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Abstract Cytokines are soluble glycoproteins that are produced by and mediate com-
munication between and within immune and nonimmune cells, organs and organ
systems throughout the body. Pro- and anti-inflammatory mediators constitute
the inflammatory cytokines, which are modulated by various stimuli, including
physical activity, trauma and infection. Physical activity affects local and sys-
temic cytokine production at different levels, often exhibiting striking similarity
to the cytokine response to trauma and infection.

The present review examines the cytokine response to short term exercise
stress, with an emphasis on the balance between pro- and anti-inflammatory mecha-
nisms and modulation of both innate and specific immune parameters through cyto-
kine regulation. The effects of long term exercise on cytokine responses and the
possible impact on various facets of the immune system are also discussed, with
reference to both cross-sectional and longitudinal studies of exercise training.
Finally, the validity of using exercise as a model for trauma and sepsis is scruti-
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nised in the light of physiological changes, symptomatology and outcome, and
limitations of the model are addressed.

Further studies, examining the effect of exercise, trauma and infection on novel
cytokines and cytokine systems are needed to elucidate the significance of cytok-
ine regulation by physical activity and, more importantly, to clarify the health
implications of short and long term physical activity with respect to overall im-
mune function and resistance to infection.

Inflammation ranges from a local to a systemic
response to cellular injury. It is characterised by
capillary dilatation, production of pathological
blood-borne soluble components and an increase
in body temperature. Together, these responses ini-
tiate the elimination of noxious compounds and dam-
aged tissue. The inflammatory response depends in
part on the immune system, which synergises with
nonimmune inflammatory mediators such as hepa-
tocytes, neural cells and the endocrine system. Com-
ponents of the inflammatory response dependent
upon and independent of the immune system are
induced by stimuli such as physical trauma, exercise
and infection. It is not the severity of the injury or
insult that governs the symptomatology or outcome
of the inflammatory reaction, but rather the mode
and extent of response to the original insult.[1]

Cytokines are soluble proteins or glycoproteins
that are produced by and mediate communication
between and within immune and nonimmune cells,
organs and organ systems throughout the body. They
act at very low concentrations relative to other sol-
uble molecules such as endocrine and exocrine hor-
mones.[2] The production of cytokines can be up-
regulated rapidly in response to inflammatory
stimuli, and this response can be transient or pro-
longed. Circulating concentrations indicate prog-
nosis in various disease and nondisease states.

Modulation of cytokine production by heavy
physical activity has many points of similarity with
subclinical generalised inflammation. An inap-
propriate inflammatory response can result in mor-
bidity and even death. The potency of cytokines and
the prevalence of cytokine-modulating stressors
have prompted the study of stimuli affecting cyto-
kine production. This has led to the suggestion that
heavy exercise could be used as a model of trauma

and infection.[3,4] The present review briefly sum-
marises the known functions of both pro- and anti-
inflammatory cytokines, and it then explores re-
sponses to physical activity and training.

1. The Cytokines

1.1 Pro-Inflammatory Cytokines

The pro-inflammatory cytokines and chemokines
are up-regulated by physical activity, trauma and
infection. Concentrations of the interferons and inter-
leukin (IL)-2 are also modulated by exercise and
other inflammatory stimuli, and are thus discussed
in the present section. Anti-inflammatory media-
tors such as IL-4, IL-10, IL-1 receptor antagonist
(IL-1ra) and IL-13 buffer the essential but often
volatile activities of the pro-inflammatory cytokines,
as well as attenuating the immune response.[5] Lo-
cal and systemic reactions to infection, micro- and
macrotrauma depend in part on the magnitude of
the cytokine response. The quantitative and quali-
tative natures of the response dictate outcome; prog-
nosis depends on an appropriate balance between
pro- and anti-inflammatory mechanisms.

1.1.1 Interleukin (IL)-1
The IL-1 gene family comprises the glycopro-

tein receptor agonists IL-1α, IL-1β and IL-1ra. Vari-
ous immune and nonimmune cells produce both IL-
1α and IL-1β. However, IL-1α remains within the
cytosol in almost all instances.[6] IL-1α is active in
both precursor and mature forms, but IL-1β is only
active upon cleavage by the cytosolic cysteine pro-
tease IL-1β converting enzyme (ICE), found in mono-
cytes.[7] IL-1β remains cytosolic in nonphagocytic
cells, but 40 to 60% of the IL-1β that is produced
by mononuclear phagocytes exits the cell via ves-
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icle exocytosis, active transport, leakage or cell
death.[6]

IL-1 elicits physiological effects at femto- to
picomolar concentrations, above which it becomes
cytotoxic.[8] It up-regulates a wide variety of genes,
including those encoding cytokines, thus augment-
ing its own expression as well as that of IL-2 and
IL-6.[5] Enzymes required for the synthesis of leuk-
otrienes, prostaglandins and nitric oxide (NO) are
induced by IL-1. Prostaglandin synthesis is in-
duced indirectly, by up-regulation of gene expres-
sion of the inducible type 2 cyclo-oxygenase.[6]

Cyclo-oxygenase products in turn induce corticotro-
pin (ACTH) release via the hypothalamic-pituitary-
adrenal (HPA) axis; this possibly serves as a bio-
logical negative feedback, since corticosteroids inhibit
pro-inflammatory cytokine gene expression, and ad-
renalectomised mice have an increased risk of IL-
1-induced death.[9]

Responses to IL-1 include hypotension, fever,
lethargy, modulation of inflammation and stimula-
tion of cell proliferation. IL-1 induces hypotension
by acting on the vasculature, the myocardium, and
sodium transport.[10] It inhibits vascular smooth mus-
cle contraction independently of prostaglandin syn-
thesis, facilitating L-arginine-dependent NO pro-
duction; this leads to increased guanylate cyclase
activity.[11] In the myocardium, IL-1 suppresses the
rate of spontaneous contractions, and reduces the
contractile response to β-adrenergic stimulation.[12]

Systemic injection of IL-1 augments the renal ex-
cretion of sodium.[6] Within the central nervous sys-
tem, IL-1 acts as a potent pyrogen, probably at the
organum vasculosum of the lamina terminalis; IL-
1 receptors are distributed throughout the hypo-
thalamus and arachidonic acid metabolites are re-
leased from the periventricular organ endothelium
in response to IL-1 injection.[13] Additionally, IL-1
mediates fever both by induction of IL-6 and also
independently of the pyrogenic activity of IL-6.[6]

IL-1 injection in mice induces disinterest in the
environment, sleepiness and anorexia. Presumably,
this reaction is analogous to the ‘sickness’ syndrome
characteristic of human illness. It may be respon-

sible for many of the symptoms associated with
infection and overtraining.

