improve quality of sleep and decrease pain and mood distur-
bances [90].

Training-induced gains in physical fitness may alleviate
fatigue by countering physical deconditioning through
increased lean muscle mass and aerobic capacity. Cancer sur-
vivors participating in exercise interventions have by and
large shown improvements in cardiopulmonary fitness and
muscle strength [65, 84, 91], which could decrease the effort
required to complete daily living activities and thus reduce
fatigue. Of note, exercise interventions with pediatric patients
have shown particular benefit for improving cardiopulmonary
fitness and muscle strength [81]. Exercise training can also
decrease fat mass, an important consideration as high body
mass index (BMI) has been shown to be predictive of persist-
ent fatigue in breast cancer survivors [29]. Reduction in BMI
may also address chronic inflammation through decreased
release of pro-inflammatory adipokines from visceral fat mass
[92]. However, many studies have controlled for BMI when
examining the effect of exercise interventions, and have found
that exercise improves fatigue independently of changes in
body composition [7, 84]. 

Anti-inflammatory effects
The anti-inflammatory effects of exercise training may also
reduce cancer-related fatigue. In healthy populations, exercise
training has been shown to increase the level of anti-inflam-
matory cytokines such as IL-10, reduce overall TNF-α expres-
sion, decrease CRP, decrease pro-inflammatory adipokines,
and reduce expression of Toll-like receptors on monocytes
and macrophages (reviewed in: [92-94]). Given the role that
inflammation is proposed to play in the promotion of cancer-
related fatigue, it is surprising that only a few studies have
examined changes in inflammatory mediators following exer-
cise interventions with cancer survivors. One study in
leukemia patients undergoing chemotherapy reported that par-
ticipants in an in-hospital aerobic and resistance training pro-
gram had reductions in fatigue and a trend towards reduced
IL-6 and increased IL-10 circulating levels [95].  A small 3-
month randomized controlled trial in breast cancer survivors
found that supervised aerobic and resistance exercise training
led to decreases in TNF-α and the ratio of IL-6 to IL-10,
although these did not reach significance [96]. Other studies
in breast cancer survivors have reported a reduction in CRP
after 15 weeks of aerobic training [97], and IL-6 after 6
months of aerobic training [98]. Unfortunately, these studies
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did not measure fatigue, and so it is not known if the reduction
in inflammation would translate to improvements in fatigue.
Yoga interventions in fatigued breast cancer survivors have
demonstrated decreased symptoms of fatigue and reduced
markers of inflammation, such as decreased IL-6, TNF-α, IL-
1β [99], as well as reduced NF-κB activity, and increased
activity of glucocorticoid receptors [100]. However the effects
of the physical exercise and mindfulness components of yoga
are difficult to separate [100].

Conversely, a few studies have reported an increase in
immune system activation in cancer survivors following an
exercise intervention. A two-week moderate aerobic exercise
intervention in colorectal cancer survivors found a more pro-
inflammatory state in response to lipopolysaccharide,
although this study lacked a control group [101]. Similarly,
increased lymphocyte activation to ex vivo stimulation was
observed in exercise-trained breast cancer survivors [102]. 

Autonomic nervous system balance
Cardiopulmonary fitness is associated with greater HRV in
healthy adults, and exercise training has been shown to
increase HRV [103-105].  Among cancer patients, a 16 week
moderate exercise intervention during and after treatment
improved HRV [106]. This suggests that exercise can restore a
balance between sympathetic and parasympathetic activity.
As low HRV has been linked with fatigue in cancer survivors,
exercise-mediated increases in parasympathetic activity could
be an additional mechanism by which exercise training
addresses fatigue. However, a relationship between exercise-
induced increases in HRV and fatigue has not been estab-
lished in cancer survivors.

It has been proposed that cancer and its treatments accelerate
aging processes, and that fatigued patients and survivors
might be biologically older than their chronological age may
suggest [7]. In support of this, the decreases in HRV observed
in fatigued cancer survivors mimic the lower HRV found in
older adults, and have been calculated to be equivalent of a 20
year difference compared to age-matched non-fatigued cancer
survivors [20]. Another characteristic shared between cancer
survivors and older adults is the accumulation of senescent
cells. In healthy aging, this is largely driven by repeated expo-
sure to infectious agents across the lifetime [107]. Cancer and
its treatments cause DNA damage which can also induce cel-
lular senescence, and large numbers of senescent cells have
been observed in childhood cancer survivors [108]. One con-
sequence of the accretion of senescent cells, particularly
senescent immune cells, is chronic inflammation [109].
Increased numbers of senescent immune cells have been
observed in other patient groups suffering from fatigue [110],
but a relationship between senescent immune cells and fatigue
in cancer-survivors has not yet been established. There is evi-
dence that regular physical exercise can help prevent or possi-
bly reverse aspects of immunosenescence including senescent
immune cells [111, 112]. Reductions in pro-inflammatory
senescent cells could therefore be an additional means by
which fatigue is reduced through exercise training, although
at this time this is speculative and an area that warrants further
research.

Neurotrophic factors
Exercise also has protective effects on brain function. For
example, exercise training reduces microglial activation [113,
114] and increases expression of neurotrophic factors such as
brain derived neurotrophic factor [115] and adiponectin [116,
117]. As discussed above, elevated levels of the tryptophan
metabolite kynurenine are associated with inflammation,
depression, and fatigue [12] (Figure 1), so an exercise-
induced reduction in kynurenine levels could benefit these
conditions. While one study reported no exercise-induced
changes in the concentration of IL-6, neopterin, tryptophan,
and kynurenine with moderate-intensity exercise in depressed
patients, the exercise intervention was unsupervised and last-
ed just one week [118].  

A more recent publication has provided evidence for an exer-
cise-induced protection of brain function via modification of
kynurenine levels [119]. Agudelo et al demonstrate that per-

Figure 2. Pathways by which exercise may ameliorate cancer-related
fatigue. Exercise training confers psychological benefits, such as
increased self-efficacy, and leads to improved fitness which eases the
effort required for daily life activities. Exercise training decreases
chronic inflammation through reductions in inflammatory cytokines,
increased production of interleukin-10 (IL-10), and increased gluco-
corticoid receptor (GCR) function. Reduced inflammation in the
periphery prevents disruption of neurotransmitter production (includ-
ing norepinephrine (NE) and dopamine (DA)) and inflammation in the
central nervous system (CNS). Exercise is further associated with
increased neurotrophic factors such as brain derived neurotrophic
factor (BDNF) and adiponectin. Exercise-induced increases in skeletal
muscle PGC-1α expression, perhaps mediated by adiponectin, helps
maintain levels of tryptophan (Trp) and serotonin (5HT) through activa-
tion of kynurenine aminotransferases (KATs), which favor the forma-
tion of neuroprotective kynurenine metabolites (kynurenic acid). PGC-
1α may also promote mitochondrial biogenesis. Dashed lines indicate
a disrupted pathway.
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oxisome proliferator-activated receptor-gamma co-activator
(PGC)-1α1 overexpression in muscle promotes the expression
of kynurenine aminotransferase (KAT), which prevents
kynurenine from crossing the blood brain barrier [119]. Mice
overexpressing PGC-1α1 also avoided the increase in neuro-
inflammatory markers (such as macrophage inflammatory
protein 1α (MIP1α)) following chronic stress exposure
observed in wild type mice [119]. The authors further show
that exercise training increased expression of both PGC-1α
and KAT in mice as well as human skeletal muscle, corrobo-
rating several reports of increased PGC-1α expression in
endurance-trained humans [120, 121]. Exercise-induced
increases in adiponectin levels have been proposed to provide
a stimulus for increased PGC-1α levels via AMPK/SIRT1-
dependent pathways [122]. Thus, exercise-induced increases
in adiponectin and PGC-1α1 may reduce neuro-inflammation
and help maintain normal levels of tryptophan and serotonin.
An alternative that still needs to be examined in the case of
exercise and cancer-related symptoms is that PGC-1α acti-
vates mitochondrial biogenesis, therefore opposing the mito-
chondrial dysfunction induced by cancer therapy [123]. Path-
ways by which exercise training may reduce cancer related
fatigue are summarized in Figure 2.

Areas for future research
Unfortunately, the translation of exercise interventions from
the research lab to the clinic has been slow. Many fatigued
cancer survivors are advised to conserve their energy expendi-
ture and limit physical activity, which could actually worsen
symptoms of fatigue through the synergistic effects of decon-
ditioning and cancer cachexia [82, 124]. Further, some clini-
cians and patients fear that exercise could cause adverse
events, such as lymphedema in breast cancer survivors [125].
While a meta-analysis has found no difference in adverse
events including lymphedema between exercise and control
groups [86], many studies have done a poor job describing
adverse events [23]. Future investigations should carefully
monitor and report these events so that conclusions can be
accurately made about the safety of exercise. The recruitment
rate and overall adherence should also be carefully described.
Another difficulty in the implementation of exercise as stan-
dard practice is that although the American College of Sports
Medicine recommends aerobic and resistance exercise for
cancer survivors [87], there is no specific prescription for sur-
vivors suffering from fatigue [82]. This may be due in part to
difficulties in comparing results across studies, as exercise
interventions have differed in mode, intensity, frequency, the
timing of the intervention relative to treatment, duration of
each session and overall length of the intervention, and how
and whether the exercise is monitored. Because associations
have been found between improvements in cardiopulmonary
fitness and fatigue [84], future exercise interventions should
be designed using the best-available evidence from the exer-
cise science literature to yield large fitness gains. Alternative-
ly, the success that yoga interventions have had in reducing
both inflammation and fatigue in breast cancer survivors [99,
100] suggests that yoga may provide additional options for
patients who might otherwise decline to exercise.

Comparisons across different studies are also hindered by
variability in outcome domains arising from the different defi-

nitions and measurements for cancer-related fatigue currently
in use [2]. A key obstacle in mechanistic studies of cancer-
related fatigue is the reliance on subjective feelings to assess
fatigue instead of objective measurements of performance and
fatigability. Besides the use of activity monitors and all their
ambiguities this is an area of research that has been clearly left
aside. Researchers should take note of the emergence of com-
puterized tasks for assessing several aspects of motivated
behavior in human subjects [126] and the increasing use of
neuroimaging approaches in neurology, psychiatry, and cogni-
tive psychology [127].

Future exercise intervention studies should also include out-
come measures that aim to elucidate the mechanisms by
which exercise yields its effect, such as longitudinal observa-
tions of changes in immune system activation and function.
These measurements should go beyond measuring circulating
cytokines, as serum or plasma levels of cytokines do not nec-
essarily reflect levels in the brain where the symptoms of can-
cer-related fatigue likely originate. Inflammatory cytokines
act as autocrine, juxtacrine, and paracrine communication sig-
nals in the microenvironment in which they are produced, and
it is not clear if circulating cytokines reflect “spillover” of
molecules released locally from the site of inflammation or if
they arise from an inflammatory environment that influences
tissue-specific activity. An alternative is to measure activation
of intracellular cytokine signaling pathways in circulating
immune cells or to assess the ability of these cells to produce
cytokines in response to stimulation. Future exercise interven-
tion studies could also consider measuring glucocorticoid
receptor function as well as cortisol levels. In addition, it will
be interesting for future studies to monitor training-induced
changes in HRV in cancer survivors, and to determine if
increases in HRV are linked to reductions in fatigue. Well-
designed exercise interventions that measure factors known to
act on central nervous system pathways involved in fatigue
behavior, such as kynurenine, will also add to literature.

Overall, there is a need for higher quality randomized con-
trolled trials with larger sample sizes and increased duration
of follow-up measures. Other methodological issues in the
existing literature include lack of control groups, failure to
blind outcome assessments, and not controlling for potentially
confounding variables such as age and previous fitness level.
Inclusion criteria also need to be carefully considered. There
is large inter-individual variability in the experience of can-
cer-related fatigue, as some patients develop high symptom
levels whereas others experience very little. Using fatigue as
an inclusion criterion would improve the translational poten-
tial of intervention studies, as highly fatigued individuals are
likely to show the greatest improvements in this symptom fol-
lowing exercise training interventions. Finally, more studies
should consider fatigue in pediatric cancer survivors, as their
experience of fatigue and the underlying causes may differ
from adult survivors. There are now fatigue measures avail-
able for use in children as young as 7 years, with ongoing
efforts to validate common items in pediatric and adult ques-
tionnaires [2].
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CONCLUSION

Awareness of the issue of cancer-related fatigue is growing,
and its etiology and treatment are areas of active research.
Symptom control during cancer treatment could enhance ther-
apeutic outcomes by increasing adherence to treatment, and
thus potentially increase survival. Reducing fatigue is also
important following completion of cancer treatment, as per-
sistent fatigue poses a barrier to the resumption of pre-cancer
lifestyles. Research conducted in cancer survivors demon-
strates that both psychological and biological factors con-
tribute towards the development and persistence of fatigue.
Although most work has focused on inflammation, the evi-
dence is far from conclusive and there are alternatives that
clearly deserve consideration. A large number of research stud-
ies support the ability of exercise training to alleviate cancer-
related fatigue, especially among supervised interventions that
also yield improvements in fitness parameters. While the exact
mechanisms underlying this benefit are unknown, evidence is
accumulating for several models. These include increases in
functional capacity, reductions in chronic inflammation which
can mediate sickness behavior, increases in parasympathetic
nervous system activity, and the protection of neurotransmit-
ters through mediators such as PGC-1α, all of which have been
shown to accompany exercise training programs. There is still
much work to be done until the prescription of exercise
becomes standard practice for cancer survivors. With improve-
ments in the quality of studies, evidenced-based exercise inter-
ventions will allow exercise scientists and oncologists to work
together to treat cancer-related fatigue.
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ABSTRACT

Muscle atrophy is caused by an imbalance in contractile pro-
tein synthesis and degradation which can be triggered by var-
ious conditions including Type 2 Diabetes Mellitus (T2DM).
Reduced muscle quality in patients with T2DM adversely
affects muscle function, the capacity to perform activities of
daily living, quality of life and ultimately may increase the
risk of premature mortality. Systemic inflammation initiated
by obesity and prolonged overnutrition not only contributes to
insulin resistance typical of T2DM, but also promotes muscle
atrophy via decreased muscle protein synthesis and increased
ubiquitin-proteasome, lysosomal-proteasome and caspase 3-
mediated protein degradation. Emerging evidence suggests
that the inflammation-sensitive Nuclear Factor κ B (NF-κB)
and Signal Transducer and Activator of Transcription 3
(STAT3) pathways may contribute to muscle atrophy in
T2DM. In contrast, exercise appears to be an effective tool in
promoting muscle hypertrophy, in part due to its effect on sys-
temic and local (skeletal muscle) inflammation. The current
review discusses the role inflammation plays in muscle atro-
phy in T2DM and the role of exercise training in minimising
the effect of inflammatory markers on skeletal muscle. We also
report original data from a cohort of obese patients with
T2DM compared to age-matched controls and demonstrate
that patients with T2DM have 60% higher skeletal muscle
expression of the atrophy transcription factor FoxO1. This
review concludes that inflammatory pathways in muscle, in

particular, NF-κB, potentially contribute to T2DM-mediated
muscle atrophy. Further in-vivo and longitudinal human
research is required to better understand the role of inflamma-
tion in T2DM-mediated atrophy and the anti-inflammatory
effect of exercise training under these conditions.

Key words: Skeletal muscle, inflammation, cytokines, train-
ing

ATROPHIC SIGNALLING IN
SKELETAL MUSCLE 

Muscle atrophy occurs in response to many insults, including
prolonged disuse, ageing and chronic disease such as Type 2
Diabetes Mellitus (T2DM) (30, 73, 92). Muscle atrophy is the
result of a negative balance between the rate of contractile
protein synthesis and degradation. In catabolic conditions,
muscle atrophy in combination with inactivity can decrease
the capacity to perform activities of daily living, quality of life
and subsequently increase mortality (84, 146). The ubiquitin-
proteasome, autophagy-lysosome and caspase-3-mediated
proteolytic pathways are responsible for protein degradation
in muscle and thus contribute to muscle atrophy (Figure 1)
(73, 110). In healthy muscle, the degradation of damaged or
unfolded proteins is vital for the maintenance of cellular
homeostasis (73, 77). In atrophic conditions such as disuse or
diabetes, however, prolonged increased activity of these path-
ways increases the rate of contractile protein degradation, ulti-
mately leading to muscle atrophy (30, 44, 73). In addition,
decreased protein synthesis is apparent in T2DM and disuse,
primarily through decreased activation of the mammalian tar-
get of rapamyacin (mTOR) pathway (Figure 1) (13, 34). 

A variety of genes, collectively termed “atrogenes”, are
involved in muscle atrophy (74, 111). Perhaps the most
prominent of these muscle atrogenes are two E3 ubiquitin lig-
ases, muscle RING finger 1 (MuRF1, or TRIM63) and Atro-
gin-1 (also known as MAFbx or FBXO32) (17, 48). These
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atrogenes are key components of the ubiquitin-proteasome
system and are activated by the atrophy-related transcription
factors, forkhead box O family transcription factors 1 and 3a
(FoxO 1 and 3a) (85, 111, 144). In mice, global deletion of
either Atrogin-1 or MuRF1 attenuated denervation-mediated
atrophy (17), whereas Atrogin-1 and MuRF1 protein and
mRNA were increased in hind-limb unloading (17), dexam-
ethasone treated myotubes (145), and cancer cachexia (74). It
is not yet clear, however, whether MuRF1 or Atrogin-1 are
chronically upregulated in humans with catabolic conditions
(38, 140). The activation of FoxOs, Atrogin-1 and MuRF1
may be an earlier and potentially transient maladaptation in
some atrophic conditions. In streptozotocin (STZ)-induced
type 1 diabetes, upregulation of Atrogin-1 and MuRF-1
mRNA is apparent only up to 3 weeks post injection in mice
and rats (28, 36, 72). These findings suggest that the timing of
the experiment is crucial for identifying atrophic markers and
may explain disparities observed between studies. Similarly,
short durations of disuse in humans (<10 days) resulted in ele-
vated Atrogin-1 and MuRF1 mRNA (1, 22, 34, 122), whereas
no change was seen after 2 weeks (1, 19, 34). Taken together,
these results suggest that whilst the acute regulation of FoxO1
and 3a, Atrogin-1 and MuRF1 in vivo and in vitro is relatively
well understood in atrophic conditions, the time-course of
maladaptations to these important atrogenes in humans with
catabolic conditions is not completely understood. This is
likely due to the complex interactions between disease/condi-
tion duration, medication usage, physical activity levels, and
muscle atrophy.

T2DM AS AN INFLAMMATORY DISEASE

Insulin resistance is defined by a reduction or inability of
insulin stimulated glucose uptake in insulin target tissues (35).
Insulin resistance in skeletal muscle, which is seen in T2DM
and obesity, has substantial adverse effects on glucose metab-

olism as it is a major site of glucose uptake and disposal in
response to insulin (16, 42). Insulin resistance may be caused
by several mechanisms, including chronically increased pro-
duction of reactive oxygen species and mitochondrial dys-
function (60, 108, 117), endoplasmic reticulum (ER) stress
(40), lipotoxicity, and glucotoxicity (37). The mechanisms by
which these factors lead to the development of T2DM may be
in part mediated by the activation of inflammatory pathways,
or exacerbated by inflammation (40, 59, 117). Indeed, higher
circulating C-reactive protein (CRP), and various pro-inflam-
matory cytokines such as tumour necrosis factor α (TNF α)
and interleukin 6 (IL-6) are observed in patients with T2DM
(55, 102, 118). Furthermore, in muscle from obese T2DM
patients, a range of pro-inflammatory pathways are upregulat-
ed (Figure 2), including chemokine (c-c motif) ligand (CCL2)
(100), signal transducer and activator of transcription 3
(STAT3), suppressor of cytokine signalling 3 (SOCS3), and
nuclear factor κ B (NF-κB) (87, 107, 119). 

The role of cytokines in insulin resistance
T2DM promotes increased levels of pro-inflammatory
cytokines such as TNFα and IL-6, which may be involved in
the development of insulin resistance in skeletal muscle (41,
52, 114). Increased systemic levels of TNFα in T2DM reduces
the level of inhibitor of NF-κB (IKB), that subsequently
upregulates NF-κB and the c-Jun N-terminal kinases (JNK)
pathways in muscle, resulting in insulin resistance through the
inhibition of insulin receptor substrate 1 (IRS-1; Figure 2) (7,
52, 103). While increased TNFα has been shown to promote
muscle insulin resistance acutely in some studies in humans
and in vitro (33, 103), several studies contest the functional
importance of TNFα independently on insulin resistance as
pharmaceutical blockade of TNFα did not alter glycaemic
control in humans (15, 39, 83). Another pro-inflammatory
cytokine, IL-6, is elevated in obese individuals (40). Activa-
tion of the IL-6 receptor in muscle can activate the janus
kinase (JAK)/STAT3 pathways that inhibits IRS-1 and subse-

Figure 1: Protein synthesis and degradation pathways in skeletal muscle. Arrows represent activation, capped lines represent inhibition. Abbre-
viations: mTOR, mechanistic target of rapamycin; p70S6k, p70S6 kinase; IGF-1, insulin-like growth factor 1; FoxO, forkhead box O transcription
factor; 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1.



96 •   Diabetes, inflammation and atrophy in diabetic muscle

EIR 22 2016

quent insulin-mediated glucose uptake through SOCS3 (Fig-
ure 2) (68). Initial studies investigating the role of IL-6 indi-
cated that it reduced whole body insulin sensitivity and
impaired muscle glucose uptake via reduced activity of the
IRS-1 and Phosphatidylinositide 3-Kinase (PI3K) pathway
(14, 67). The role of IL-6, however, remains unclear as sever-
al studies have reported there is no connection between IL-6
and insulin resistance in skeletal muscle (25, 68, 141). Fur-
thermore, humans infused with IL-6 had increased muscle
glucose uptake, possibly via activation of AMPK (25), a find-
ing replicated in rodent muscle (141). The divergent and tis-
sue specific actions of IL-6 might reflect secondary inflamma-
tory signalling effects that are tissue-specific (141). The con-
troversies surrounding whether IL-6 or TNFα are involved in
the mechanism of insulin resistance in muscle suggests that
changes in the level of individual cytokines may not be suffi-
cient to cause insulin resistance. Further, secondary tissue-
specific inflammatory signalling in response to cytokines
along with the duration of elevations in systemic cytokines are
important factors to be considered.

THE LINK BETWEEN INFLAMMATION
AND MUSCLE ATROPHY IN T2DM

Patients with T2DM exhibit muscle atrophy that is initially
mild in middle age (12, 124), and becomes more substantial
with older age and diabetic neuropathy (6, 69, 75, 99). This

loss of muscle leads to decreased strength, functional capacity
and ultimately increased mortality in patients with T2DM (26,
75, 105). The following sections discuss the potential atrophic
pathways in the muscle of patients with T2DM that are dys-
regulated via inflammatory processes, and conclude with
novel data obtained from a small cohort of older age, obese
patients with T2DM and age-matched controls 

Insulin resistance promotes atrophy signalling in T2DM
Insulin resistance that is at least partially derived from sys-
temic inflammation in T2DM and obesity is a key contributor
to muscle atrophy signalling. The specific activity of Akt
kinase in response to insulin was reduced by 34% in patients
with T2DM compared to healthy controls (70). This impair-
ment of the PI3K-Akt pathway has been implicated in
decreasing both insulin mediated glucose uptake and protein
synthesis in rodents and patients with T2DM (13, 18, 70,
121). The primary regulator of protein synthesis in skeletal
muscle is the activation of mammalian target of rapamycin
(mTOR), which is activated by Akt via insulin or insulin-like
growth factor 1 (IGF1) and mechanical stimuli (18, 50, 131).
However, the Akt-mTOR pathway also interacts with the
ubiquitin-proteasome and autophagy-lysosome pathways (18,
85, 110, 111). Reduced activation of Akt decreases the phos-
phorylation of the FoxO transcription factors, which leads to
their nuclear translocation and subsequent increase in the tran-
scription of MuRF1 and Atrogin-1 (Figure 2) (9, 47, 70, 111).
In non-diabetic haemodialysis patients, insulin resistance was

Figure 2: Insulin and inflammatory signalling and their potential signalling in protein synthesis and degradation in Type 2 Diabetes Mellitus
(T2DM) and exercise training. Solid lines denote activation, dotted lines represent inhibitory effect. Some of these pathways, such as the p50-
p105-BCL pathways are untested in T2DM. Abbreviations: IRS1, Insulin receptor substrate 1; PI3K, Phosphatidylinositol-4,5-bisphosphate 3-
kinase; SOCS3, Suppressor of cytokine signalling 3; C/EBPδ, CCAAT-enhancer-binding protein δ; STAT3, Signal transducer and activator of
transcription 3; NF-κB, Nuclear factor κ B; IKB, Inhibitor of NF-κB; ROS, reactive oxygen species; GR Rec, Glucocorticoid receptor.
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associated with an increased rate of muscle protein degrada-
tion (115). Further, obese db/db mice exhibit muscle atrophy,
up to 43% increase in the rate of protein degradation, and
insulin resistance compared to lean controls (95, 128). Admin-
istration of the insulin-sensitising drug, Rosiglitazone, to obese
db/db mice recovered the maladaptations to the insulin sig-
nalling cascade and the ubiquitin-proteasome system, but only
partly reversed the difference in muscle cross sectional area
compared to controls (128). Rosiglitazone alleviates insulin
resistance via several pathways, including increased circulating
adiponectin (137, 138), and decreased levels of IL-6 and TNFα
(71, 89). The reduction of these pro-inflammatory cytokines
(IL-6 and TNFα) may attenuate muscle atrophy signalling
through mechanisms independent of insulin signalling, such as
reduced activation of the pro-inflammatory transcription factor
NF-κB, which is discussed in later in this review (62).

Non-esterified fatty acids (NEFA) cause insulin resistance in
muscle through elevations in intramuscular diacylglycerol
(DAG) and ceramides (2, 57, 91, 123), which can lead to
insulin resistance via upregulation of the NF-κB inflammatory
pathway through activation of the JNK pathway (3, 56, 103,
132). The role of DAG and ceramides in promoting insulin
resistance through the NF-κB and JNK pathways in muscle
has been reliant on cell culture or animal models of T2DM
and obesity, and although research in humans with T2DM and
obesity is sparse, it appears to support the role of NF-κB and
JNK in NEFA mediated insulin resistance (82). NEFA also
promote muscle atrophy-related signalling and protein degra-
dation in vitro through impaired activation of the PI3K-Akt
pathway (21, 133). In cultured myotubes, Akt phosphoryla-
tion was reduced with incubation of 500 µM palmitate
(NEFA), a concentration similar to that found in the plasma of
patients with T2DM (112). The reduced Akt phosphorylation
coincided with increased FoxO3a nuclear localisation,
increased Atrogin-1 mRNA, and an increase in the rate of cel-
lular protein degradation (21, 133). Further, the upregulation
of FoxO3a in palmitate-treated cells increased the autophagy
markers BCL2/adenovirus E1B 19 kDa protein-interacting
protein 3 (BNIP3) and microtubule-associated proteins 1A/1B
light chain 3B (LC3a/b), suggesting that palmitate alone
upregulates both the ubiquitin-proteasome and lysosome-
autophagy systems through the impairment of Akt signalling.
Only high levels of NEFA, like palmitate, induce atrophic sig-
nalling, whereas incubation of cells with non-saturated fats,
such as docosahexaenoic acid and linoleic acid, prevent
NEFA-induced muscle atrophy signalling (21, 27, 133). It is
important to note that NEFA-induced muscle atrophy research
is a relatively new area of research, and the direct role of
palmitate-induced changes to the rate of protein synthesis,
inflammatory pathways, autophagy, and induction of ER
stress in regard to muscle atrophy signalling requires further
investigation.

Whilst impaired insulin signalling in muscle is an important
contributor to both decreased protein synthesis, via the Akt-
mTOR pathway and activation of proteolysis, reduced insulin
action alone may not be sufficient to cause muscle atrophy.
Adrenalectomy prevented the increase in protein degradation
caused by an acute STZ injection in rodents despite downreg-
ulation of the PI3K-Akt pathway (61). Although rodent mod-

els of diabetes, such as db/db mice, have substantial insulin
resistance and muscle atrophy (128), other diabetic rodent
models such as TallyHo mice become insulin resistant with-
out muscle atrophy (95). This differential response between
the db/db and TallyHo models may have occurred due to the
higher circulating glucocorticoids and inflammatory
cytokines in obese db/db mice; although this explanation is
speculative and needs to be investigated further. Thus, whilst
inflammation is a key mediator of insulin resistance which
subsequently impairs protein synthesis and degradation sig-
nalling, T2DM induced atrophy is likely to involve other con-
tributing signalling factors. Such factors could include
increased circulating glucocorticoids, cytokines, NEFA, and
upregulation of tissue-specific inflammatory pathways (23,
61, 62, 127, 143).