Normal hepatocyte protein production is increased
2- to 3-fold by IL-1, and the synthesis of patholog-
ical proteins such as serum amyloid A, C-reactive
protein, fibrinogen and leukaemia inhibitory factor
(LIF) is increased up to 1000-fold. In this respect,
IL-1 synergises with IL-6, but it is also capable of
inducing these proteins by itself.[6] IL-1 has inflam-
matory and degenerative effects on joint surfaces,
and systemically injected IL-1 stimulates bone re-
sorption.[14] Aside from inhibiting the formation of
collagens and proteoglycans, IL-1 induces synthe-
sis of the metalloproteinases and gelatinases which
contribute to the degradation of cartilage. This cyto-
kine also promotes catabolism of lean tissue in syn-
ergy with tumour necrosis factor−α (TNFα); mus-
cle protein breakdown during endotoxaemia (which
is a potent stimulator of circulatory IL-1 release)
can be reduced by treatment with IL-1ra.[15]

IL-1 synergises with the colony stimulating fac-
tors (CSFs), IL-3 and IL-6 to regulate the cell cycle
and induce lineage-specific and multi-lineage com-
mitment by bone marrow progenitor cells.[16] The
effect of IL-1 on immunocompetent cells is that of
a cytokine helper.[6] IL-1 amplifies T cell activa-
tion by inducing IL-2 and IL-2 receptor (IL-2R)
gene expression.[17] Induction of IL-6 (B cell growth
factor-2) and proliferation of thymic epithelium are
further actions. IL-1 stimulates normal cell and neo-
plastic cell proliferation.[18] Keratinocytes, mesang-
ial cells, smooth muscle cells and various tumour
cells also use IL-1 as a growth factor.[6] IL-1β and
TNFα both up-regulate various cell adhesion mol-
ecules (CAMs), with implications for the extrava-
sation of cells and metastasis.[6,18]

IL-1ra inhibits the inflammatory effects of IL-
1.[8] Intracerebral injection of IL-1ra in mice, for
example, completely blocks the pyrogenic effects
of a subsequent IL-1 injection.[19]

1.1.2 IL-6
Of several known endogenous pyrogenic cyto-

kines, IL-6 correlates most closely with the degree
of fever.[6] This pleiotropic cytokine is produced
by various immune cells [such as T and B lympho-
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cytes, natural killer (NK) cells and monocytes] and
nonimmune cells (such as smooth muscle cells,
chondrocytes, astrocytes and glial cells). It is a gly-
coprotein of 20 to 30kD molecular mass, depend-
ing on its cellular source and method of prepa-
ration.[20,21] Various forms of IL-6 have differing
biological activities.[21] Cells that express IL-6 re-
ceptors include hepatocytes, B cells, T cells, par-
tially committed bone marrow cells, osteocytes and
various tumour cell lines.[22] Arguably, the most
important effects of IL-6 are upon hepatocytes, B
cells and the mononuclear phagocytes responsible
for the production of IL-1 and TNF.[23]

IL-6 is among the most potent mediators of the
acute phase response. Other mediators include IL-
1, TNF, IL-11, LIF, and oncostatin M.[20,24] The acute
phase response is an evolutionarily well conserved
cascade of reactions. It is initiated by stressors such
as tissue damage, inflammation and heavy exer-
cise. Its objectives are to prevent further damage
and activate repair processes. Acute phase proteins
synthesised mainly by the liver include serum am-
yloid A and C-reactive protein.[25] IL-6 enhances
ACTH production in the anterior pituitary gland,
signalling the adrenal cortex to produce glucocort-
icoids.[20] The glucocorticoids, in turn, potentiate the
effects of IL-6 (and other cytokines) upon hepato-
cytes. Negative feedback is provided by the inhib-
itory action of glucocorticoids on macrophages. This
further down-regulates the production of IL-6, thus
limiting a potentially dangerous positive feedback
loop.[24]

The effects of IL-6 on megakaryocytopoiesis and
thrombocytopoiesis are well established. In vivo and
in vitro studies indicate that IL-6 can act alone or
synergise with IL-3 to enhance proliferation of
haemopoietic progenitor cells partially or fully com-
mitted to the megakaryocytic lineage.[20] Admin-
istration of IL-6, either alone or in concert with
IL-3, induces a dose-dependent increase in platelet
count.[26] IL-6 also functions as a co-stimulatory
factor for antigen- or mitogen-induced T cell acti-
vation, and is a final maturational requirement for
B cells.[27,28] IL-6 further plays key roles in the patho-
genesis of various autoimmune diseases such as

systemic lupus erythematosus and rheumatoid ar-
thritis.[29] Finally, it tends to induce bone resorp-
tion by selectively activating osteoclasts, a role it
shares with other pro-inflammatory cytokines.[29]

Although IL-6 is generally regarded as a pro-
inflammatory cytokine, it can play a contrary role.
For example, in cancer patients, IL-6 induces the
production and release of TNF binding proteins
(TNF-BPs) and IL-1ra, thereby buffering the harsh
effects of other indisputably pro-inflammatory cyto-
kines.[30] Furthermore, signal transduction through
the 130kD glycoprotein receptor subunit gp130 is
shared by various cytokines, including the anti-
inflammatory IL-11, suggesting a similarity in
downstream events.[20,31]

1.1.3 Tumour Necrosis Factor (TNF)
Many of the physiological roles of TNF overlap

with those of IL-1 and IL-6, but there are also im-
portant points of distinction.[23] TNF is mainly a
product of mononuclear phagocytes, but it is also
produced by T lymphocytes, Kupffer cells, neural
cells and endothelial cells. TNFα and TNFβ have
only 30% sequence homology, but exert an over-
lapping range of effects on the gene expression of
growth factors, cytokines, cell-surface proteins and
acute phase proteins.[32] Pro-TNFα is cleaved by
an unidentified protease to form mature TNFα. Met-
alloproteinase inhibition can block TNFα secretion
in vivo, suggesting that inflammation is closely regu-
lated by the body.[33] Most cells express TNF re-
ceptors. Two subunits of these receptors have sig-
nificant extracellular (TNF-binding) homology, but
little similarity intracellularly; this suggests that they
have distinct biological activities.[23] Soluble TNF
receptors attenuate the potent inflammatory reac-
tions induced by TNF.

As the name implies, TNFα is a powerful tumour
necrotising agent, but its therapeutic potential is
limited by severe adverse effects.[5] Interferon-γ
(IFNγ) synergises with TNFα to mediate tumour
cell killing. Like IL-1, TNFα induces the surface
expression of various adhesion molecules, [includ-
ing intercellular adhesion molecule-1 (ICAM-1), vas-
cular cell adhesion molecule-1 (VCAM-1) and E-

118 Moldoveanu et al.

  Adis International Limited. All rights reserved. Sports Med 2001; 31 (2)



selectin] thus promoting margination of leucocytes
at the site of inflammation.

TNF is also a potent endogenous pyrogen.[34]

Presumably, it acts through modification of the phys-
iological temperature set point. However, studies
on lipopolysaccharide-induced fever in rats sug-
gests that TNF can also function as an endogenous
cryogen or antipyretic.[34,35] Tissue wasting (cach-
exia) is also a characteristic action of TNFα.[33]

TNFα is rapidly cleared from the circulation by
a 2-step process.[36] Firstly, it is inactivated by the
binding of TNF-BPs. Thereafter, clearance occurs
via the kidneys and to a lesser extent, by metabo-
lism in the liver. TNF-BPs may serve to buffer the
human body against the harsh physiological activ-
ities of TNFα.[33,37] Release of the p55 and p75 sol-
uble TNF receptors may also reduce sensitivity to
the harmful effects of TNF. Furthermore, binding
of TNF-BP and soluble TNF receptors to TNF in-
creases the biological stability of TNF, gradually
releasing bioavailable TNF into the circulation.

1.1.4 Interferons
The 3 interferons, IFNα, IFNβ and IFNγ, share

various properties. IFNα and IFNβ are primarily
antiviral agents with some immunomodulatory ac-
tivity. IFNγ is primarily an immune and inflamma-
tory modulator with 100- to 1000-fold more activ-
ity than the other interferons, and it only has secondary
antiviral activity.[38] IFNγ is produced by NK cells,
CD4+ T helper cells and CD8+ T cytotoxic cells,
self-associating in the circulation to form a stable
34kD dimer.[39] It affects both immune and nonim-
mune cells.