Pro-inflammatory muscle pathways and atrophy signalling
in T2DM
In addition to their role in insulin resistance, increased circu-
lating pro-inflammatory cytokines and NEFA directly upregu-
late several inflammatory pathways, such as the NF-κB and
STAT3 pathways (Figure 2), leading to increased activation of
the ubiquitin proteasome system (23, 96, 143). NF-κB is a
protein complex comprising a family of proteins which share
the Rel homology domain, allowing for nuclear translocation,
DNA binding, binding to other NF-κB subunits and interac-
tion with the inhibitor of NF-κB, IKB (10). Whilst NF-κB
exists as mono- and hetero-dimer proteins, the p50/p65 het-
erodimer of NF-κB is the most important for transcription of
canonical target genes (10). However, an alternative p105-
p50-B-cell lymphoma 3-encoded protein (BCL3) transcrip-
tion pathway has also recently been described that contributes
to disuse atrophy, although its role in T2DM is unknown (Fig-
ure 2) (62). NF-κB can be activated through various pathways
that are targeted by pro-inflammatory cytokines, including
TNFα, and by circulating NEFA through the toll-like receptor
4 (TLR4) (40, 113). Whilst elevated TNFα by itself is not suf-
ficient to cause muscle atrophy (90, 106), upregulation of NF-
κB can cause muscle atrophy in rodents (23, 127). Mice over-
expressing the inhibitor of NF-κB Kinase β (IKKβ) had a 15-
fold increase in NF-κB, which reduced muscle fibre cross sec-
tional area by 50-65%, depending on the muscle group (23).
In other studies, transgenic overexpression of dominant nega-
tive IKKβ/α in rat muscle caused a 70% reduction in disuse-
initiated muscle atrophy, a response that was presumed to be
due to inhibition of NF-κB (127). Importantly, NF-κB can
increase the degradation of specific muscle proteins via
increasing expression of the E3 ubiquitin ligase MuRF1
(134), suggesting that the atrophic effects of increased NF-κB
activity are not solely mediated by insulin resistance. Whilst
NF-κB is increased in muscle during atrophic conditions in
humans (94), including T2DM (125), its direct role in T2DM
related atrophy is relatively unknown. In cancer cachexia,
atrophy was attenuated with overexpression of dominant neg-
ative IKKβ, independent of the canonical p65 NF-κB path-
way, suggesting that IKKβ may act through the NF-κB p50-
p105-BCL3 pathway in cachexia-induced atrophy (32). Con-
sidering the elevated systemic inflammation and activation of
the NF-κB pathway in T2DM skeletal muscle (40, 125), the
NF-κB pathways are a promising, but relatively unexplored,
area of T2DM mediated muscle atrophy. 
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STAT3 is a signalling protein that is activated by pro-inflam-
matory cytokines such as IL-6. Recently it was found to
impair protein synthesis signalling in muscle in chronic kid-
ney disease (CKD), cancer cachexia and STZ-induced dia-
betes in mice (116, 143). STAT3 is implicated in insulin resist-
ance (Figure 2) (87), but only recently has the mechanism
directly linking STAT3 and atrophy been described (143). In
mice with CKD, genetic knockout of STAT3, or small molec-
ular inhibition of STAT3, attenuated muscle atrophy in the
gastrocnemius and tibialis anterior muscles (143). The mecha-
nism of STAT3-dependent atrophy was elucidated in vitro,
where phosphorylation of STAT3 upregulated myostatin tran-
scription via CAAT/enhancer-binding protein δ (C/EBP δ), a
finding confirmed using C/EBP δ knockout mice with CKD.
Thus, activation of STAT3 via inflammatory factors such as
IL-6 can reduce protein synthesis via the induction of insulin
resistance through SOCS3 (142), and increased transcription
of myostatin (143). However, the importance of this newly
discovered STAT3-CEBP δ-myostatin pathway in T2DM
needs to be investigated. 

EXERCISE, INFLAMMATION AND
ATROPHY SIGNALLING

Exercise and inflammation in T2DM
Evidence suggests chronic exercise, particularly endurance
training or combined endurance and resistance training, in
patients with T2DM can lower both systemic and muscle-
based inflammation (11, 54, 66), although not all studies
report consistent findings (104, 135, 148). A comprehensive
study by Balducci et al., (11) investigated a range of systemic
inflammatory markers over the course of 12 months in T2DM
participants completing either low intensity endurance exer-
cise, moderate-high intensity endurance exercise, or com-
bined resistance and endurance training. While CRP
decreased in all of the exercise groups, only the combined
training group had lower circulating levels of both TNFα and
IL-6 after 12 months, whereas the high intensity endurance
group also had lower circulating IL-6 (11). In another study,
frequent moderate intensity endurance exercise (4 times per
week for 6 months) reduced CRP (66). Importantly, changes
in IL-6, CRP and TNFα occurred independently of alterations
in fat mass (11, 66, 139), implying that the reduced systemic
inflammation was directly due to exercise rather than loss of
adipose tissue. This may indicate that improvements in fitness
through exercise, rather than changes in adiposity per se,
decrease the levels of systemic inflammatory markers. Sever-
al groups reported no change to CRP or IL-6 with either
resistance training or with moderate intensity endurance exer-
cise (104, 135, 148). This could be due to a range of different
factors, including insufficient program duration, exercise
mode, frequency, intensity, and relatively small sample sizes.
Further studies are needed to determine which exercise mode,
intensity and duration is needed to influence pro-inflammato-
ry markers.

In lean and obese non-diabetic patients, acute endurance exer-
cise transiently increased muscle NF-κB DNA binding activi-
ty, whereas no change was found after exercise in patients
with T2DM (125). This may, in part, be due to the already

high basal levels of NF-κB activity in T2DM (125). Studies
investigating the anti-inflammatory effects of chronic exercise
(exercise training) in patients with T2DM are sparse. There is,
however, evidence that chronic exercise attenuates muscle-
based inflammation in T2DM (119). The inhibitor of NF-κB,
IKB, was lower in T2DM muscle compared to controls and
was increased in response to eight weeks of endurance train-
ing (119). In addition, muscle TNFα was also lower in muscle
of T2DM patients after eight weeks of moderate intensity
(70% of V

.
O2peak) endurance training (119), suggesting that

endurance exercise has anti-inflammatory properties in skele-
tal muscle in T2DM. However, a separate study in humans
with T2DM found that a 16 week resistance training program
caused no change in muscle-based markers of inflammation,
including TNFα (51). Altogether, the data to date indicate that
endurance training can reduce inflammation in T2DM, whilst
the effect of resistance training is still unclear.

Exercise attenuates muscle atrophy
Exercise, particularly resistance training, is an effective
method to promote muscle hypertrophy and attenuate muscle
atrophy during various atrophic conditions (4, 5, 130). Indeed,
6-12 weeks of resistance training (three times per week, 70-
80% of 1RM) increased knee extensor muscle size, and
improved strength in patients with T2DM (20, 46, 58, 64).
mTOR is the primary signalling pathway by which exercise
training stimulates muscle hypertrophy and protein synthesis
(50, 131). Mechanical stimuli, such as resistance training,
have the potential to activate muscle mTOR complex 1
(mTORC1) through phosphorylation and subsequent lysoso-
mal exclusion of the mTORC1 repressor tuberous sclerosis
complex 2 (63, 131). Further, the extracellular-signal-regulat-
ed kinases 1/2 (ERK1/2) and the PI3K-Akt-mTOR pathways
also increase mTORC1 activity (18, 50). The upregulation of
mTORC1 phosphorylates several proteins vital for protein
synthesis and hypertrophy, such as ribosomal S6 kinase 1
(p70S6K1) and 4E-BP1 (50). Indeed, patients with T2DM
exhibit a reduced capacity for protein synthesis, perhaps due
to a reduced 4E-BP1 phosphorylation in muscle in response to
protein feeding and insulin (101, 120). In an animal model,
obese sarcopenic Zucker rats exhibit reduced contractile pro-
tein synthesis (15% of the protein synthesis rate of lean con-
trols) in response to exercise compared to lean controls (93).
The anabolic resistance to insulin and protein feeding in com-
bination with increased ubiquitin-proteasome activation may
contribute to the lower muscle mass with older age in T2DM
(13). Resistance training is an effective therapy against ana-
bolic resistance in T2DM, as mTOR can be activated inde-
pendently of insulin or insulin-like growth factor -1 (IGF-1)
with resistance training (8, 43, 49, 50, 131), and resistance
training can increase vastus lateralis Type I and II muscle
fibre CSA by 18-21% in T2DM patients (20, 46, 58, 64).
Whether resistance training can attenuate muscle atrophy
through reducing muscle-based inflammation is unclear, but
presents one potential mechanism which requires further
investigation.

In addition to the direct effect of mTORC1 activation on pro-
tein synthesis, upregulation of mTORC2 by training may also
attenuate muscle atrophy. mTORC2 activates Akt, causing
downregulation of the ubiquitin-proteasome system (53, 147).
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In support of this premise, eight weeks of resistance training
decreased muscle FoxO1 while increasing both Akt and
mTOR phosphorylation in healthy humans, whilst detraining
decreased Akt phosphorylation and increased FoxO1 (76).
Further, muscle Atrogin-1 mRNA in muscle was reduced 48
hours after a single bout of resistance exercise (86). The
decrease in Atrogin-1 mRNA reported by Mascher et al., (86)
was accompanied by increased MuRF1 mRNA immediately
post-exercise (86) and in a separate study, MuRF1 mRNA was
increased after a bout of intense interval exercise (8). The
divergent signalling response with the E3 ubiquitin ligases
suggests exercise mode and intensity are important factors in
the activation of the ubiquitin-proteasome system after exer-
cise; with intense exercise potentially temporarily upregulat-
ing atrogene signalling, whilst resistance training may
decrease ubiquitin proteasome signalling (8, 86). These diver-
gent data further suggest that in healthy populations acute
activation of the ubiquitin-proteasome system in response to
exercise may be required for removal of damaged proteins
and is unlikely to have a prominent role on muscle atrophy or
hypertrophy, likely due to the substantial concurrent increase
in protein synthesis (8, 43, 49). In inflammatory conditions,
such as T2DM, however, the downregulation of the ubiquitin-
proteasome system with training, potentially via improve-
ments in inflammatory pathways, may be of greater impor-
tance. For instance, long term resistance training (12 months),
increased thigh CSA muscle mass by 4.5% in older-aged
patients with T2DM, and the increase in muscle mass was
associated with a lower circulating CRP (88). A limitation of
the study was that muscle samples were not taken, preventing
the evaluation of muscle inflammation. To our knowledge, no
in vivo evidence investigating the effects of T2DM and resist-
ance training on both muscle atrophy and muscle-based
inflammation exists; thus, the potential anti-inflammatory role
of exercise training and its effect on the ubiquitin-proteasome
system are still not understood in T2DM.

Exercise training increases insulin sensitivity via the IRS1-
PI3K-Akt pathway in T2DM, which consequently may upreg-
ulate the mTOR pathway and protein synthesis (18, 31, 129,
131). As systemic inflammation substantially contributes to
insulin resistance, the improvements in systemic and local
(muscle) inflammation by exercise training may upregulate
protein synthesis and reduce the ubiquitin-proteasome protein
degradation via upregulation of the IRS1-PI3K-Akt pathway
(18, 33, 40, 50, 111). As described previously, the NF-κB
pathway is capable of directly upregulating atrophy sig-
nalling, and NF-κB is emerging as a potential inflammatory
pathway which can promote atrophy signalling in T2DM (23,
134). As such, the NF-κB pathway may also be important in
training adaptations to T2DM muscle, as NF-κB signalling is
upregulated in humans with T2DM and decreased with train-
ing (52, 119). However, no studies that investigated NF-κB in
muscle in humans with T2DM measured markers of the ubiq-
uitin-proteasome system at baseline or after training. 

CONCLUSIONS AND FUTURE DIRECTIONS

T2DM is characterised by systemic, low-grade inflammation
that impairs insulin sensitivity and upregulates muscle atro-

phy signalling. Inflammation-induced insulin resistance
decreases protein synthesis through the PI3K-Akt pathway,
and upregulates the ubiquitin-proteasome system via FoxO
family proteins and their downstream E3 ubiquitin ligases.
There is emerging evidence that inflammation may also
directly promote atrophy signalling through pathways such as
NF-κB and STAT3. However, studies in T2DM muscle inves-
tigating inflammatory and atrophy pathways need to be per-
formed. Exercise training, particularly resistance training, has
proven particularly valuable in promoting increased muscle
mass through mTOR signalling and potentially reducing
inflammation in T2DM; although to what extent improve-
ments in inflammatory pathways contribute to attenuating
muscle atrophy signalling or improving hypertrophy is yet to
be elucidated.

Future studies should explore the mechanism/s behind the
effects of T2DM (and in particular hyperinsulinemia) on mus-
cle atrophy as well as the mechanism by which exercise train-
ing can minimise or prevent the effects of diabetes on skeletal
muscle. The NF-κB pathway is emerging as an important con-
tributor to atrophy signalling in muscle; however the exact
mechanisms behind this cause and effect are still unclear. It is
possible that the newly discovered p50-p105 and BCL3-NF-
κB pathway, which has not been investigated in T2DM-medi-
ated muscle atrophy, is a promising area of future investiga-
tion. The recently described STAT3-C-EBPδ-myostatin path-
way also requires investigation in models of T2DM such as
high fat feeding, and interventional studies in humans. The
muscle atrophy in T2DM is most severe with advanced age.
Hence, muscle signalling involved in other atrophic conditions
prevalent in T2DM, such as physical inactivity and sarcopenia,
and their potential interaction with T2DM mediated atrophy is
a clinically important area of future research. Most important-
ly, longitudinal interventional studies examining muscle cross
sectional area, muscle atrophy signalling and muscle inflam-
matory pathways are required in human T2DM populations,
ideally also with structured training and aging populations. 

ORIGINAL RESEARCH

Muscle inflammation and atrophic signalling in humans
with T2DM 
The role of inflammation in muscle degradation pathways in
humans remains largely unexplored. Patients with T2DM
exhibit increased systemic inflammation (40), as evident
through the chronic upregulation of several inflammatory
pathways and markers, including CCL2, NF-κB and STAT3,
which are associated with insulin resistance and/or muscle
atrophy signalling in vivo and in vitro (23, 65, 87, 109, 143).
The association between muscle inflammatory markers and
the ubiquitin-proteasome system, however, has not been
investigated in humans with T2DM. Therefore, we investigat-
ed markers of muscle inflammation (CCL2, NF-κB p65 sub-
unit, STAT3 and SOCS3) and ubiquitin-proteasome signalling
(FoxO1, Atrogin-1 and MuRF1) in vastus lateralis muscle of
older age obese patients with T2DM and age-matched con-
trols. We hypothesized that T2DM patients would have
increased inflammatory markers and upregulation of the ubiq-
uitin-proteasome system compared to the controls. 
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METHODS

Overall, 12 sedentary obese T2DM patients (T2DM; 5
females, 7 males, Age: 63.5 ± 13.8, BMI: 39.0 ± 5.5 kg.m-2,
mean ± SD) and 9 age matched, sedentary controls without
insulin resistance (CON; 6 females, 3 males, Age: 67. 4 ± 8.0,
BMI: 28.0 ± 5.9 kg.m-2) participated in the study. A vastus

lateralis muscle biopsy was performed for the assessment of
markers of muscle inflammation and atrophy (CCL2, FoxO1,
SOCS3, STAT3, p65 subunit of NF-κB, MuRF1 and Atrogin-
1). Subject characteristics, including medications, are
described in the Supplementary Methods. 