IFNγ is a potent activator of macrophages, and
is among the primary cytokines responsible for in-
ducing nonspecific, cell-mediated mechanisms of
host defence.[40] It also up-regulates the expression
of ICAMs on activated macrophages, thereby con-
tributing to cellular extravasation.[41] It is released
by T helper 1 (TH1) cells and is a potent inhibitor
of the TH2 humoral immune pathway.[38] NK cell
activity is also strongly augmented by IFNγ in a
dose-dependent manner, and it increases the sensi-
tivity of tumour cells to NK cells.[42-44]

IFNγ is considered a pro-inflammatory cyto-
kine, in part because it augments the synthesis of
other inflammatory cytokines such as TNFα, and
in part because it up-regulates expression of the
TNF receptors.[45] Another pro-inflammatory role
of IFNγ is the induction of at least one form of NO
synthase.[46]

IFNγ increases resistance to experimentally in-
duced viral infections, as well as playing a potential
role in recovery from infection.[47] Some have ex-
plained this phenomenon by implicating IFNγ in
an up-regulation of expression of both class I and
class II major histocompatibility complex (MHC)
proteins.[38] IFNγ also acts directly, by inhibiting
viral replication and it serves as an antineoplastic
agent.[38] Anti-inflammatory properties may be lim-
ited to IFNα and IFNβ.[40]

1.1.5 IL-2
IL-2 is included in this section because of its

ability to activate lymphocyte subsets of both the
innate and adaptive immune branches, its indirect
roles in the inflammatory process, and its relevance
to the various inducers of inflammation to be de-
scribed.[48] It is a glycosylated 133-amino-acid pro-
tein produced exclusively by T cells.[49] Three IL-
2R subunits exist. The IL-2Rα chain has a low
affinity for IL-2, with a dissociation constant (Kd)
of 10–8 mol/L, until it joins with the IL-2Rβ chain
to form an intermediate affinity complex (Kd 10–9

mol/L). Formation of the high affinity receptor re-
quires complexing of the intermediate affinity re-
ceptor with the γ chain; the heterotrimer has a Kd

of 10–11 mol/L.[5] Soluble IL-2R (sIL-2R; α and β
subunits) attenuate the signal provided by IL-2.[50,51]

IL-2 activates resting T lymphocytes upon mi-
togen or antigen stimulation. The cytokine acts on
T cells in an autocrine or juxtacrine manner.[51,52]

Small (naive) T cells strongly express the IL-2Rα
chain, but coexpression of α and β receptor sub-
units occurs in only 1 to 6% of resting T cells.[53]

Upon activation with mitogen or antigen, both IL-
2Rα and IL-2Rβ become strongly expressed on T
lymphocytes. IL-2 induces NK cells to become
lymphokine activated killer (LAK) cells. NK cells
are a distinct population of CD3e–16+/–56+ lym-
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phocytes that do not rearrange or express the T cell
receptor gene; they mediate major histocompatibil-
ity complex (MHC)-unrestricted cytotoxicity against
a variety of tumour and virus-infected cells.[54] Both
CD3e–16–56+ and CD3e–16+56+ cells express IL-2Rβ
constitutively at low levels, but only the CD16– sub-
set constitutively expresses the intermediate affin-
ity heterodimeric receptor.[54,55] This subset responds
preferentially to lower concentrations of IL-2 with
increased cytolytic activity and proliferation. Mono-
cytes and macrophages express IL-2Rβ constitu-
tively at low levels, and they can be induced to
express the IL-2Rα receptor subunit upon mitogen
stimulation.[56] IL-2 induces proliferation of recep-
tive monocytes, and it also stimulates growth and
differentiation of B cells.[57]

IL-15 shares many biological activities with IL-2.
Synthesis is primarily by monocytes/macrophages,
and unlike IL-2, it is not produced by lympho-
cytes.[58] The 2 cytokines use common receptor com-
ponents, but have some distinct actions. For exam-
ple, like IL-2, IL-15 stimulates B cell expansion,
antibody production and proliferation of T and NK
cells, but its effects on resting T cells are negligible
unless exogenous IL-12 is added.[59]

1.1.6 Chemokines
During the course of inflammation, cells intrin-

sic to the injured or infected tissue as well as im-
mune cells recruited to the area release chemical
attractants (chemokines) that cause leucocytes firstly
to adhere to vascular endothelium and subsequently
to migrate into the tissue spaces.[5,60] These chemo-
kines play a central role in responses to both dis-
ease and heavy exercise.[48,61] They can be divided
into 2 families, the CC and the CXC; conserved
cysteine residues are separated either by no other
residue (CC) or by one other residue (CXC). All of
the more than 30 chemokines are small globular pro-
teins of 8 to 11kD molecular mass.[48] The 4 cysteine
residues per homodimer are generally conserved be-
tween the 2 subfamilies. This allows intrachain di-
sulfide linkage, and contributes to bioactivity and
receptor specificity.[60] Like cytokines, the chemo-
kines display synergy, antagonism, redundancy
and pleiotropy in chemotaxis. Their spectrum of

activities also includes activation and modulation
of innate and specific immune cells.

The CXC family is characterised by a short
Glu-Leu-Arg motif preceding the first cysteine res-
idue reading N- to C-terminal.[60] IL-8 is represent-
ative of the CXC chemokines. It is produced by
endothelial cells, fibroblasts, monocytes and mac-
rophages, neutrophils and T lymphocytes, and it is
up-regulated by various stimuli including IL-1.[48]

Receptors for IL-8 are expressed by neutrophils,
monocytes, basophils and NK cells. The primary
functions of IL-8 are to attract neutrophils to a site
of inflammation or infection and to mediate their
activation.[62] IL-8 also attracts T cells and binds to
B cell receptors, although these roles are not well
understood.

The CC chemokine family includes RANTES
(Regulated on Activation, Normal T cell Expressed
and Secreted), monocyte inhibitory protein (MIP)-
1α, and MIP-1β. The motif is 10 residues in length.
Truncation or elongation of this domain leads to a
drastic loss in activity, with qualitative changes in
remaining activity.[63] The CC chemokines attract
nonspecific immune cells such as eosinophils, mono-
cytes and basophils and also T lymphocytes.[48]

1.2 Anti-Inflammatory Cytokines

Inflammation evolved both to protect the organ-
ism against infection and injury, and to promote
tissue repair. Initially, effector cells are attracted to
injured tissue spaces by chemokines produced by
intrinsic cells. The next stage involves tissue de-
struction mediated by the infiltrating cells, with clear-
ance of the damaged tissue. Finally, inflammation
subsides, leaving some scar tissue, but allowing a
restoration of normal structure and function. Each
stage of this process is tightly regulated. The anti-
inflammatory cytokines (IL-4, IL-10, IL-13 and per-
haps IL-6) attenuate inflammation by restricting
inflammatory cytokine production, up-regulating
their soluble antagonist binding proteins, and sup-
pressing inflammatory cell activity.[64]

The biological effects of IL-4 are mediated
through a dimeric receptor found on most cells of
haemopoietic lineage.[65] The cytokine is produced
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by TH2 lymphocytes, among other cells. It func-
tions to facilitate humoral immunity and inhibits
TH1 cells. IL-4 decreases antibody-dependent cell-
mediated cytotoxicity and other aspects of macro-
phage function by attenuating the surface expres-
sion of Fc receptors (FcRγI, FcRγII and FcRγIII).[64]

IL-4 decreases production of IL-1β, while increas-
ing IL-1ra synthesis. Furthermore, IL-4 induces the
cell surface expression and circulatory release of
the IL-1 receptor decoy IL-1Rt2; this molecule binds
extracellular IL-1 and reduces the synthesis of
chemokines such as MIP-1α, but it transduces no
signal.[66] IL-4 also reduces the production of NO
and reactive oxygen species.[67]

IL-13 is a close structural homologue of IL-4,
and it shares some components of the IL-4 receptor
upon binding. There is a homology of function for
all biological activities on macrophages and neu-
trophils, but IL-13 has no effect on TH cell prolif-
eration.[64,68,69]

Although IL-6 has some of the properties of a
pro-inflammatory mediator (see section 1.1.2), it
does not prime vascular endothelium for extrava-
sation of leucocytes, nor does it activate neutro-
phils or macrophages as do IL-1 and TNF.[64] Sev-
eral authors have appreciated the anti-inflammatory
characteristics of IL-6.[30,64] Its biological activ-
ities include stimulation of ACTH release and
subsequent elaboration of cortisol (a general anti-
inflammatory mediator), with suppression of IL-1 and
TNF synthesis by macrophages and neutrophils.[70]

IL-6 also attenuates the IL-1 signal by inducing
synthesis of IL-1ra and IL-1Rt2, and by promoting
the release of these proteins. Overlapping the func-
tion of IL-4 and IL-13, IL-6 causes a diminished
production of reactive oxygen species and short-
lived nitrogenous intermediates, as well as reduc-
ing the synthesis of chemokines.[30,64,71]

IL-10, like IL-4 and IL-13, is produced mainly
by the TH2 subset of T cells. It is also secreted by
macrophages, mast cells and B cells, and is strongly
implicated in immunosuppression.[64,71] IL-1 and
TNF are potent activators of IL-10 synthesis, thereby
inducing a negative feedback mechanism. The anti-
inflammatory actions of IL-10 include inhibiting

synthesis of the pro-inflammatory mediators IL-1,
granulocyte-macrophage colony-stimulating factor
(GM-CSF), TNF, IL-8 and IL-12.[64] IL-10 induces
macrophages to diminish their NO production, and
it inhibits production of IFNγby T cells and NK cells,
thereby retarding development of cell-mediated in-
flammation.[72] IL-10 also promotes proliferation
of B cells and mast cells, and it acts on monocytes
to induce production of IL-1ra and the soluble TNF
p55 receptor.[73,74]

2. Cytokine Response to 
Physical Activity

If physical activity is of sufficient vigour to in-
duce an inflammatory response, there is a release,
firstly of a sequence of pro-inflammatory cytokines
(TNFα, IL-β and IL-6), and then of regulatory, anti-
inflammatory cytokines (e.g., IL-4, IL-10 and IL-
1ra).[75]

2.1 Effects of Short Term Physical Activity on
the Pro-Inflammatory Cytokines

Studies examining cytokine production in the
context of prolonged bouts of deliberate endurance
exercise are most common, but additional insights
have been gained from other forms of short term
physical activity such as near maximal/short dura-
tion exercise, anaerobic exercise and concentric and
eccentric activity. The response differs appreciably
with the mode of exercise,[76-79] the availability of
carbohydrate[79] and core temperature.[80]

Until recently, the source of the activity-induced
increase in serum cytokine levels remained specu-
lative. Bruunsgaard et al.[78] found messenger RNA
(mRNA) for IL-6 in exercising muscle, but not in
the blood. Moldoveanu et al.[81] also found no change
of mRNA levels for IL-1β, IL-6 and TNFα in cir-
culating cells in response to 3 hours of moderate
endurance exercise. However, flow cytometry has
now demonstrated that an increased percentage of
circulating monocytes express pro-inflammatory
cytokines intracellularly during and immediately
following vigorous exercise,[82] suggesting that these
cells are at least one source of the cytokines.
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Table I summarises the effects of exercise on
some of the pro-inflammatory cytokines.

2.1.1 IL-1
Plasma concentrations of IL-1 are particularly

difficult to measure, as basal circulatory levels re-
main at the sensitivity threshold of available tech-
nology. In consequence, results are inconsistent.[2]

Northoff et al.[112] found modest increases of IL-
1 following exercise, with an associated increase
in urinary excretion. Moldoveanu et al.[81] had in-
dividuals exercise for 3 hours at 60 to 65% of max-
imal oxygen intake (V

.
O2max); they noted a signifi-

cant increase of IL-1 at 60 minutes, with a further
increase at 180 minutes; values remained above ini-
tial levels for 24 hours following exercise. Ostrowski
et al.[113] also saw a 2.1-fold increase of IL-1β in
the first hour after running a marathon race. On the
other hand, Suzuki et al.[93] found no increase of
IL-1β following a marathon run. Bruunsgaard et
al.[78] used an eccentric exercise protocol consist-
ing of 30 minutes of maximal and supramaximal-
equivalent cycle ergometry in an attempt to inves-
tigate the effects of such stimuli on circulatory IL-1β.
However, plasma IL-1β levels as determined by
enzyme-linked immunosorbent assay (ELISA) re-
mained below the detection threshold for all sam-
pling time-points.

Ullum et al.[88] studied IL-1β gene expression in
17 healthy, moderately trained males in response to
60 minutes of cycle ergometry at 75% of each in-
dividual’s V

.
O2max. Using nuclear run-off analysis,

they noted no change in pre-mRNA isolated from
peripheral blood mononuclear cells (PBMC) be-
fore, during or after exercise. In accordance with
this observation, Natelson et al.[90] observed no
change in PBMC RNA levels of either IL-1α or
IL-1β after a staged walk exercise bout that pro-
gressed in speed and inclination for 46 minutes, to
the point of voluntary exhaustion.

Cannon et al.[86] investigated the intramuscular
IL-1β level in 5 healthy males. Eccentric exercise
was achieved by running downhill on a 16% tread-
mill slope for 45 minutes at a speed demanding
75% of the individuals’concentric V

.
O2max. Muscle

biopsies were stained immunohistochemically with

rabbit antisera raised against human IL-1β, and the
investigators also used a T cell proliferation (induc-
ible by IL-1β) bioassay. Intramuscular IL-1β con-
centrations were increased at 45 minutes and 5 days
after exercise.

Although observations of IL-1 protein produc-
tion in response to exercise appear inconsistent with
unchanged IL-1 gene expression, extracellular cyto-
kine release is not always secondary to the imme-
diate gene expression of a given cytokine. Mast
cells, for example, store TNFα until they degranul-
ate.[114] Thus, sources of IL-1 such as the mono-
nuclear phagocytes may be storing IL-1 intracel-
lularly before its extracellular release.

Some investigators have looked at the IL-1 re-
sponse to mitogenic stimulation following exercise.
Lewicki et al.[92] observed that 48 hours of stimula-
tion by lipopolysaccharide (40 mg/ml) increased the
concentration of nonexercised PBMC supernatant
IL-1 to 27.4 units/ml and that of exercised PBMCs
to 48.7 units/ml. Moyna et al.[115] increased the cycle
ergometer loading every 6 minutes in highly trained
cyclists (32 males and 32 females). Consecutive
stages of exercise amounted to 55%, 70% and 85%
of the individual’s V

.
O2max. Lipopolysaccharide-

induced in vitro IL-1β production (ELISA methodo-
logy) increased throughout the 18 minutes of ex-
ercise, but had returned to baseline 2 hours after
exercise. Haahr et al.[83] measured unstimulated and
lipopolysaccharide-stimulated IL-1α and IL-1β pro-
duction, using the ELISA method and a thymocyte
proliferation bioassay. Both techniques showed that
2 hours after 60 minutes of 75% V

.
O2max cycle

ergometry, lipopolysaccharide-induced IL-1 pro-
duction was augmented. In apparent conflict with
these results, Weinstock et al.[94] demonstrated that
68 minutes of competition-intensity triathlon exer-
cise decreased the ability of stimulated whole blood
cultures to produce IL-1β. However, this study did
not account for the possible effects of competitive
stress on cytokine production.