RESULTS

Skeletal muscle FoxO1 protein abundance was 60% higher in
T2DM (p = 0.02, Figure 3) compared to CON. There were no
differences in protein abundance for STAT3, p65, SOCS3, p-
STAT3/STAT3 and p-p65/p65 (Figure 4), or with mRNA
expression of MURF1, ATROGIN-1, CCL2, SOCS3, FOXO1
and FOXO3 between groups (Table 1). In the pooled data, p-
FoxO1/FoxO1 was negatively correlated to BMI (r = -0.50, p
= 0.02, Figure 4), p65 was inversely related to BMI (r = -0.50,
p = 0.02, Figure 4) and fasting glucose correlated with BMI (r
= 0.63, p = 0.01). In regards to associations to physical fitness,
there was a negative correlation between V

.
O2peak and the ratio

of muscle p-STAT3/STAT3 in T2DM (r = -0.60, p = 0.04, Fig-
ure 5), but no other significant correlations to any other mus-
cle inflammation or atrophy markers (CCL2, STAT3, p65 and
FoxO1).

DISCUSSION OF ORIGINAL DATA

Our data indicate that atrophy signalling transcription factor
FoxO1 (total protein) is increased in skeletal muscle in obese
older-aged patients with T2DM. This is consistent with upreg-
ulation of the ubiquitin-proteasome proteolytic system despite
finding no concomitant differences in several markers of mus-
cle inflammation compared to age-matched controls. In
T2DM, Akt activation is reduced (70), leading to increased
FoxO transcription and upregulation of the E3 ubiquitin ligas-
es MuRF1 and Atrogin-1 (111). Hence, in the absence of any
difference in muscle inflammatory markers, our findings of
increased FoxO1 reflect an increased catabolic state T2DM
muscle, which may be in part caused by decreased Akt phos-
phorylation. Whilst we did not detect any differences in
ATROGIN-1 and MURF1 mRNA expression, the expression
of these proteins is transient and does not remain elevated dur-
ing conditions of prolonged disuse- or glucocorticoid-induced
atrophy (1, 24, 29). The ratio of p-FoxO1/FoxO1 was inverse-

Figure 3: Skeletal muscle protein content of FoxO1 (A), p-FoxO1 rela-
tive to FoxO1 (B), STAT3 (C), p-STAT3 relative to STAT3 (D), p65 (E), p-
p65 relative to p65 (F), and SOCS3 (G). All data was normalised to
GAPDH abundance. Hollow bars denote participants with type 2 dia-
betes mellitus (T2DM), and filled bars represent age matched controls
(CON). * different to CON (p <0.05) with BMI as a covariate. For T2DM
n = 12, and in CON n = 9. Data is presented as mean ± SD.

Figure 4: Correlations between p-FoxO1 relative to FoxO1 and BMI (A), and between p65 and BMI in all participants pooled (B).
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ly associated with BMI, suggesting that increased adiposity is
related to an increase in FoxO1 activation; phosphorylation of
FoxO1 inhibits FoxO nuclear localisation and transcription
(17). Hence, the inverse association between p-FoxO1 and
BMI may have been be due to obesity-induced inflammation
and/or insulin resistance. 

Despite the increased FoxO1 in T2DM muscle and the inverse
relationship between p-FoxO1 and BMI, the p65 subunit of
NF-κB was negatively correlated with BMI in the pooled
data. Combined with the lack of difference in muscle inflam-
mation in our T2DM patients, the findings from our study are
incongruent with previous studies reporting obesity and
T2DM promoting muscle-based inflammation signalling (87,
107, 119). It is important to note, however, that this study was
cross sectional, and the sample size was relatively small.
Thus, our data suggest that the relationship between inflam-
mation and atrophy signalling is complex, and multiple fac-
tors are required to be taken into consideration. For example,
the development of muscle inflammation may have been tran-
sient in these participants, altered by pharmaceutical treat-
ment and other lifestyle factors, and complicated by the
potential existing systemic inflammation in the age-matched
control group (97, 98). Further, other inflammatory pathways
not analysed in our study may have contributed to the higher
FoxO1 in T2DM, such as through NF-κB via the p50-p105-
BCL3 pathway, as is seen in disuse and cancer cachexia (32,

62). Finally, emerging evidence indicates that microRNA is
important in proteolytic signalling; for example microRNA
486 inhibits FoxO1 expression (136). The inconsistencies
between our findings in muscle inflammation and the few pre-
vious studies conducted in human skeletal muscle (87, 107,
119) indicate that further research is needed to elucidate the
complex signalling between inflammatory and atrophic path-
ways in human T2DM muscle, and the extrinsic factors which
may affect these signalling pathways.

In regards to the role of aerobic fitness in muscle inflamma-
tion and atrophy signalling in T2DM, we report a negative
correlation between V

.
O2peak and the ratio of muscle p-

STAT3/STAT3 (r = -0.60, p = 0.04, Figure 5); suggesting that
lower aerobic fitness is associated with increased activation of
inflammatory pathways in skeletal muscle of T2DM patients.
This is consistent with previous research which reported both
endurance and combined exercise training reduced systemic
and muscle-based inflammation in T2DM (11, 119). However,
the effects of exercise intensity, mode and frequency on sys-
temic inflammation, muscle STAT3 signalling and other mus-
cle-based inflammation with T2DM requires substantially
more investigation in-vivo, particularly in humans.

CONCLUSIONS FROM ORIGINAL DATA

Our findings suggest that patients with T2DM exhibit upregu-
lation of FoxO1 in skeletal muscle, suggesting greater muscle
catabolism in muscle of patients with T2DM. In contrast to
previous studies, concurrent upregulation of several inflam-
matory pathways including NF-κB p65, STAT3 and CCL2
was not observed, suggesting a complex relationship between
muscle proteolytic and inflammatory pathways in humans that
requires further investigation. Finally, we also found a nega-
tive relationship between V

.
O2peak and muscle p-

STAT3/STAT3, suggesting that endurance exercise may be a
useful intervention to reduce muscle inflammation in T2DM. 
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SUPPLEMENTAL METHODS

Twelve patients diagnosed with type 2 diabetes mellitus
(T2DM; 5 females, 7 males, Age: 63.5 ± 13.8, BMI: 39.0 ±
5.5 kg.m-2, mean ± SD) and nine age matched non-diabetic
controls (CON; 6 females, 3 males, Age: 67. 4 ± 8.0, BMI:
28.0 ± 5.9 kg.m-2) participated. In the T2DM group partici-

Figure 5: Correlation between p-STAT3 relative to STAT3 and V
.
O2peak

in patients with type 2 diabetes mellitus.

Table 1: Gene expression of MURF1, ATROGIN-1, CCL2, SOCS3,
FOXO1 and FOXO3 in T2DM and CON. Data represents n = 11 for
T2DM and n = 8 for CON. Data is presented as mean ± SD. All data
was normalised to TBP.

mRNA (A.U.) T2DM CON p-value

MURF1 59.6 ± 57.3 45.1 ± 14.8 0.84

ATROGIN-1 134.2 ± 73.0 85.1 ± 34.5 0.11

CCL2 4.0 ± 5.3 2.0 ± 0.9 0.90

SOCS3 5.6 ± 6.8 6.3 ± 5.9 0.72

FOXO1 15.0 ± 12.4 12.9 ± 7.2 0.61

FOXO3 51.1 ± 59.9 36.1 ± 13.4 0.99
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pants were taking a range of medications, including oral
hypoglycaemic agents ( n = 8), insulin, (n = 5), statins (n = 7),
anti-coagulants (n = 2), ACE inhibitors (n = 8), beta-blockers
(n = 2), Calcium channel blockers (n = 3), diuretics ( n = 1),
corticosteroid inhaler (n = 1), dopamine agonist (n = 1), pro-
ton pump inhibitors ( n = 2), xanthine oxidase inhibitors ( n =
2), antidepressants ( n = 1), norethisterone (n = 1), calcium
supplementation ( n = 2), fish oil supplementation (n = 1),
vitamin B12 supplementation (n = 1) and anticonvulsants
(Topiramate, n = 1). In the CON group, the medications taken
included statins (n =2), anti-depressants (n = 1), non-steroidal
anti-inflammatory medications (n = 1), anti-coagulants (n =
1), proton pump inhibitors (n = 1) and thyroid hormone
replacement therapy (n = 1). In both groups, participants were
over 18 years of age, and the following exclusion criteria were
adhered to: known coronary artery disease or evidence of
ischemia on baseline stress echocardiography, significant
(moderate or severe) valvular heart disease medication
changes over the past 3 months, unstable diabetes as evi-
denced by hypoglycaemic events in the past week or HbA1c
>9.0%, and persistent or permanent atrial fibrillation. Weight
(p = 0.001), BMI (p = 0.001) and fasting blood glucose (p =
0.001) were higher in T2DM, whilst total cholesterol (p =
0.001), LDL (p = 0.001) and HDL (p = 0.004) were lower in
T2DM (Supplemental Table 1). In the T2DM, body fat per-
centage was 41.8 ±6.1%, lean mass 57.1 ± 9.4 kg, and HbA1c
7.3 ± 2.7%.

Each participant received both verbal and written explana-
tions of the study before giving informed consent and the pro-
tocol was approved by the Human Research Ethics Commit-
tees of both Victoria University and Austin Health. Only
T2DM participants performed the symptom-limited V̇O2peak
test with a 12 lead ECG (Model X-Scribe Stress Test 114 Sys-

tem, Mortara Instrument Inc., WI, USA) on a Cybex MET
100 exercise cycle, and had a DXA scan (78, 79). The V

.
O2peak

test protocol comprised of an initial intensity of 25 W, with
increments of 20 W/min for men and 10 W/min for women
(78, 80). Control participants did not perform the V

.
O2peak test

or DXA scan. Within the next three weeks, all participants
then completed: a fasting blood sample for blood glucose,
HbA1c% (T2DM only), and blood lipid profile (45). Blood
pressure was measured using a mercury sphygmomanometer,
and a resting vastus lateralis muscle biopsy (80, 81) was per-
formed, with a minimum of 48 hours between each testing
session. 

For immunoblot analysis, homogenization of approximately
20 mg of skeletal muscle was performed using 300 µl of lysis
buffer (20 mM Tris/HCl, 5 mM EDTA, 10 mM Na4P2O7, 100
mM NaF, 2 mM Na3VO4, 1% Nonidet P40) including protease
and phosphatase inhibitor cocktails (Sigma-Aldrich, Aus-
tralia) using the Precellys®24 tissue homgeniser (20 sec, set-
ting 5500 rpm) (Sapphire Bioscience, NSW, Australia) and
1.0 mm zirconia/silica beads (Daintree Scientific, Tasmania,
Australia). Protein content was determined using the Biorad
DC Protein Assay (Bio-Rad Laboratories, Hercules, CA). Pro-
tein (30 µg) was separated by 4-15% SDS-PAGE using Crite-
rion TGX precast gels (Bio-Rad Laboratories, Hercules, CA)
and transferred onto PVDF membranes (Trans-Blot®
Turbo™ Transfer System, Bio-Rad Laboratories, Hercules,
CA) and blocked with 5% (w/v) bovine serum albumin (BSA;
Sigma-Aldrich, Australia). Primary antibodies, diluted in
blocking buffer were applied and incubated overnight at 4°C;
p-STAT3 (Tyr705), STAT3, p-p65 NF-KB (ser536), p65 NF-
KB,  p-FoxO1 (ser256), FoxO1 (Cell Signaling Technology
Inc., Danvers, MA, USA), SOCS3 (Santa Cruz Biotechnolo-
gy, CA, USA) and GAPDH (Sigma-Aldrich, Australia). Mem-
branes were exposed to anti-rabbit HRP-conjugated second-
ary antibodies (GE Healthcare, NSW, Australia) and visualized
by enhanced chemiluminescence (Super Signal West Femto
Maximum Sensitivity Substrate, Thermo-Fisher Scientific,
VIC, Australia). Blot images were captured using the Chemi-
doc MP Imaging system (Bio-Rad Laboratories, Hercules,
CA) and the density of the bands was quantified using Image
Lab 4.1 software (Bio-Rad Laboratories, Hercules, CA).
Membranes were stripped (Restore Western Blot Stripping
Buffer, Thermo-Fisher Scientific, VIC, Australia) before being
re-probed for total STAT3, p65 NF-KB, FoxO1 and GAPDH.

Total cellular RNA was extracted as performed as described
previously (126). RNA was transcribed into cDNA using the
SuperScript™VILO cDNA Synthesis Kit (Life Technologies,
VIC, Australia). qPCR was performed using the Bio-Rad
CFX384 PCR system (Bio-Rad Laboratories, NSW, Aus-
tralia) and PCR performed in duplicate with reaction volumes
of 10 μl, containing SsoAdvanced™ Universal SYBR®
Green Supermix (Bio-Rad Laboratories), forward and reverse
primers and cDNA template. Data were analyzed using a
comparative quantification cycle (Cq) method where the
amount of target relative to NF is given by 2-ΔΔCq. Primers
were designed using NCBI Primer BLAST from gene
sequences obtained from GenBank and listed below: ATRO-
GIN-1 forward: 5’CATCCATATGTACACTGGTCCAAAGA;
ATROGIN -1 reverse: 5’ – TCCGATACACCCACATGT-

Supplemental table 1: Participant characteristics of the Type 2 dia-
betes mellitus group (T2DM) and age matched controls (CON).* differ-
ent to CON (p < 0.05). For T2DM n = 12, for CON n = 9, except fasting
glucose and blood lipid measurements where n = 10 for T2DM. SBP =
systolic blood pressure, DBP = diastolic blood pressure. Values are
represented as mean ± SD.

T2DM CON

Age (years) 63.5 ± 13.8 67.4 ± 8.0

Weight (kg) 104.5 ± 13.5* 74.1 ± 19.8

Height (cm) 164.5 ± 9.1 162.1 ±7.4

BMI (kg.m-2) 39.0 ± 5.5* 28.0 ± 5.9

Fasting glucose (mmol.L-1) 8.9 ± 2.4* 4.5 ± 1.4

HDL (mmol.L-1) 1.1 ± 0.3* 1.7 ± 0.6

LDL (mmol.L-1) 2.2 ± 0.8* 3.7 ± 0.6

Total cholesterol (mmol.L-1) 3.9 ± 1.1* 6.0 ±0.6

Triglycerides (mmol.L-1) 1.5 ± 0.9 1.2 ± 0.6

SBP (mmHg) 136 ± 22.9 110 ± 44.4

DBP (mmHg) 80.1 ± 17.3 66 ±25.2

V
.
O2peak (ml.kg-1.min-1) 17.1 ± 3.7 n/a
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TAATG; MURF-1 forward: 5’ – GGCGTGGCTCTCATTC-
CTT; MURF-1 reverse: 5’ – TCTCCAAGTTCTCCAGTG-
GATT; CCL2 forward: 5’ – CGCCTCCAGCATGAAAGTCT;
CCL2 reverse: 5’ – GGAATGAAGGTGGCTGCTATG;
SOCS3 forward: 5’ – GACCAGCGCCACTTCTTCA: SOCS3
reverse: 5’ – CTGGATGCGCAGGTTCTTG; FOXO3A for-
ward: 5’ – TGCAAACCTGCCCGTCAT; FOXO3A reverse:
5’ – CTAAGCTCCCATTGAACATGT; FOXO1 forward: 5’-
CCGAACAGGATGATCTTGGAG; FOXO1 reverse 5’-
GCGGGTACACCATAGAATGCA; TBP forward: 5’-
CGAATATAATCCCAAGCGGTTT; TBP reverse 5’-
CCGTGGTTCGTGGCTCTCT.

STATISTICS

All data are presented as means ± SD and statistical signifi-
cance was accepted at p < 0.05. Data was analysed using
either an analysis of covariance (ANCOVA), with BMI as a
covariate due to the difference in BMI between groups, or via
independent samples t-tests. Correlations were performed
using Pearson product moment coefficient correlations. 
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ABSTRACT

Lipid mediators are bioactive metabolites of the essential
polyunsaturated fatty acids (PUFA) that play diverse roles in
the initiation, self-limitation, and active resolution of inflam-
mation. Prostaglandins, classical pro-inflammatory lipid
metabolites of arachidonic acid, have long been implicated in
immunological and adaptive muscle responses to acute injury
and exercise-induced stress. More recently, PUFA metabolites
have been discovered during the resolution phase of inflam-
mation which collectively function as endogenous ‘stop sig-
nals’ to control inflammation whilst actively promoting the
return to a non-inflamed state. The apparent self-resolving
nature of inflammatory responses holds important implica-
tions for contexts of musculoskeletal injury, exercise recovery,
and chronic inflammatory diseases originating in or impact-
ing upon muscle. ‘Anti-inflammatory’ interventions that strive
to control inflammation via antagonism of pro-inflammatory
signals are currently commonplace in efforts to hasten muscle
recovery from damaging or exhaustive exercise, as well as to
relieve the pain associated with musculoskeletal injury. How-
ever, the scientific literature does not clearly support a benefit
of this anti-inflammatory approach. Additionally, recent evi-
dence suggests that strategies to block pro-inflammatory lipid
mediator pathways (e.g. NSAIDs) may be counterintuitive and
inadvertently derange or impair timely resolution of inflam-
mation; with potentially deleterious implications on skeletal
muscle remodelling. The current review will provide an
overview of the current understanding of diverse roles of
bioactive lipid mediators in the initiation, control, and active
resolution of acute inflammation. The established and puta-
tive roles of lipid mediators in mediating immunological and
adaptive skeletal muscle responses to acute muscle injury and
exercise-induced muscle load/stress will be discussed.

Key words: Inflammation, resolution, PUFA, docosanoids,
eicosanoids.
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1. INTRODUCTION

Inflammation is an essential protective response to injury or
infection to eliminate the harmful agent and promote tissue
repair. Overwhelming and persistent inflammation, however,
can result in secondary cellular damage, promote maladaptive
tissue remodelling and lead to the onset of degenerative
chronic inflammatory disease. In a typical self-limited acute
inflammatory response, clearance of cellular debris and
pathogen removal by phagocytic immune cells is followed by
successful resolution of inflammatory infiltrates, involving
clearance of invading leukotcytes, cellular repair, and restora-
tion of tissue homeostasis. The resolution phase of the inflam-
matory response, although once thought to be a passive
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process, has only more recently been recognised to be an
active and biologically controlled event (1-3). The nature and
extent of resolution of inflammation is an area of critical
importance in the context of muscle and exercise physiology,
both to understand the inherent self-resolving nature of skele-
tal muscle injury/altered use and gain insight into how this
knowledge may be applied to contexts of exercise recovery,
musculoskeletal injury management, and prevention/treat-
ment of chronic inflammatory disease.

Skeletal muscle injury elicits an acute inflammatory response
characterised by the secretion of soluble mediators within
damaged tissue that promote influx of fluid and plasma pro-
teins followed by the infiltration and local accumulation of

blood leukocytes (4, 5) (Figure 1). Muscle inflammation
occurs in response not only to traumatic injury, but also to a
diverse range of loading stimuli including eccentric exercise
and reloading following muscle disuse. Polymorphonuclear
neutrophils (PMNs) constitute the first wave of host immune
cells, infiltrating damaged muscle within minutes to hours (6-
9) (Figure 1). PMNs are phagocytic granulocytes that ingest
and eliminate damaged tissue, whilst releasing reactive mole-
cules through degranulation which can potentially induce sec-
ondary muscle damage and exacerbate muscle injury (8, 10,
11). The early wave of PMNs is followed later by recruitment
of blood monocytes which accumulate within muscle in the
hours to days following mechanical insult and differentiate

locally into tissue macrophages (MФs) (6, 7, 12, 13) (Figure
1). Successful resolution of inflammation requires apoptosis
of PMNs within the infiltrate, followed by their elimination
by nonphlogistic MФ phagocytosis. Systemic depletion of
monocytes has been conclusively shown to delay resolution of
muscle inflammation, leading to impaired myofiber regenera-
tive/adaptive responses to both degenerative injury (13-17)
and overload induced muscle hypertrophy (18). Early, follow-
ing injury, circulating classically activated (M1) pro-inflam-
matory monocytes infiltrate muscle and phagocytose
myofiber debris and apoptotic neutrophils, a process which
triggers a switch to an alternatively activated anti-inflammato-
ry (M2) phenotype (19). During the latter stages of inflamma-
tion these M2 populations are predominant and play an impor-

tant active role in promoting muscle growth and regeneration
(20-23) (Figure 1). Eosinophils, another key innate immune
cell population active within the resolution phase of inflam-
mation, were also recently shown to be indispensable in the
muscle regenerative response to injury (24). Collectively
these data show that resolution phase of inflammation plays
an important role in skeletal muscle adaptation to injury.

A complex signalling network exists between infiltrating
immune cells and resident populations within the musculature
including muscle cells (myofibers), myogenic stem cells
(satellite cells), endothelial cells, and fibroblasts. A key, yet
poorly understood, aspect of this regulation which is frequent-

Figure 1: Time-course of leukocyte populations and bioactive lipid mediators in the inflammatory response to muscle injury/overload.
Following tissue injury, neutrophils (PMNs) are rapidly mobilised, increase in circulation, and migrate from the blood stream into damaged tissue.
Pro-inflammatory lipid mediators, the leukotrienes (LTs) and prostaglandins (PG) facilitate PMN trafficking via cellular effects on blood flow
(vasodilation), vascular permeability, and PMN chemotaxis. Later in the inflammatory response there is a shift to biosynthesis of lipid mediators
with anti-inflammatory and pro-resolving properties including n-6 PUFA derived lipoxins and n-3 PUFA derived resolvins, protectins and
maresins. These signals function to limit and stop PMN trafficking, whilst promoting recruitment of blood monocytes/Mφ which phagocytose
and clear apoptopic PMNs. Classically-activated M1 monocyte populations initially are predominant but are later replaced by an alternatively
activated M2 phenotype which play important roles in facilitating muscle growth and regeneration.
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ly overlooked in the context of muscle and exercise is the role
played by bioactive lipids. Lipid mediators are
autocrine/paracrine signalling molecules derived from cellular
polyunsaturated acids (PUFA). Under basal conditions, the
majority of PUFA substrate remains esterified within cell
membrane phospholipids, but a proportion is rapidly released
by the action of phospholipase A2 (PLA2) in response to inju-
rious or inflammatory stimuli. Lipid mediator biosynthesis
involves oxidation of mobilised PUFA substrate by three
major enzymatic pathways: (1) cyclooxygenase (COX), (2)
lipoxygenase (LOX) and (3) epoxygenase catalysed by
cytochrome P450 (CYP). Hundreds of distinct lipid mediator
species can be synthesised via these pathways from numerous
fatty acid (FA) precursors including major omega-6 (n-6)
arachidonic acid (AA) and long-chain (LC) omega-3s (n-3)
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA)
and docosahexaenoic acid (DHA). During the early stages of
tissue injury, classical pro-inflammatory lipid mediators are
locally produced (e.g. prostaglandins and leukotrienes) which
drive inflammation. Later in the inflammatory response, a
shift in the profile of these bioactive lipids results in the pre-
dominant generation of mediators with anti-inflammatory and
pro-resolving bioactivity which function to actively bring
about the resolution phase of inflammation (e.g. lipoxins,
resolvins, protectins and maresins) (25, 26) (Figure 1). The
development of mass spectrometry (MS)-based lipidomic pro-
filing methods has recently allowed for the simultaneous iden-
tification and quantification of large numbers of inflammatory
and resolving lipid mediator metabolites in biological fluids.
This approach sometimes referred in the literature to as

“mediator lipidomics” or “metabololipidomics” enables the
profiling of the “mediator lipidome” of biological samples
encompassing the bioactive metabolites of the PUFAs (27-
29).  A large number of studies have focused on the systemic
and intramuscular leukocyte and inflammatory cytokine
immunological responses to exercise and these topics have
been covered in several recent comprehensive reviews (e.g
30, 31). In contrast, the potential diverse role of bioactive
lipid mediators in exercise immunology is yet to undergo sys-
tematic investigation and the topic has not been comprehen-
sively reviewed previously.

The present review aims to provide an overview of the diverse
role of bioactive lipid mediators in driving acute inflammation
and bringing about its timely resolution, whilst discussing the
established and putative roles of lipid mediators within mus-
cle tissue. The current understanding of the role of lipid medi-
ators in the adaptive responses to exercise is reviewed whilst
highlighting the many gaps in our current knowledge and sig-
nificant areas for future investigation.

2. CYCLOOXYGENASE PATHWAYS

The role of bioactive lipids in inflammation has classically
focused on PUFA metabolites of the cyclooxygenase (COX)
pathway. The COX pathway converts mobilised free intracel-
lular AA to prostaglandin G2 (PGG2), and catalyses the subse-
quent reduction of PGG2 to form prostaglandin H2 (PGH2)
(Figure 2A). Specific synthase enzymes convert PGH2 to the
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five primary prostanoids; thromboxane A2 (TXA2), PGD2,
PGE2, PGF2α and PGI2 (Figure 2A). Collectively these
eicosanoid metabolites elicit the cardinal signs of inflamma-
tion; rubor (redness), calor (heat), tumor (swelling) and dollar
(pain), via their cellular actions in vasodilation (32), vascular
permeability (32-36), hyperalgesia (37-41), and PMN chemo-
taxis (42-45) (Table 1). Two COX isoforms are expressed in
mammalian tissue. COX-1 is a constitutively expressed
enzyme that allows for rapid PG synthesis following AA
release which regulates a variety of homeostatic functions,
whilst, COX-2 is transcribed by an inducible gene, which is
up-regulated in the hours following exposure to inflammatory
stimuli. The COX 1 & 2 pathways are well known as the
molecular target of the non-steroidal anti-inflammatory class

of drugs (NSAIDs), which chiefly function to prevent PG
biosynthesis via inhibition of the cyclooxygenase activity of
the COX-1 & 2 enzymes (46-48) (Figure 2A). 

2.1 Prostanoid response to exercise:
The PG response to muscle loading has been studied for many
years (49-51); however our understanding of the temporal
changes in local and systemic PG concentrations in exercising
humans in-vivo and their role in physiological exercise
responses remains incomplete. Early human studies using
experimental models of sub-maximal exercise consistently
found heightened levels of PGs including PGE2 (52-56),
PGF2α (52, 57), and PGI2 (measured as 6-keto-PGF1α, a non-
enzymatic hydrolysis product of PGI2) (52, 53, 58-63) in

Figure 2: Cyclooxygenase (COX-1 & 2) pathways of lipid mediator biosynthesis during exercise recovery. A: COX-1 & 2 pathways of
prostanoid biosynthesis. Free intracellular arachidonic acid (AA) substrate, mobilized from cell membrane phospholipids is converted to PGH2

by the action of the COX-1 & 2 enzymes. PGH2 is the precursor to the major bioactive PGs including TXA2, PGD2, PGE2, PGF2α, and PGI2 by
action of specific PG synthases. B: Time-course of peripheral blood COX/PG responses during recovery from unaccustomed resistance exer-
cise as determined by mediator lipidomic profiling (102).
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human plasma/serum during exercise. Excretion of 2,3-dinor-
6-keto-PGF1α (64-68), and tetranor-PGE2 (69),  urinary
metabolites of PGI2 and PGE2 respectively, were also found to
be elevated during exercise recovery. The effect of exercise on
TXA2 (measured as circulating TXB2 a non-enzymatic
hydrolysis product of TXA2 or urinary 2,3-dinor-TXB2
metabolites) is less clear. Low intensity exercise appears to
predominantly increase the vasodilator/anti-platelet aggrega-
tor PGI2, with no (61, 64, 66, 68), or minimal (65), changes in
the vasoconstrictor/platelet aggregator TXA2. In contrast,
maximal (53, 59, 60, 70) or high intensity (71) exercise has
been reported to elevate TXB2 in most, but not all (63) stud-
ies. 

Fewer studies have investigated the PG response to potential-
ly damaging muscular contractions with resistance or eccen-
tric exercise, but available data suggests a relatively delayed
or prolonged response. A bout of intense stretch-shortening
cycle exercise was reported to elevate circulating PGE2, peak-
ing 2 h into recovery (72). Other studies have reported
increased plasma/serum PG concentrations for 1-3 days fol-
lowing a bout of resistance exercise consisting of bench press
(50-90% 1RM) (PGE2) (73), barbell squat (70% 1RM)
(13,14-dihydro-15-keto-PGF2α) (74) and step-up (body
weight) (PGE2) (75). In contrast, several studies failed to
detect any changes in circulating PGE2 following isolated
eccentric contractions of the knee extensors (76, 77) or elbow
flexors (78-80). Similarly, downhill running had no effect
(81), or no greater effect than level surface high intensity run-
ning (55), on circulating PGE2. The reasons for such conflict-
ing findings across different exercise protocols is unclear, but
may relate to the intensity of muscle load (downhill running
(55, 81) vs. resistance exercise (73, 75)) or the volume of
active muscle mass (unilateral isolation (76-80) vs. bilateral
compound exercises (73, 75, 82, 83). Additionally, the sensi-
tivity and specificity of immunological assays (e.g. ELISA)
used by the majority of these studies is a likely contributing
factor (84, 85).

In addition to studies measuring PGs in peripheral circula-
tion, a limited number of studies have attempted to detect
PGs within exercised muscle tissue (86-92). At 24 h of recov-
ery from eccentric resistance exercise, PGF2α was found to be
increased in human muscle biopsy sample homogenates (90).
A more traditional bout of resistance exercise, also increased
PGF2α in muscle microdialysates at 5-6 and 8-9 h post-exer-
cise, but returned to basal levels by 24 h (86). Enzymatic
activity of both COX-1 and 2 are elevated in muscle biopsies
collected during exercise recovery (93), a  response which
appears to be driven by delayed elevation of the inducible
COX-2 (but not COX-1) at both the mRNA (94) and protein
(93) level. The expression of COX-2 also increases in human
peripheral blood mononuclear cells during exercise recovery,
suggesting that infiltrating leukocytes are likely a key source
of PGs in exercised muscle (95). Interestingly, however, mus-
cle cells themselves express both COX-1 and 2 (96) and are
capable of synthesising and secreting a range of COX
metabolites including PGD2 (97), PGE2/PGF2α (14, 49, 98-
100) and PGI2 (101). Therefore PGs are likely to be important
autocrine/paracrine signalling molecules produced locally
within muscle tissue, and contracting muscle presumably

contributes to elevated PGs and/or their metabolic degrada-
tion products in peripheral blood during post-exercise recov-
ery.