Others have examined the effects of exercise on
unstimulated IL-1β production. Sprenger et al.[95]

examined the excretion of IL-1β in 22 distance run-
ners who covered a distance of 20km in roughly
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Table I. Effects of short term exercise on pro-inflammatory cytokines. Data are from human studies unless noted otherwise

Cytokine Exercise challenge Qualitative and quantitative effects

duration intensity type

IL-1 1h 75% V
.
O2max Cycling ↑ plasma, PBMC supernatant[83]

3 × 15 reps 65% 1RM Eccentric ↑ plasma immediately and 5 days after exercise[84]

2.5h 75% V
.
O2max Running ↑ plasma (<2.5-fold) immediately after exercise[85]

45 min 75% V
.
O2max Declined treadmill ↑ intramuscular (immunohistochemical staining and

bioassay)[86]

20 min Running = whole blood gene expression and plasma level[87]

1h 75% V
.
O2max Cycling = PBMC gene expression during exercise[88]

3h 17 min Marathon Running ↑ plasma immediately but not 2h after exercise[89]

46 min Exhaustive Inclined treadmill = gene expression in circulating leucocytes after
exercise[90]

4 × 10 reps 100% 1RM Eccentric press ↓ plasma lasting at least 144h after exercise[91]

19 min Exhaustive Cycling ↑ PBMC supernatant with LPS stimulation[92]

3h 60-65% V
.
O2max Run + cycle ↑ plasma for 24h, no change of circulating mRNA[81]

2.5h ?70% Marathon run = plasma[93]

30 min Maximal,
supramaximal

Cycle ergometer = plasma[78]

60 min 75% V
.
O2max Cycle ergometer = genes in PBMCs[88]

68 min Competitive Triathlon ↓ production in stimulated whole blood[94]

110 min 20km run ↑ urinary excretion for 24h[95]

4h 45% V
.
O2max Cycle ergometer ↑ immediately after exercise and 60 min[96]

3h 60% V
.
O2max

2h 75% V
.
O2max

IL-6 2h 6 min Exhaustive 5% inclined treadmill = murine splenocyte gene expression after exercise[97]

46 min Exhaustive Inclined treadmill = gene expression in circulating leucocytes after
exercise[90]

3h 17 min Marathon Running ↑ muscle gene expression 2h after exercise[89]

1h 75% V
.
O2max Cycling ↑ plasma, PBMC gene expression during exercise[88]

2.5h 75% V
.
O2max Running ↑ plasma immediately (25-fold) after exercise[85]

3h 26 min Marathon Running ↑ plasma immediately (100-fold) after exercise[85]

2.5h 77% V
.
O2max Running ↑ plasma immediately and 1.5h after run[98]

4 × 10 reps 100% 1RM Eccentric press ↑ plasma at 6, 12 and 48h after exercise[91]

68 min Sprint triathlon ↑ plasma and urine immediately after exercise[94]

25 min 90% V
.
O2max Running ↑ plasma immediately after exercise[99]

?10 min 100% V
.
O2max Cycle ergometer ↑ plasma, supernatant after LPS stimulation[100]

3h 60-65% V
.
O2max Run + cycle ↑ plasma for >2h, no change in circulating mRNA[81]

6h Competitive Cycle race ↑ plasma at 10-25 and 150 min[101,102]

60 min Competitive Triathlon ↑ plasma, immediately after event[103]

2.5h 74% V
.
O2max Run or cycle ↑ plasma, less with cycle and with carbohydrate

supplements[79]

30 min ? Cycle ergometer ↑ plasma, greater if eccentric exercise[78]

120 min 60% V
.
O2max Cycle ergometer ↑ plasma[77]

5 min 90% V
.
O2max Cycle ergometer = plasma[77]

45 min 3 sets of 60-70% 1RM circuit = plasma[77]

TNFα 2.5h Competitive Marathon run = plasma[104]

2.5h Competitive Marathon ↑ plasma[105]

2.5h Competitive Marathon ↑ plasma (peak at 60 min, subnormal at 120 min)[106]

3h 60-65% V
.
O2max Run + cycle ↑ plasma, no change in circulating mRNA[81]

2h 60% V
.
O2max Cycle ergometer ↑ plasma, peak at 72h[77]

Continued over page
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110 minutes. Urine concentrations of IL-1β increased
about 1.8-fold relative to before exercise, and val-
ues remained high for at least 24 hours following
exercise. Bury et al.[96] had 7 healthy males exercise
for 4 hours at 45% V

.
O2max, 3 hours at 60% V

.
O2max,

and 2 hours at 75% V
.
O2max, each bout of exercise

being separated by enough time to preclude a cu-
mulative training effect. With each of these proto-
cols, IL-1 levels were significantly elevated, both
immediately following exercise and 60 minutes af-
ter its termination. The magnitude of the increase
depended on the intensity rather than the duration
of exercise. Many other observers have found that
IL-1β production is unaffected by exercise unless
the blood is stimulated.[110,116,117] It appears that
although exercise alone may induce a limited out-
put of IL-1, subsequent mitogenic stimulation al-
lows investigators to amplify the effects of exer-
cise, with implications not only for detection of this
cytokine, but also for immune activation by exer-
cise. IL-1 release depends on the type of exercise
performed, its intensity and, to a lesser degree, the

duration of exercise. IL-1 is among the first cyto-
kines to be released in response to exercise stress.

2.1.2 IL-6
Exercise generally causes a strong but tran-

sient induction of IL-6. The magnitude of the re-
sponse depends on the intensity of effort, and
values typically normalise within 6 hours or
less.[75-77,79,81,94,95,101,102,110,112,116,118] Suzukiet al.[104]

have drawn attention to a close correlation between
exercise-induced neutrophilia and increases of IL-
6, and they speculate that a stress-induced release
of bioactive substances may mobilise and prime
neutrophils, causing local tissue damage and an in-
flammatory response.

Many investigators have examined the unstim-
ulated and stimulated release of IL-6 in response to
various forms of exercise. Rivier et al.[100] investi-
gated IL-6 levels in the circulation as well as in the
supernatant of lipopolysaccharide-stimulated mono-
cytes in response to a cycle ergometer test of peak
aerobic power. The participants were a heteroge-
neous group of masters and younger athletes. Stim-
ulated IL-6 release was moderately increased im-

Table I. Contd

Cytokine Exercise challenge Qualitative and quantitative effects

duration intensity type

TNFα 5 min 90% V
.
O2max Cycle ergometer = plasma[77]

(Contd) 45 min 3 sets of 60-70% 1RM circuit = plasma[77]

12-15 min Competitive 5km run ↑ plasma, immediately after effort[107]

90 min Anaerobic
threshold

Cycle ergometer ↓ release from LPS-stimulated blood[108]

60 min Competitive Running ↑ increased urinary excretion for 24h

20 min Running = whole blood gene expression and plasma level[87]

46 min Exhaustive Inclined treadmill ↓ gene expression in circulating leucocytes after
exercise[90]

1h 75% V
.
O2max Cycling = PBMC gene expression during exercise[88]

1h 42 min Exhaustive Running ↓ plasma response (murine) to LPS administrations[109]

6h Competition Running = plasma immediately after exercise[110]

20 min 94% HR reserve Running ↓ PBMC supernatant immediately, 24, 48h after
exercise[111]

2h Running ↑ urine immediately and 1h after exercise[95]

1h 75% V
.
O2max Cycling = PBMC supernatant in response to exercise[83]

3h 26 min Marathon Running ↑ plasma immediately to 3h after exercise[85]

HR = heart rate; IL = interleukin; LPS = lipopolysaccharide; PBMC = peripheral blood mononuclear cells; reps = repetitions; RM = repetition
maximum; TNFα = tumour necrosis factor-α; V

.
O2max = maximal oxygen uptake; ? = not specified; ↑ indicates increase; ↓ indicates decrease;

= indicates no change.
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mediately after exercise, but had reverted to resting
values after 20 minutes of recovery. Moldoveanu
et al.[81] exercised young volunteers for 3 hours at
60 to 65% of V

.
O2max; this induced an 18-fold in-

crease of IL-6, and values remained above initial
resting levels for at least 2 hours. Ullum et al.[88]

had individuals exercise at 75% of their individual
V
.
O2max for 60 minutes. They found that plasma

IL-6 levels rose significantly only during exercise;
2 hours after exercise, IL-6 concentrations had
dropped back to baseline values.

Gannon et al.[101,102] reported major increases of
IL-6, 10 to 25 and 150 minutes following a 6-hour
cycle race. The urinary IL-6 response to a 60-
minute triathlon was investigated by Northoff and
Berg.[103] They found elevated levels of IL-6 im-
mediately after the run, but did not examine IL-6
concentrations at subsequent time-points. Northoff
and Berg[103] also quantified cytokine release in the
plasma of marathon runners. In this population, they
found a significant increase shortly after the run,
but not 24 hours later. Ostrowski et al.[85] had 10
moderately fit individuals exercise on a treadmill
for 2.5 hours at 75% of their individual V

.
O2max,

and they also analysed plasma from athletes com-
peting in the Copenhagen marathon. In accordance
with the other studies, plasma IL-6 peaked imme-
diately after exercise in both cases. Suzuki et al.[93]

also observed 100-fold increases in IL-6 immedi-
ately following a marathon race. Northoff et al.[119]

used a bioassay to semi-quantify plasma IL-6 con-
centrations in long-distance runners. Compared with
pre-run values (37.6 units/ml), circulating IL-6 levels
were significantly higher immediately after a pro-
longed run (79.8 units/ml), but not 24 hours later
(41.4 units/ml). Unfortunately, although the prolif-
erative bioassay used in this early study was sensi-
tive to IL-6, it was not proven to be insensitive to
IL-7. Nehlsen-Cannarella et al.[98] showed that plasma
IL-6 levels in 30 experienced marathon runners
peaked immediately after a 2.5 hours run, whether
individuals were carbohydrate-supplemented or not;
values had returned close to baseline 1.5 to 3 hours
after exercise.

Subsequent observations by the same group
showed that IL-6 levels were lower for cycling than
for a similar intensity of running, and were further
reduced by carbohydrate supplements.[79] Bruuns-
gaard et al.[78] compared values for normal and ec-
centric cycling, finding that the latter induced a
larger secretion of IL-6. Brenner et al.[76,77] also
found a significant increase of plasma IL-6 with 2
hours of endurance exercise at 60% of peak aerobic
power, but there was no change with 5 minutes of
exercise at 90% of peak aerobic power, or with an
exhausting circuit-training routine.

Papanicolaou et al.[99] reported a biphasic IL-6
response after 25 minutes of intermittent treadmill
running at a high relative intensity; 15 moderately
trained males warmed up with 5 minutes of light
running (50% V

.
O2max) and completed 10 brief bouts

of inclined treadmill running (each lasting 30 sec-
onds at 90% V

.
O2max), followed by a 10-minute cool-

down of slow jogging. Plasma IL-6 peaked twice:
once at the end of the high intensity exercise, and
once 20 minutes after exercise.

Heterogeneous studies thus point to the conclu-
sion that circulatory concentrations of IL-6 are el-
evated rapidly but transiently in response to vari-
ous types, durations and intensities of exercise.
Tissue damage has been implicated in the induc-
tion of blood-borne and tissue IL-6.[78,89] Natelson
et al.[90] used their aforementioned graded exercise
protocol to induce temporary exhaustion; IL-6 RNA
expression was unchanged by this exercise. Like-
wise, neither Ullum et al.[88] nor Moldoveanu et
al.[81] found any up-regulation of IL-6 gene ex-
pression in mononuclear cells response to exer-
cise. However, as discussed for IL-1β, flow cy-
tometry shows increased intracellular levels of
IL-6,[82] and circulatory release does not necessar-
ily depend on immediate induction of cytokine gene
expression.[114,120,121] For this reason, there is a need
for further studies relating the kinetics of cytokine
appearance to the intracellular concentrations found
in various tissue compartments.

2.1.3 TNF
Suzuki et al.[93] were unable to detect TNFα in

the plasma following a marathon run, perhaps be-
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cause they collected samples immediately follow-
ing the event. Most other investigators have found
that prolonged endurance exercise induces TNF re-
lease into the plasma. Rokitzki et al.[105] detected
increased TNFα levels in the plasma of 14 endur-
ance-trained athletes immediately following a mar-
athon run. Dufaux and Order[106] followed the ki-
netics of plasma TNFα in 8 male sports students
after a 2.5-hour run. Peak levels of this cytokine
were reached 60 minutes after the end of the race
(the only statistically significantly difference), but
concentrations had fallen below initial control val-
ues 120 minutes after the end of the race. In accord-
ance with this observation, Ostrowski et al.[85]

showed a 2.5-fold increase in plasma TNFα lev-
els immediately after 2.5 hours of treadmill run-
ning at moderate-to-high intensity.

Brenner et al.[76,77] found an increase of TNFα
in response to 2 hours of cycle ergometer exercise
(60% of V

.
O2max), with peak levels reached 72 hours

after exercise. Likewise, Moldoveanu et al.[81] ob-
served a 90% increase of plasma TNFα follow-
ing 3 hours of endurance exercise at 60 to 65% of
V
.
O2max; this abated gradually over the following

24 hours. However, no significant changes were
induced by 5 minutes at 90% of V

.
O2max, or by an

exhausting circuit training routine. Sprenger and
associates[95] found that the urinary excretion of
TNFα was elevated immediately after a 20km run,
but the effect was transient; levels became normal
1 or more days after the run. Espersen et al.[107]

similarly found that a 5km race was sufficient to
elevate plasma TNFα levels immediately after ef-
fort.

Rivier et al.[100] investigated TNFα production
by blood monocytes in terms of translated and se-
creted protein. Combined data from masters ath-
letes and younger individuals indicated a nonsig-
nificant trend for monocyte TNF release to increase
immediately after exercise, but in their participants
there was a decrease below baseline during the post-
exercise recovery period. Further evidence that
exercise may attenuate monocyte TNF production
comes from the work of Bagby et al.[109] They in-
vestigated the effect of exhaustive running-wheel

exercise on the TNF response of rats to lipopoly-
saccharide (1 mg/kg body mass). Exercise severely
depressed the circulatory TNFα response for up to
3 hours after exercise. Moreover, heart rate and blood
pressure nadirs correlated with TNFα concentra-
tions, recapitulating the effects of stress-activated
TNFα on the myocardium and vasculature.[122] Baum
et al.[108] noted that 90 minutes of exhaustive exer-
cise decreased the release of TNFα in lipopolysac-
charide-stimulated whole blood. Exercise, therefore,
appears to have different effects on the production
of IL-1 and TNF by immune cells; it tends to mag-
nify the IL-1 response to lipopolysaccharide, but it
can reduce that to TNF. This is surprising, given the
close association of these 2 cytokines in pathophysi-
ological contexts such as general inflammation. Di-
vergent results in studies focusing on TNF may
be explicable by inconsistencies in experimental
design. In vivo or in vitro administration of gluco-
corticoids suppresses the lipopolysaccharide-
induced release of TNFα by blood monocytes.[123]

It is though that elevated glucocorticoid levels sup-
press the effect of exercise on circulatory TNF, and
it may be instructive to test this hypothesis in ad-
renalectomised animals.[123] In humans, investiga-
tion of the dependency of TNF on cortisol levels
may be enlightening, as would be protocols designed
to account for or eliminate the glucocorticoid stress
response.

Ullum et al.[88] found no change in the quantities
of TNFα pre-mRNA isolated from peripheral blood
monocytes in response to physical activity. Like-
wise, Moldoveanu et al.[81] saw no increase of TNFα
mRNA in mononuclear cells, and Natelson et al.[90]

demonstrated that 45 minutes of progressive tread-
mill exercise to exhaustion attenuated TNFα gene
expression by PBMC isolated immediately after ex-
ercise. The reverse transcription polymerase chain
reaction (RT-PCR) was used to show that of the
pro-inflammatory cytokines, only TNFα gene ex-
pression was affected by exercise.