The development of mediator lipidomic profiling methods has
recently allowed for more comprehensive analysis of circulat-
ing COX metabolites during exercise recovery than previous-
ly available. By employing a human model of unaccustomed
resistance exercise, we analysed the temporal changes in
peripheral blood lipid mediators during post-exercise recov-
ery using an unbiased metabolipidomic profiling approach
(102). Immediately post-exercise we observed marked eleva-
tion in serum TXB2, which preceded the other COX metabo-
lites. This early response was followed by delayed elevation
of, PGD2, PGE2, PGF2α (and/or their circulating stable meta-
bolic degradation products) between 1-2 h of recovery. Final-
ly, peak elevation of PGI2 (measured as the stable circulating
product 6-keto-PGF1α) was not observed until 24 h of recov-
ery. These results appear to show clear temporal differences in
the systemic response to individual PG species throughout the
time-course of post-exercise recovery (summarised in Figure
2B). Further studies using a metabolipidomic approach are
needed to comprehensively address the local changes in
prostanoids within exercise musculature throughout the time
course of exercise recovery.

2.2 Role of the COX pathway in immunological and adap-
tive responses to exercise:

Classical NSAIDs (e.g. ibuprofen and indomethacin) adminis-
tered at typically recommended doses have been shown to
effectively block the exercise-induced elevation of PGs in
both human muscle tissue (89-91, 103) and peripheral blood
(74, 102). Acetaminophen (paracetamol), although not classi-
cally considered a NSAID and does not inhibit COX in-vitro,
also appears to interfere with COX activity in muscle during
exercise recovery (90). Therefore NSAID treatment can be
effectively used to investigate the role of PGs in physiological
responses to exercise. 

The literature on the role of PGs in exercise-induced muscle
injury and the purported benefit of NSAIDs to improve recov-
ery or reduce symptoms of delayed onset muscle soreness
(DOMs) is highly controversial. Many studies have reported
positive short terms effects of NSAID treatment on muscle
recovery including reduced swelling (104), DOMs (104-117),
circulating creatine kinase (CK) (111, 113, 114, 116-118), and
improved strength (104, 105, 108, 110, 115, 119). Conversely,
numerous other studies have failed to find any significant
influence of NSAIDs on muscle swelling (112, 120), DOMs
(77, 82, 90, 118-132), circulating CK (77, 82, 107-110, 112,
119, 129, 130), or strength loss (77, 106, 112, 113, 117, 118,
123, 128, 131). Given their purported primary therapeutic role
as anti-inflammatory, it also may be considered surprising that
human studies to date have failed to find an effect of NSAIDs
on systemic leukocytosis (117, 118, 133) or intramuscular
leukocyte infiltration (112, 119, 134) responses to exercise
stress. In fact, recent studies have found that acute NSAID
treatment appears to augment exercise-induced increases in
skeletal muscle inflammatory cytokine (e.g. IL-6 & MCP-1)
(129, 135-137) and inducible COX-2 gene expression (136,
138). Although the underlying mechanisms remain unclear,
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this response may be a compensatory response elicited sec-
ondary to reduced PG concentrations.

In addition to their immunoregulatory properties, a role of
PGs in the control of muscle protein turnover has been pro-
posed over three decades ago (139). Twenty years later, the
first human study to investigate the effect of NSAID treatment
on muscle protein turnover, showed that oral ingestion of the
non-selective NSAID ibuprofen appeared to block the normal
increase in the rate of muscle protein synthesis 24 h following
a bout of maximal eccentric resistance exercise (132). Further
key studies showed that a different non-selective NSAID
(indomethacin) interferes with the muscle satellite cell prolif-
erative response which occurred later (7 days) during exercise
recovery (103, 128, 140, 141). However, subsequent follow
up studies testing the effect of COX-2 selective NSAIDs on
exercise recovery failed to show an effect on exercise-induced
muscle protein synthesis (138) or muscle satellite cell
responses (112). These findings suggest that despite the well-
established indispensable role of COX-2 activity in rodent
muscle reparative response to injury (14, 99, 142-146), COX-
1 rather than COX-2, may be the primary isoform involved in
human muscle adaptive responses to exercise. More recent
studies have focused on the effect of NSAIDs on the molecu-
lar response to exercise stress have provided further mecha-
nistic insight (136, 147, 148). Oral ibuprofen treatment was
reported to blunt activation of anabolic signalling kinases
early  (3 h) during recovery from resistance exercise, showing
that the early elevation in PG biosynthesis during post-exer-
cise recovery (102) appear to be important for the anabolic
signalling response in human muscle (148). On the other
hand, impaired satellite cell proliferation in the presence of
indomethacin treatment (103), was not found to be associated
with any effect on the expression of growth factors and extra-
cellular matrix-related genes (136), nor changes in the heat
shock protein (HSP) response (147). Thus, the molecular
mechanisms by which NSAIDs may impair satellite cell myo-
genesis in human muscle during post-exercise recovery
remains to be elucidated.

A number of cell culture studies have also investigated the
direct regulatory roles of specific PGs in various stages of
muscle cell growth and development (summarised in Table 1).
These studies suggest that individual PGs may play distinct
and specific temporal roles in muscle tissue throughout exer-
cise recovery. In the early hours post-exercise, myofiber pro-
tein turnover is rapidly increased and there is an expansion
and migration of the myogenic stem cell (satellite cell) pool.

This timeframe corresponds to elevated PGs with roles in
stimulating muscle protein turnover (139, 149) and enhancing
myoblast proliferation (98, 150-152)/survival (153, 154),
whilst limiting myogenic differentiation (97) (Figure 2A,
Table 1). During the latter stages of recovery, myoblasts must
cease to migrate and divide, allowed to undergo myogenic
differentiation and stimulated to fuse in order to regenerate
damaged tissue and support cellular hypertrophy. This latter
phase is associated with an increase in PGI2 which has been
shown to act a “brake” on myoblast migration to facilitate
cell-cell contact and promote myogenic fusion events (101).
These speculative roles of individual PG species in specific
stages of the skeletal muscle growth and regeneration require
further demonstration in-vivo.

3. LIPOXYGENASE PATHWAYS

The lipoxygenase (LOX) pathways oxygenate PUFA substrate
to form hydroperoxy products (e.g. hydroperoxy-eicosate-
traenoic acid (HpETE) from AA), which are rapidly reduced
to corresponding monohydroxy fatty acid metabolites (e.g.
hydroxy-eicosatetranoic acid (HETE) from HETE) (Figure
3A). The naming of LOX enzymes was originally based on
their specificity with respect to 20-carbon AA. For example,
12-LOX oxygenates AA at carbon-12 to form 12-hydroxy-
eicosatetranoic acid (12-HETE) (Figure 3A). In animal tis-
sues, enzymes exist with specificity for three major oxidation
sites on AA at C-5, C-12, and C-15 and the enzymes are
named 5-LOX, 12-LOX, and 15-LOX, respectively (Figure
3A). However, certain LOX enzymes possess dual specifici-
ties and interspecies differences exist (155). The human
genome includes six functional LOX genes (ALOX5,
ALOX15, ALOX15B, ALOX12, ALOX12B, ALOXE3) each
encoding a distinct enzyme, often with cell-type specific
expression (155) (summarised in Table 2). Signalling lipids
produced by LOX pathways are involved in a range of physio-
logical and pathological processes, one of the best charac-
terised of which is their intricate role in the inflammatory
response.

3.1 Human LOX enzymes:
3.1.1   5-LOX pathway: A single 5-LOX enzyme is encoded
by the ALOX5 gene which is highly expressed in various
leukocyte populations, especially PMNs (156, 157) (Table 2).
The leukotrienes (LTs) are classical pro-inflammatory AA
metabolites generated by the 5-LOX pathway with key roles
in both the innate and adaptive immune system (158-160).
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Oxygenation of AA by 5-LOX forms the primary metabolite
5-HpETE, which can be reduced to 5-HETE (161), or further
metabolised by the 5-LOX enzyme to generate leukotriene A4
(LTA4) (159, 162, 163) (Figure 3A). LTA4 is the transient
intermediate precursor to the major bioactive leukotrienes
including LTB4 (159, 164) and the cysteinyl LTs; LTC4, LTD4,
LTE4 (160). Most notably, LTB4 is a powerful chemotactic
lipid for PMNs (165-168), acting through BLT1 and BLT2
receptors to promote PMN chemotaxis and migration into tis-
sues (169-171).

3.1.2   12-LOX pathway: Humans express two 12-LOX iso-
forms in a cell type specific manner; platelet-type 12-LOX
(encoded by the ALOX12 gene) (172, 173) and epidermis-type

12-LOX (encoded by the ALOX12B gene) (174, 175) (Table
2). Expression of the platelet type 12-LOX was also recently
reported in human MФ and dendritic cell populations at levels
considerably higher than that present in their monocyte pre-
cursors (176). ALOX12 metabolises AA to form 12-HETE car-
rying its hydroxyl group predominantly in the S-configuration
(Figure 2A). In contrast, ALOX12B, which is expressed in the
skin, primarily produces the 12(R)-HETE isomer. Although
first discovered in human blood platelets four decades ago
(173), the precise role of 12-LOX in platelet physiology has
remained somewhat unclear (177). In addition to its purported
role in blood thrombosis, 12(S)-HETE is a potent pro-inflam-
matory lipid mediator which stimulates PMN chemotaxis
(178-183), monocyte adhesion (184), and inflammatory

Figure 3: Human lipoxygenase (5-, 12-, and 15-LOX) pathways of lipid mediator biosynthesis during exercise recovery. A: The 5-, 12, and
15-LOX pathways of lipid mediator biosynthesis. Mobilised free intracellular arachidonic acid (AA) substrate derived from cell membrane phos-
pholipids is converted to specific positional monohydroxy-AA isomers by the action of LOX enzymes expressed in a cell-type/tissue specific
manner that oxygenate 20-carbon PUFA specifically at C-5 (5-LOX), C-12 (12-LOX), and C15 (15-LOX). B: Time-course of peripheral blood LOX
metabolite responses during recovery from unaccustomed resistance exercise as determined by mediator lipidomic profiling (102).
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cytokine expression (e.g. IL-6, TNFα, MCP1) in both
macrophages (185, 186) and adipocytes (187, 188). Similarly,
12(R)-HETE plays a similar key pro-inflammatory role in the
skin (189-194).

3.1.3   15-LOX pathway: Humans express two 15-LOX iso-
forms, 15-LOX-1 and 15-LOX-2, encoded by the ALOX15
and ALOX15B genes respectively (Table 2). 15-LOX-1 is
highly expressed in eosinophils and epithelial cell popula-
tions. Whereas expression of 15-LOX-1 is typically low in
blood monocytes, it is markedly induced by the anti-inflam-
matory cytokines IL-4 (195, 196) and IL-13 (197-200). There-
fore, 15-LOX-1 is highly expressed in alternatively activated
M2, but not classically activated M1 monocytes/ MФ (201-
205). The 15-LOX-1 pathway results in the formation of both
12(S)-HETE and 15(S)-HETE from AA substrate, with the
ratio varying from one species to another. Human 15-LOX-1
primarily synthesises 15(S)-HETE, together with smaller
amounts of 12(S)-HETE (206) (Figure 2A). In contrast, the
murine ALOX15 ortholog (often termed 12/15-LOX or leuko-
cyte type 12-LOX), generates 12(S)-HETE as its primary
product (207). Interestingly, 15(S)-HETE possesses primarily
anti-inflammatory activity and counteracts the actions of the
5-LOX pathway by inhibiting PMN release of LTB4 (208,
209) and dampening PMN chemotaxis to a LTB4 gradient
(209-212). In parallel, 15(S)-HETE has direct stimulatory
effects on the migration of monocytes, indicative of a direct
role in resolution phase of inflammation (213). A second 15-
LOX isoform (15-LOX-2), encoded by the ALOX15B gene is
expressed in human epidermis which also acts to convert AA
almost exclusively to 15(S)-HETE (214). In contrast, the
ALOX15B equivalent expressed in mouse skin primarily gen-
erates 8(S)-HETE from AA, and is thus often termed 8-LOX
in the murine literature (215).  In addition to its well-known
role in the skin, 15-LOX-2 (ALOX15B) was recently reported
to be a major 12/15-LOX isoform expressed during the differ-
entiation of human monocytes to MФs, a response which was
further induced in response to M2 polarisation (204). Thus
both 15-LOX-1 and 15-LOX-2 appear to play a key role in
recruitment and polarisation of monocyte/ MФ populations
required for successful resolution of the inflammatory
response.

3.2  LOX pathway responses to exercise:
Despite the well-established role of LOX pathway PUFA
metabolites in the inflammatory milieu, few studies exist
regarding their potential roles in the immunological and adap-
tive responses to exercise stress. Whole blood mRNA expres-
sions of both 5-LOX and 5-LOX activating protein (FLAP)
have been reported to increase during recovery from running
exercise (216). Consistently, elevated plasma levels of the
major 5-LOX product LTB4 has been reported following high
intensity running in some (216), but not all studies (55). 5-
LOX and FLAP in human muscle appears to predominantly
co-localise with immune cells (217), although 5-LOX
immunoreactivity has also been reported within skeletal
myofibers themselves (218). To our knowledge no study to
date has investigated the effect of exercise on expression of
LT biosynthetic machinery (e.g. 5-LOX or FLAP) within
muscle tissue. Nevertheless, a bout of cycling exercise was
recently reported to increase intramuscular concentrations of

LTB4 (a major 5-LOX product) in human myopathy patients
(217), suggesting a possible local role of LTB4 within the
exercising musculature.

Metabolipidomic profiling has more recently provided a more
detailed analysis of the response of LOX pathway products in
human peripheral blood. We found that serum levels of the
pro-inflammatory 5-LOX product LTB4 were markedly ele-
vated early (1-2 h) following an acute bout of unaccustomed
resistance exercise (summarised in Figure 3B), a response
which coincided with increased serum concentrations of
inflammatory PGs (e.g. PGE2) (102). This early transient
response was followed by increases in 12-LOX pathway
metabolites 12-HETE and its β oxidation product (termed
tetranor 12-HETE), peaking later on at 3 h post-exercise
(102). Finally, the 15-LOX pathway products 15-HETE and
15-Oxo-ETE were found to be elevated only during the latter
stages of exercise recovery, achieving peak elevation 24 h
post-exercise (102). This analysis suggests that specific PUFA
metabolites of the LOX pathways as predominant at various
stages of post-exercise recovery ranging from induction of
pro-inflammatory metabolites early to a later switch to anti-
inflammatory/pro-resolving lipids. It is important to note that
this is the only study published to date to use a
metabolipidomic approach to simultaneously profile PUFA
metabolites of the LOX pathways in response to exercise
stress. It is likely that exercise mode, duration, and intensity
could lead to widely varying LOX pathway PUFA metabolite
responses. Thus, future studies employing a metabolipidomic
approach are needed to further characterise the PUFA LOX
metabolic responses to exercise.

3.3  Role of LOX metabolites in immunological and adap-
tive responses to exercise:

Given their key roles in platelet and leukocyte biology, LOX
metabolites may be hypothesised to play important and under-
appreciated roles in mediating the immunological and vascu-
lar responses to exercise stress. Elevated circulating levels
pro-inflammatory lipid mediators LTB4 and 12-HETE in the
early hours of recovery likely promote PMN mobilisation
from bone marrow and migration to skeletal muscle via
effects to stimulate chemotaxis and enhance vascular perme-
ability (169-171). Subsequent elevation of 15-HETE during
the latter stages of recovery would potentially inhibit release
of LTB4 by PMNs (208, 209) and dampen PMN chemo-
taxis/migration (209-212) whilst promoting subsequent
migration of monocytes required for timely resolution of
inflammation (213). 

In addition to their key role in mediating the local and sys-
temic inflammatory response, LOX metabolites may poten-
tially act as important signalling molecules locally within
muscle tissue. The LT receptors BLT1 and BLT2 have been
shown to be expressed by cultured muscle satellite cells (219)
and the L6 myoblast cell line (169). Additionally, exogenous
LTB4 treatment was found to promote L6 cell myogenesis in-
vitro, an action which is mediated by the BLT1 receptor (219).
On this basis, increased LTB4 biosynthesis following exercise
stress (102, 216) may be potentially hypothesised to play a
role in driving proliferation and differentiation of satellite
cells involved in muscle growth/regeneration (219). However,
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to our knowledge no study to date has directly investigated the
role of the 5-LOX pathway in muscle growth and regenera-
tion.

On the other hand evidence also exists to suggest that chronic
activation of the 5-LOX pathway can have deleterious effects
on muscle tissue. For example, LTB4 has been found to be
chronically elevated in muscle microdialysates from
polymyositis or dermatomyositis patients and appears related
to the extent of muscle weakness in this context (217).
Recently, LTB4 was also reported to be elevated in muscle,
adipose, and liver tissue of obese mice (169). In this model,
inhibition of the LTB4 receptor BLT-1, via genetic or pharma-
cologic means, protected against high fat diet induced insulin
resistance, suggesting a deleterious effect of chronically ele-
vated muscle LTB4 (169, 220). Interestingly, this appeared at
least partially attributable to a direct effect of LTB4 to induce
inflammatory signalling cascades in muscle cells themselves
via the BLT1 receptor, leading to impaired muscle insulin sen-
sitivity (169). These data show that chronically elevated pro-
inflammatory 5-LOX metabolites can have apparent deleteri-
ous effects on muscle physiology under certain circumstances

Some limited evidence suggests that 12/15-LOX metabolites
might also have direct regulatory effects on muscle. For
example,  treatment of C2C12 myoblasts in-vitro with exoge-
nous 12-HETE has been reported to result in dose dependent
activation of peroxisome proliferator-activated receptor
gamma (PPARγ) (221). Whilst platelets are a well-established

source of 12-HETE, C2C12 skeletal myoblast cultures appar-
ently synthesise and secrete 12-HETE, an action which can be
modulated by treatment with the n-3 PUFA EPA (222). Addi-
tionally, 12-LOX immunoreactivity has also been reported
within skeletal myofibres in-vivo in one study, further sug-
gesting that muscle tissue may possess 12-lipoxygenase activ-
ity (223). In a recent study, ALOX15 (12/15-LOX) knockout
mice were reported to be protected from denervation induced
skeletal muscle atrophy, suggesting a negative regulatory role
of 12/15-HETEs in the maintenance of muscle mass in this
model (224). This finding may be complicated by the fact that
the murine enzyme encoded by the ALOX15 gene generates
12-HETE, as its primary product, in contrast to the 15-lipoxy-
genase activity of the human enzyme encoded by the ALOX15
gene (see section 3.1). Nevertheless, exogenous treatment
with 15-HETE was also been found to increase rates of pro-
tein degradation in C2C12 myoblasts/myotubes in-vitro in a
series of studies (222, 225, 226). Together these findings
appear to be consistent with the potential negative regulatory
role of 15-LOX metabolites on skeletal muscle mass.

4. TRANSCELLULAR LIPID MEDIATOR
BIOSYNTHESIS: THE SPECIALISED PRO-

RESOLVING MEDIATORS

In addition to generating their primary enzymatic products,
the COX-2 and LOX pathways participate in transcellular
biosynthetic pathways between two of more cell types which

Figure 4: Lipoxin (LX) biosynthetic pathways in generating n-6 AA derived specialised pro-resolving lipid mediators. A: Endogenous
pathways of LX biosynthesis involving cell-cell interactions of 5-LOX expressing cells (e.g. PMNs) with 12-LOX expressing cells (e.g. platelets),
or 15-LOX expressing cells (epithelium or M2 monocytes/Mφ) with 5-LOX expressing cells (PMNs). B Aspirin-triggered (AT) pathway in which
aspirin acetylated COX-2 generates 15(R)-HETE which participates in transcellular LX biosynthesis via the subsequent action of PMN 5-LOX.
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express the required enzymatic machinery in a compartmen-
talised manner (227). During inflammation, cell-cell interac-
tions between platelets, leukocytes, the vasculature and resi-
dent tissue cells facilitates local transcellular biosynthesis of
unique lipid mediator species. Interestingly, whilst the actions
of the COX and LOX pathways expressed by cells in isolation

often generate products with pro-inflammatory properties,
lipid mediators synthesised through transcellular routes are
not only generally anti-inflammatory, but also actively func-
tion to promote resolution back to the non-inflamed state, i.e.
‘pro-resolving’.

Figure 5: n-3 PUFA derived specialized pro-resolving lipid mediator pathways. A: Endogenous and aspirin-triggered routes of E-series
resolvin (RvE) biosynthesis. EPA is converted to 18(R)-HEPE by aspirin acetylated COX-2 or alternatively CYP450 enzymes in host cells or resi-
dent microbes. 18(R)-HEPE is the primary intermediate in the biosynthesis of RvE1 and RvE2 by PMN 5-LOX, or RvE3 by eosinophil 15-LOX. B:
Endogenous and aspirin triggered routes of DHA derived (D-series) resolvin (RvD), protectin (PD), and maresin (MaR) biosynthesis. DHA is con-
verted to 17(R)-HpDoHE by aspirin acetylated COX-2 or 17(S)-HpDoHE by the endogenous 15-LOX pathway, precursors to the aspirin triggered
and native PDs respectively. The corresponding 17-HDoHEs resulting from peroxidase catalysed reduction of the hydroperoxides serve as sub-
strates for the RvDs by the action of the 5-LOX pathway. In an alternate pathway, DHA is converted by Mφ 12-LOX to 14(S)-HpDoHE, which is
the primary precursor to the MaR family of SPM.
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4.1 Overview of the pro-resolving lipid mediators:
4.1.1   Lipoxins: The lipoxins (LXs or lipoxygenase interac-
tion products) are bioactive metabolites of the n-6 PUFA AA
originally isolated from human leukocytes (228), formed via
transcellular biosynthetic routes (229) (Figure 4). In contrast
to the classical AA derived eicosanoids (PGs and LTs), LXs
possess potent anti-inflammatory actions by inhibiting the
chemotaxis (230-233) and degranulation of PMNs (234). Fur-
thermore, LXs also have direct pro-resolving bioactivity as
they actively stimulate the migration/adherence of blood
monocytes (233, 235-237) and eosinophils (238), whilst pro-
moting MФ nonphlogistic phagocytosis/clearance of apoptot-
ic PMNs (239). Therefore LXs were the first lipid mediators
identified to function as endogenous “braking signals” during
the time course of inflammation to limit PMN infiltration and
actively promoting their clearance from inflammatory infil-
trates. Furthermore, LXs have direct analgesic properties
which oppose that of the classical eicosanoids in the regula-
tion of pain (240). 

Two endogenous routes of LX biosynthesis exist in humans
(Figure 4A). The first pathway involves leukocyte-platelet
interactions during which the leukotriene biosynthesis inter-
mediate LTA4, secreted from 5-LOX expressing PMNs, is
taken up by adherent platelets for conversion to lipoxin A4
(LXA4; 5S,6R,15S-trihydroxy-7E,9E,11Z,13E-eicosate-
traenoic acid) or lipoxin B4 (LXB4; 5S,14R,15S-trihydroxy-
6E,8Z,10E,12E-eicosatetraenoic acid) by the action of
platelet-type 12-LOX (241-245). A second major route
involves initial secretion of the 15-LOX product 15(S)-HETE
by epithelial cells, eosinophils or M2 monocytes/MФs, which
is then taken up by 5-LOX expressing cells (e.g. PMNs) and
converted to LXA4 and LXB4 (246-248). A third unorthodox
pathway of LX biosynthesis operates only in the presence of
aspirin (acetylsalicylic acid) (Figure 4B). Aspirin is unique
amongst the NSAIDS in that it achieves inhibition of PG
biosynthesis via irreversible acetylation of the COX-1 & 2
enzymes (249). Acetylation renders COX-1 entirely inactive,
however, acetylated COX-2 obtains 15-lipoxygenase activity,
generating 15(R)-HETE (rather than PGG2) as the primary
product of AA (250-253). Secreted 15(R)-HETE participates
in transcellular LX biosynthetic pathways, forming metabo-
lites termed 15-epi-LXs (15(R)-LXs), or aspirin-triggered
LXs (ATL) (254) which carry their C-15 hydroxyl group in a
R-configuration, rather than the S-configuration characteristic
of the native LX (254) (Figure 4B). The ATL and native LXs
share their anti-inflammatory/pro-resolving (231, 233, 236,
254) and analgesic properties (240, 255, 256). On this basis,
ATLs have in recent years been purported to account for a
major mechanism underlying certain unique therapeutic
effects of aspirin amongst the NSAID class.

4.1.2   Resolvins: The first pro-resolving metabolites of n-3
PUFAs identified were found to be synthesised from EPA
(257), and later termed the E-series resolvins (Rv or resolving
phase interaction products) (258). In the presence of aspirin,
EPA is converted to 18(R)-hydroxy-EPA (18(R)-HEPE) by
acetylated COX-2, in a similar manner to conversion of AA to
15(R)-HETE during AT-LX biosynthesis (257, 259) (Figure
5). In a second intriguing endogenous route, resident microbes
expressing cytochrome p450 (CYP450) can generate and pro-

vide 18(R)-HEPE to their human host (260). Secreted 18(R)-
HEPE obtained from endogenous or AT sources is taken up
into PMNs and converted to resolvin E1 (RvE1; 5S,12R,18R-
trihydroxy-6Z,8E,10E,14Z,16E-eicosapentaenoic acid) (257,
259, 260) and resolvin E2 (RvE2; 5S,18R-dihydroxy-
6E,8Z,11Z,14Z,16E-eicosapentaenoic acid) (261-263) by the
action of the 5-LOX pathway (Figure 5). RvE1 and RvE2
both possess potent multilevel anti-inflammatory and pro-
resolving actions including inhibiting PMN migration and
enhancing MФ phagocytosis of apoptotic PMNs (257, 259,
264). The originally identified RvEs carry their C-18 hydrox-
yl group in the R-confirmation, although equivalent 18(S)-
RvEs (e.g. 18(S)-RvE1; 5S,12R,18S-trihydroxy-
6Z,8E,10E,14Z,16E-eicosapentaenoic acid) were later identi-
fied (265). In a distinct pathway, involving the 15-LOX path-
way in human eosinophils, 18(S/R)-HEPE are converted to
resolvin E3 (RvE3; 17R,18R-dihydroxy-5Z,8Z,11Z,13E,15E-
eicosapentaenoic acid and 18(S)-RvE3; 17R,18S-dihydroxy-
5Z,8Z,11Z,13E,15E-eicosapentaenoic acid ) (266-268) (Fig-
ure 5A). Both 18S-and 18R-RvE3 exhibit direct inhibitory
activity on PMN chemotaxis (266, 267).

Parallel biosynthetic pathways metabolise the 22-carbon
DHA to generate resolvins of the D-series (docosanoids)
(Figure 6). In aspirin triggered routes, during which the D-
series resolvins were originally discovered, aspirin acetylated
COX-2 generates 17(R)-hydroxy-DHA (17(R)-HDoHE)
from DHA substrate (258). In an alternate endogenous route
not requiring aspirin, DHA is metabolised by the 15-LOX
pathway to 17-HDoHE carrying the C-17 hydroxyl group in
an S-confirmation (17(S)-HDoHE) (269).  Human PMNs
take up and transform secreted 17(S/R)-HDoHE to the native
17(S)-D-series resolvins (RvD1-RvD6) or their aspirin-trig-
gered 17(R)-counterparts (AT-RvD1-RvD6) by action of the
5-LOX pathway (258, 269-271) (Figure 5B). The DHA
derived resolvins are potent anti-inflammatory and pro-
resolving lipid mediators which counteract inflammation and
actively promote restoration of a non-inflamed state by sup-
pressing PMN chemotaxis and promoting MФ recruitment
and phagocytosis (272-275).

4.1.3   Protectins: In addition to contributing to RvD biosyn-
thesis, the primary DHA metabolite of 15-LOX, 17(S)-HpDo-
HE, is also a precursor to a distinct group of 10,17-dihydroxy
docosanoids (with conjugated trienes) termed the protectins
(PD) or neuroprotectins (NPD) (269, 270, 276) (Figure 5B).
The major bioactive PD synthesised endogenously by human
cells has been shown to be 10R,17S-dihydroxy-
4Z,7Z,11E,13E,15Z,19Z-docosahexaenoic acid, termed pro-
tectin D1 (PD1) (277). Additionally, in the presence of
aspirin, an aspirin-triggered PD1 isomer carrying its 17-
hydroxyl group in the R-confirmation is formed termed AT-
PD1 (278) or AT-NPD1 (279) (10R,17R-dihydroxy-
4Z,7Z,11E,13E,15Z,19Z-docosahexaenoic acid). Native
PD1/NPD1 and AT-PD1/NPD1 are both potent anti-inflam-
matory pro-resolving molecules that inhibit PMN chemo-
taxis/migration and enhance MФ efferocytosis of apoptotic
PMNs. 