In summary, human TNF modulation by exer-
cise seems to be influenced by intensity and partic-
ularly by duration of the exercise stimulus. Train-
ing may also have an effect on the TNFα response
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(see section 3). Exercise has either no effect or a
slight inductive effect on circulating TNFα, although
the effects on monocyte and PBMC TNFα produc-
tion indicate that circulatory TNF up-regulation may
not be the result of PBMC TNF release.

2.1.4 Interferon-γγγγ
Studies of the effect of exercise on IFNγ levels

to date have been largely equivocal (table II).[2]

Haahr et al.[83] had individuals exercise at 75% of
maximal aerobic power for 60 minutes; they could
not detect any change in circulating IFNγ levels.

Likewise, Gannon et al.[101,102] were unable to de-
tect IFNγ in the plasma following 6 hours of com-
petitive cycling, and Suzuki et al.[93] found no
change of IFNγ following completion of a mara-
thon run.

The graded treadmill exercise protocol employed
by Natelson et al.[90] did not produce any signifi-
cant change in IFNγ gene expression in peripheral
blood lymphocytes. At the level of IFNγ protein
release, the 90-minute exhaustive exercise proto-
col adopted by Baum and associates[108] transiently

Table II. Effects of exercise on interleukin (IL)-2, IL-2 receptor (IL-2R) and interferon-γ (IFNγ). Data are from human studies unless noted
otherwise

Cytokine Exercise challenge Qualitative and quantitative effects

duration intensity type

IL-2 19 min Exhaustive Cycling ↓ PBMC supernatant response to PHA stimulation[92]

2-4h 45-75% V
.
O2max Running ↓ plasma related to intensity of exercise, not as greatly affected by

duration[96]

1h 60% V
.
O2max Cycling ↓ PHA-stimulated PBMC supernatant after exercise[124]

1h 75% V
.
O2max Treadmill

running
↓ ConA-stimulated murine splenocyte release after exercise[125]

14-18 min 5km race Running ↓ plasma after exercise, = after 24h of recovery[107]

1h 75% V
.
O2max Cycling = PHA-stimulated PBMC supernatant in response to exercise[83]

75-90 min 70% V
.
O2max Running = serum IL-2 after run[126]

IL-2R 19 min Exhaustive Cycling ↑ spontaneous lymphocyte surface expression[92]

19 min Exhaustive Cycling ↓ lymphocyte surface expression with PHA stimulation[92]

2h Running ↑ urine immediately after exercise[95]

2.5h 80% 4 mmol
(lactate)

Running ↑ plasma 24 and 48h after exercise[106]

Incremental Exhaustive ↑ CD25+ cells in response to maximal exercise[127]

1h 60% V
.
O2max Cycling ↑ soluble receptor after exercise[124]

5h Mountain tour (ascent/descent) ↑ plasma during and after event[128]

1 min Maximal effort Cycling ↓ CD25 expression at 6h on PHA-stimulated cells after exercise[129]

IFNγ 6h Competitive Cycling = plasma at 10-25 and 150 min after effort[102]

2.5h Competitive Marathon run = plasma[93]

1h 70% V
.
O2max Cycling ↑ plasma immediately and 1h after exercise[130]

2h Running ↑ urine immediately after exercise[95]

46 min Exhaustive Inclined treadmill = gene expression in circulating leucocytes after exercise[90]

1h 75% V
.
O2max Cycling = PHA-stimulated PBMC supernatant in response to exercise[83]

30 min 70% 4 mmol
(lactate)

Cycling ↑ PHA-stimulated PBMC supernatant 30 min after exercise[108]

90 min Lactate threshold Cycling ↓ PHA-stimulated PBMC supernatant 30 min after exercise[108]

68 min Exhaustive ↓ ConA–, LPS-stimulated PBMC supernatant 1h after exercise[94]

3 × 6 min 55, 70, 85% Cycling ↑ ConA–stimulated release after each exercise bout[115]

60% V
.
O2max Rowing ↓ anti–CD2, CD28–stimulated secretion in whole blood[131]

7 min Competitive Rowing ↓ production in stimulated lymphocytes[132]

ConA = concanavalin-A; LPS = lipopolysaccharide; PBMC = peripheral blood mononuclear cells; PHA = phytohaemagglutinin; V
.
O2max =

maximal oxygen uptake; ↑ indicates increase; ↓ indicates decrease; = indicates no change.
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decreased the ability of lipopolysaccharide-induced
whole blood cultures to produce IFNγ. More mod-
erate physical activity (cycle ergometry at 70% of
individual anaerobic threshold for 30 minutes) in-
duced a quantitatively similar attenuation in the abil-
ity of phytohaemagglutinin (PHA)- and staphy-
lococcal enterotoxin B–stimulated whole blood
cultures to produce the IFNγ protein.[108] How-
ever, Surkina et al.[132] determined that in highly
trained male rowers, 7 minutes of race simulation
decreased the ability of isolated lymphocytes to pro-
duce IFNγ.

The data thus far indicate that exercise has either
little effect or attenuates IFNγsynthesis. Adecrease
in IFNγ response to mitogenic stimulation, and thus
lower plasma concentrations of this cytokine has
been suggested as contributing to an ‘open win-
dow’ for infections following exercise.[132,133] How-
ever, at least one group of investigators[130] has shown
that plasma isolated from exercised individuals has
an increased antiviral activity after exercise. Viti et
al.[130] used a bioassay sensitive to IFNα to inves-
tigate the effects of 60 minutes of 70% V

.
O2max cy-

cle ergometry on plasma release of this cytokine.
IFNα levels increased only 2-fold after exercise and
remained at this level for another hour before fall-
ing back to baseline. More research is needed to
clarify discrepant results, to understand further the
mechanism predisposing competitive athletes and
overtrained individuals to infection, and to deter-
mine the relationship of any changes in suscepti-
bility to interferon levels.

2.1.5 IL-2
Most studies show that exercise impairs the ability

of mitogenically stimulated lymphocytes to pro-
duce IL-2. Data on unstimulated cells are more di-
vergent (table II). Rhind et al.[124] reported that 60
minutes of exercise at 60% V

.
O2max decreased cul-

ture supernatant IL-2 production by PHA-stimu-
lated PBMC; no IL-2 production was detected in
unstimulated cells. The [3H]thymidine incorpora-
tion of PHA-stimulated cells, indicative of DNA
synthesis, was also reduced by exercise. Adminis-
tration of recombinant IL-2 (rIL-2) enhanced PHA-
stimulated cell growth, but did not reverse the

exercise-induced suppression of mitogen respon-
siveness. However, exercise made the cells more
responsive to rIL-2 administration, an observation
explicable by changes in soluble and cell surface
IL-2R. In agreement with these data, Lewicki et
al.[92] showed that when 11 trained men were exer-
cised incrementally to exhaustion (over a mean time
of 20 minutes), the PHA-stimulated IL-2 release of
PBMC was diminished by 27% immediately after
exercise and suppression was even greater 2 hours
after exercise. Espersen et al.[107] were able to mea-
sure plasma IL-2 levels. They found no change im-
mediately after exercise, but plasma IL-2 levels had
increased significantly over baseline 24 hours after
exercise. Animal studies on splenocyte IL-2 pro-
duction generally have used concanavalin-A (Con-
A) stimulation, but results have failed to agree with
each other.