4.1.4   Maresins: In a third and most recently identified alter-
nate pathway of DHA metabolism, a new class of SPMs were
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identified as products produced by human MФ and named
‘macrophage mediators in resolving inflammation’ or
Maresins (MaR) (280) (Figure 5B). Maresin biosynthesis
involves the initial 14-lipoxygenation of DHA by the human
MФ 12-LOX pathway to form 14(S)-HpDoHE. Subsequent
epoxidation of 14(S)-HpDoHE by the same enzyme within
MФ forms an 13S,14S-epoxy-DHA intermediate (recently
termed 13(S),14(S)-epoxy-maresin or 13,14-eMaR).
13(S),14(S)-epoxy-DHA possesses its own bioactivity, as well
functioning as a key intermediate in downstream MaR biosyn-
thesis (281). Further enzymatic hydrolysis of 13(S),14(S)-
epoxy-DHA by an as yet to be determined pathway yields
Maresin 1 (MaR1; 7R,14S-dihydroxy-
4Z,8E,10E,12E,16Z,19Z-docosahexaenoic acid) (281). Alter-

natively, 13,14-eMaR can be converted by the action of solu-
ble epoxide hydrolase (sEH) enzyme to the recently identified
Maresin 2 (MaR2; 13R,14S-dihydroxy-
4Z,7Z,9E,11E,16Z,19Z-hexaenoic acid) (176). MaR1 and
MaR2 both possess potent anti-inflammatory, pro-resolving,
tissue regenerative and anti-nociceptive actions (176, 280-
282).

4.2 Human pro-resolving lipid mediator responses to 
exercise

Appreciation of pro-resolving lipid mediator circuits in
human acute inflammation has generally been limited to in-
vitro assays utilizing blood immune cell population obtained
from human volunteers. However, a small number of recent
studies have suggested that exercise stress may be a human in-
vivo model of self-limited inflammation during which resolv-
ing lipid mediator circuits play important physiological role
and this process can be actively studied.

In the first study to address whether exercise might not only
transiently increase concentrations of the pro-inflammatory
eicosanoids, but also modulate bioactive lipids with anti-
inflammatory and pro-resolving actions, maximal physical
exertion was found to result in a rapid increase in the urinary

excretion of LXA4 post-exercise (283). Additionally, a second
more modest elevation in urinary LXA4 was observed at 24 h
or recovery (283). This led the authors to speculate that
increased lipoxin biosynthesis may be reflective of cell-cell
immunological interactions occurring during exercise and
represent an endogenous anti-inflammatory and pro-resolving
defence mechanism against exercise-induced stress (283).

In order to more comprehensively characterise the role of pro-
resolving lipid mediators in exercise responses, we undertook
unbiased metabololipidomic profiling of human peripheral
blood samples collected throughout 24 h recovery from a sin-
gle bout of unaccustomed intense resistance exercise (102).
We found that pro-resolving AA metabolites, the lipoxins,

were increased early following exercise, with LXA4 peaking
immediately post-exercise and LXB4 at 1 h of recovery. Simi-
larly, the EPA derived pro-resolving lipid mediator, RvE1,
was transiently increased in human serum 0-1 h post-exercise,
rapidly decaying thereafter (102) (although we cannot dis-
count that instability of highly labile RvE1 may have con-
tributed to the latter response). Finally, docosanoids including
resolvins (RvD1) and protectins (measured as the PD1 isomer
(10S,17S-DiHDoHE) were increased in human peripheral
blood later during recovery (2-3 h post) and remained elevat-
ed in circulation following 24 h of recovery (102). These
results show that pro-resolving lipid mediator biosynthesis is
increased in humans in response to a bout of unaccustomed
resistance exercise and distinct classes of the resolving lipid
mediators appear to exhibit specific temporal responses
throughout the time-course of post-exercise recovery (Figure
6). 

The utility of exercise as a model of self-resolving inflamma-
tion was further demonstrated in a recent study in which an
exhaustive human exercise model was used alongside murine
and cell-based experiments to demonstrate in-vivo detection
and modulation of a new class of pro-resolving lipid media-
tors, termed the T-series resolvins (RvTs) in human peripheral

Figure 6: Specialised pro-resolving lipid mediator response to exercise. A: Time-course of human peripheral blood anti-inflammatory/pro-
resolving lipid mediator responses during recovery from unaccustomed resistance exercise as determined by mediator lipidomic profiling (102).
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blood (284). This novel family of anti-inflammatory/pro-
resolving lipid mediators synthesised from n-3 DPA (an inter-
mediary PUFA between EPA and DHA) via the endogenous
COX-2 pathway, were increased in human peripheral blood
early (≤15 min) post-exercise (284). Furthermore, this study
confirmed previously reported findings of elevated DHA
derived docosanoids in human peripheral blood in response to
acute exercise stress (102, 284).

The cellular source and local changes in pro-resolving lipid
mediator concentrations during post-exercise recovery is of
interest. Lipid mediators typically act in an
autocrine/paracrine action within tissue micro-environments
and further studies are needed to profile the local changes in
inflammatory and resolving lipid mediators within the exer-
cised muscle tissue by utilising the skeletal muscle biopsy or
microdialysis techniques. On the basis of apparent capacity of
exercise to elevate circulating pro-resolving lipid mediators
throughout recovery, an interesting question that remains
unanswered is whether exercised skeletal muscle contributes
to pro-resolving lipid mediator biosynthesis, either directly or
via cell-cell interactions with the vasculature or infiltrating
immune cell populations. In one early study, cultured skeletal
myoblasts have been reported to secrete 5-HETE, 12-HETE
and 15-HETE, suggesting they may possess various lipoxy-
genating activities (222). Future studies should address the
possible role of skeletal muscle in transcellular lipid mediator
biosynthetic pathways by interactions with infiltrating leuko-
cytes. 

4.3  Lipid mediator class switching during post-exercise
recovery

The time course of induction of inflammatory and resolving
bioactive lipid mediators in peripheral blood of exercising
humans appears to match well with common murine experi-
mental models of self-limited inflammation (e.g. peritonitis
and dorsal air pouch). In these spontaneously resolving
murine models of inflammation, AA derived LTs increase rap-
idly after induction, followed by elevated PGs and LXs (with-
in hours), and subsequently more delayed elevation of the
docosanoids (e.g. RvD and PD1) ~12-24 h later (273, 285,
286). Interestingly, recent work using these models has sug-
gested that the biosynthesis of specific resolving mediators
such as resolvin D3 (RvD3) are uniquely positioned within
the inflammatory response, appearing late (24-72 h) in the
resolution time-frame (273). The time course of exercise
recovery is known to be dependent on the extent of muscle
injury inflicted, and in more extreme cases the inflammatory
responses can persist for days to weeks (30). Thus, future
studies that explore the latter time-frame of post-exercise
recovery employ more diverse exercise models should pro-
vide valuable insight into the inflammatory and resolving
lipid mediator response to exercise stress in humans. 

Lipid mediator class-switching is a process first demonstrated
by Levy et al. 2001 (286) in which increased concentrations
of inflammatory COX-derived PGs early following exposure
to an inflammatory stimuli actively triggers the subsequent
induction on the enzymatic machinery of the pro-resolving
lipid biosynthetic pathways, thereby bringing about resolution
to a non-inflamed state (286-288). By employing a group of

human volunteers that received treatment with the NSAID
ibuprofen, we were able to demonstrate that active lipid medi-
ator class switching occurs during human exercise recovery.
Subjects ingesting ibuprofen pre-exercise showed no early
elevation in COX derived prostanoids during post-exercise
recovery, but also displayed a complete lack of the subsequent
elevation in pro-resolving lipid mediators (LXs, RvEs/RvDs
& PDs) that was observed in subjects receiving placebo con-
trol (102). Therefore, blockade of COX-1 and 2 activities led
to deleterious secondary downstream effects on the induction
of resolution phase lipid mediator pathways. This data shows
that lipid mediator class-switching pathways appear to be
operational in-vivo in humans throughout the time course of
post-exercise recovery. Furthermore, the use of NSAIDs (a
common treatment of muscle injury and soreness), can have
deleterious effects on induction of pro-resolving lipid media-
tor circuits. 

4.4  Putative roles of pro-resolving lipid mediators in the
response to exercise

Several lines of evidence suggest that pro-resolving lipid
mediators may play an important physiological role in the
successful muscle regenerative and adaptive response follow-
ing injury. The ability of PMNs to inflict secondary myofibre
injury is well established (8, 10, 11). Thus, the activity of
SPMs to limit PMN infiltration and actively promote their
clearance by nonphlogistic MФs phagocytosis is likely to play
an important role in injured muscle. Additionally, a hallmark
of the SPMs is their ability to actively promote monocyte
recruitment whilst stimulating to MФ function and M2 polar-
ization. Monocyte/MФ recruitment (13-18) and in particular
induction of a M2 phenotype (18, 20-23) are processes which
are indispensable for successful muscle growth and regenera-
tion. On this basis, we hypothesise that pro-resolving lipid
mediators may play an important role in exercise recovery as
well as in muscle healing/regeneration following injury. Nev-
ertheless, to date no studies have been undertaken to test this
hypothesis.

In addition to the potential effects secondary to their effect on
immune cell population, SPMs may play more direct roles in
muscle cell growth and development. For example, the lipox-
in receptor (ALX), (also known as the formyl peptide receptor
2 (FPR2)) is expressed by the C2C12 skeletal myoblast cell
line (289). The peptide annexin A1, another established ALX
ligand, was shown to promote migration of muscle satellite
cells and consequently enhances skeletal muscle cell differen-
tiation (289, 290). RvD1 and AT-RvD1 also act via the ALX
receptor (291). Whether LXs and RvDs can influence muscle
satellite cell migration and differentiation via the muscle ALX
remains to be determined, but appears a likely scenario. The
RvE1 receptor, chemokine-like receptor 1 (chemR23 or
CMKLR) (264) is also expressed in muscle, where it has been
shown to play an important positive role in myogenesis (292).
Despite these associations, to date no studies have directly
investigated the effect of pro-resolving lipid mediators on
muscle cell growth and development or the role of pro-resolv-
ing lipid mediator circuits in the context of skeletal muscle
injury and adaptation. Therefore these are key potential areas
for further research.
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Whereas PGs/LTs play stimulatory roles on muscle cell
growth and development, chronic activation of the COX and
5-LOX pathways can have deleterious effects on muscle (169,
217, 220, 293, 294). An intriguing hypothesis is whether
failed pro-resolving lipid mediator circuits may underlie
chronic non-resolving muscle inflammation and if targeting
pro-resolving lipid mediator pathways could be of therapeutic
benefit in conditions of rampant muscle inflammation. In sup-
port of this hypothesis, recently the DHA derived pro-resolv-
ing mediator PD1 was found to be lacking in muscle tissue of
high fat-fed mice in association with chronic non-resolving
inflammation and insulin resistance (295). In this model,
administration of the PD1 isomer 10S,17S-dihydroxy-DHA
(also known as protectin DX (PDX)) was found to exert unan-
ticipated glucoregulatory activity by directly stimulating the
release of the myokine interleukin-6 (IL-6) from skeletal mus-
cle tissue (296). In this context, PDX acted to upregulate a
myokine-liver signalling axis leading to an improved whole
body insulin sensitivity (296). These results show for the first
time that pro-resolving lipid mediators can exert direct regula-
tory effects on skeletal muscle tissue. Further studies are
needed investigating the role of pro-resolving lipid mediators
in the context of muscle responses to injury and mechanical
overload, as well as the potential theurapeutic value of resolv-
ing lipid mediators in settings of chronic muscle inflamma-
tion.

4.5  Anti-inflammatory vs. pro-resolving approaches to
acute muscle injury and exercise recovery?

The specialized pro-resolving lipid mediators possess bioac-
tivity that simultaneously limits PMN trafficking (i.e. anti-
inflammatory) and actively promotes monocyte/MФ recruit-
ment and function (i.e. pro-resolving). However, these actions
are not one and the same, and it is important to distinguish
between them. For example, common mainstay approaches to
exercise recovery as well as the clinical treatment of muscu-
loskeletal injury (e.g. NSAIDs) are anti-inflammatory in
nature in that they strive to dampen inflammation via antago-
nism of pro-inflammatory mediators (reviewed in 297). In this
context, however, classical anti-inflammatory agents such as
the NSAIDS appear to prevent or delay resolution of inflam-
mation by interfering with endogenous lipid mediator class
switching circuits and can thus also considered to be anti-
resolving, or “resolution toxic” (286, 288, 298). The use of
anti-inflammatory drugs (and potentially other interventions
that are anti-inflammatory in nature e.g. cold exposure (299))
in an effort to provide analgesia and limit the cardinal signs of
inflammation following muscle injury, may inadvertently
derange or impair timely or complete resolution of muscle
inflammation. Interestingly, this mechanisms may help to
explain the apparently deleterious effects of NSAIDs reported
in numerous studies in rodent models of muscle growth and
regeneration (14, 99, 142-146), and human adaptive responses
to exercise (90, 128, 132, 140, 141, 148). An ideal strategy to
enhance exercise recovery and manage musculoskeletal injury
would perhaps be one that is analgesic and anti-inflammatory
(in terms of effects on PMNs), yet simultaneously pro-resolv-
ing (by being conducive or even stimulatory in terms of
effects on monocyte/MФ recruitment and function). Interest-
ingly, aspirin is distinct from other non-selective and COX-2
selective NSAIDs, in that whilst it inhibits PG biosynthesis

(potentially a deleterious outcome for endogenous SPM cir-
cuits); it simultaneously compensates by producing aspirin
triggered pro-resolving lipid mediators (e.g. AT-LXs, AT-
RvDs, & AT-PDs) from PUFA substrate by acetylated COX-2.
Thus, future studies investigating the effect of aspirin on myo-
genesis and skeletal muscle growth/regeneration should help
to delineate the roles of pro-inflammatory (e.g. PG and LT)
vs. pro-resolving lipid mediators in successful muscle adapta-
tion and whether certain interventions can be employed or
developed which may potentially relieve pain and improve
function whilst simultaneously ensuring endogenous regener-
ative mechanisms remain intact.

5.  PERSPECTIVES AND FUTURE
DIRECTIONS

Bioactive lipid mediators play diverse role in mediating the
initiation, limitation, and active resolution of inflammation.
Vigorous or unaccustomed exercise elicits a self-limited
inflammatory response, involving cytokines/chemokines,
blood leukocyte populations, and muscle-immune cell interac-
tions. Classical pro-inflammatory lipid mediators (e.g. PGs
and LTs) have long been implicated as playing a potential role
in immunological and adaptive responses elicited following
muscle loading. More recently, exercise has been found to be
coupled to induction of a biologically active resolution of
inflammation program involving the production of lipid medi-
ators via cell-cell interactions which possess anti-inflammato-
ry and pro-resolving bioactivity. These lipid mediators likely
play important roles in the limitation and clearance of poten-
tially myofiber damaging PMNs and the recruitment and
polarisation of monocytes/Фs which restore tissue homeosta-
sis and facilitate muscle growth and regeneration. Additional-
ly, emerging data suggest that resolution phase lipid mediators
may have direct effects on resident muscle cells including
myofibers and satellite cells. Anti-inflammatory strategies tar-
geted at relieving symptoms of exercise-induced muscle
injury may perturb the resolution phase of inflammation by
blocking key signals of resolution early in the inflammatory
response (e.g. PGs), leading to deleterious effects on muscle
remodelling. A paradigm shift away from current focus on
anti-inflammatory approaches, towards interventions which
are conducive or even facilitative to natural resolution of
inflammation may lead to the development of novel approach-
es and therapeutics in order to enhance exercise recovery and
more effectively manage and treat acute musculoskeletal
injuries.
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