Studies investigating cell surface IL-2R have
looked at one or more of the 3 receptor subunits,
whereas measurements of sIL-2R have usually been
made on IL-2Rα (table II). Rhind et al.[124] dem-
onstrated that serum IL-2R levels were elevated
significantly immediately after exercise, and peaked
60 minutes after cessation of physical activity. The
IL-2Rα (CD25) and IL-2Rβ (CD122) subunits of
IL-2R were transiently up-regulated on the lym-
phocyte cell surface during exercise. Possibly, this
could account for the increased proliferation in re-
sponse to rIL-2 in lymphocytes taken from individ-
uals who had exercised. The CD25+ (IL-2Rα+) and
CD122+ (IL-2Rβ+) phenotypes diminished to nor-
mal levels within 30 minutes of recovery.[124] Du-
faux and Order[106] showed a more prolonged in-
crease in sIL-2R levels in response to a 2.5-hour
run. Levels rose during the first 24 hours of recov-
ery, although increments only became statistically
significant at 24 and 48 hours of sampling. Lewicki
et al.[92] showed that after incremental exercise to
exhaustion, PHA stimulation of PBMC resulted in
a 23% decreased expression of CD25, whereas the
CD25 expression of unstimulated cells increased
3-fold in response to exercise. Sprenger et al.[95]

noted that under cold conditions, a 20km run last-
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ing 95 to 120 minutes doubled urinary excretion of
sIL-2R.

Since IL-2 is an important mediator of T cell ac-
tivation, such exercise-induced changes may
mechanistically affect adaptive immune cell-medi-
ated cytotoxicity. The increased proportions of
PBMCs that express the CD25 and CD122 anti-
gens suggest that short term exercise enhances cel-
lular immunity. On the other hand, reproducible
decreases in the ability of PBMC to respond to
polyclonal stimulation by synthesising IL-2 im-
plies that exercise suppresses some aspects of cell-
mediated immunity. Further work is needed to de-
termine more holistically the effects of exercise on
cell-mediated immune function through modula-
tion of IL-2 and its receptor subunits.

2.1.6 IL-8
Although IL-8 is the only chemokine that will

be discussed in the context of exercise, this chem-
okine is not necessarily representative of all chem-
okines. Other cytokines have different functions
and accordingly different modulatory mechanisms.
Because of the chemotactic properties of IL-8, its
modulation by exercise may contribute to the mob-
ilisation of immune cells during physical activity.

Nielsen and co-workers[134] used a 2-hour row-
ing ergometer protocol to determine whether a de-
crease in pulmonary diffusion capacity after exer-
cise was a precursor of an adult-onset respiratory
distress syndrome (ARDS)-like injury. That exer-
cise may induce an ARDS-like injury is supported
by observations from various authors who have
found an increased fluid volume in the lungs after
prolonged exercise. Plasma IL-8 measurements re-
mained below the detection threshold before, dur-
ing and after exercise, suggesting that some other
factor had altered pulmonary diffusion capacity.
Hopkins et al.[135] were able to measure IL-8 re-
liably. No changes in circulating IL-8 concentra-
tions were seen 60 minutes after a high-intensity
7-minute bicycle race. The one positive finding to
date is from Suzuki et al.,[93] who observed a sig-
nificant increase in IL-8 after individuals had par-
ticipated in a marathon event.

Since exercise does not generally increase cir-
culatory IL-8, it is possible that IL-8 production
may be a strictly local phenomenon, with only a
limited spill-over into the systemic circulation rel-
ative to the biological half-life of this chemokine.
It remains important to investigate the impact of
other chemokines on cellular migration, in the hopes
of describing mechanistically the pronounced leuco-
cytosis and lymphopenia induced during and fol-
lowing exercise, respectively.

2.2 Effects of Physical Activity on the
Anti-Inflammatory Cytokines

2.2.1 IL-1 Receptor Antagonist
Table III summarises the effects of exercise on

3 anti-inflammatory cytokines. Exercise induces a
2- to 214-fold increase in circulatory IL-1rα lev-
els.[75,93,98,110] In elite runners, a 6-hour endurance
race induced a 5-fold increase in plasma IL-1rα
immediately after the event.[110] Ostrowski et al.[85]

also found that 2.5 hours at 75% V
.
O2max increased

circulatory IL-1rα levels 78-fold 1 to 2 hours after
exercise. The largest increase, 214-fold, was found
immediately following participation in a marathon
race.[93]

In agreement with these observations, Nehlsen-
Cannarella and associates[98] found that triath-
letes who were not carbohydrate-supplemented
increased their plasma IL-1rα roughly 2-fold 90
minutes after a 2.5-hour endurance run. Levels were
decreased by provision of carbohydrates, but did
not differ between cycle ergometer and running ex-
ercise.[79]

2.2.2 IL-4
Moyna and colleagues[115] found that 18 min-

utes of cycle ergometry increasing from low to mod-
erate intensity did not affect plasma IL-4 levels.
Likewise, Suzuki et al.[93] found no increase of
plasma IL-4 immediately following a marathon run.
Unfortunately, no one has yet examined the effect
of exercise on IL-13 production.

Natelson et al.[90] found that short, near-maxi-
mal treadmill exercise did not affect the gene ex-
pression of IL-4 by PBMC, as measured by RT-
PCR. Others have used RT-PCR to evaluate the
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effects of 30 minutes of cycle ergometry at 70% of
maximal aerobic power; qualitative results suggest
that IL-4 mRNA levels are unchanged in response
to this stimulus.[137]

2.2.3 IL-10
IL-10 has been implicated by many investiga-

tors as effecting the immunosuppression associat-
ed with various forms of trauma, including exer-
cise.[3,138] Brenner et al.[76] had untrained males
exercise using 3 different protocols. Neither 2 hours
of cycle ergometry at 65% of peak aerobic power
nor 45 minutes of intermittent resistance exercise
had any impact on plasma IL-10 concentration. How-
ever, 5 minutes of intense exercise (90% of V

.
O2max)

decreased plasma IL-10 concentrations 3, 24 and
72 hours after exercise, although the change was
small and its biological significance is likely to
have been negligible.[138] Gannon et al.[101,102] found
no measurable increase in IL-10 following 6 hours
of competitive cycling, but Suzuki et al.[93] found
a 3.4-fold increase in plasma IL-10 immediately

following a marathon run, and Anwar et al.[91] found
that serum IL-10 was elevated significantly 48 and
72 hours after strenuous eccentric exercise.

Changes in de novo gene expression of IL-10
may not be responsible for any changes in circulat-
ing IL-10, at least after short, near-maximal exer-
cise. Natelson et al.[90] found that peripheral blood
leucocyte RNA levels of IL-10 were unchanged af-
ter a maximal treadmill stress test. Although IL-10
is greatly affected by other forms of trauma, it re-
mains to be determined how far exercise-induced
changes in concentrations of this cytokine are physi-
ologically relevant. The appearance of IL-10 after
eccentric exercise may indicate that IL-10 release
is secondary to tissue damage.

3. Effects of Training on the 
Cytokine Response

The ability of exercise to modulate immune func-
tion through cytokine production has prompted some
investigators to explore the effects of training on

Table III. Effects of exercise on anti-inflammatory cytokines. Data are from human studies unless noted otherwise

Cytokine Exercise challenge Qualitative and quantitative effects

duration intensity type

IL-1ra 2.5h 77% V
.
O2max Running ↑ plasma 1.5h after run[98]

6h Competition Running ↑ plasma immediately after exercise[110]

3h 26 min Marathon Running ↑ plasma immediately, 4h after exercise[85]

2.5h 75% V
.
O2max Treadmill running ↑ plasma after run, peaked (18-fold) 1h after run[136]

5km Running ↑ plasma immediately, 3h after exercise[111]

2.5h Competitive Marathon run ↑ plasma immediate after effort[93]

IL-4 46 min Exhaustive Inclined treadmill = gene expression in circulating leucocytes after exercise[90]

3 × 6 min 55, 70, 85%
V
.
O2max

Cycling ↑ ConA–stimulated release after each exercise bout[115]

30 min 70% HRmax Cycling = gene expression in lymphocytes[137]

2.5h Competitive Marathon run = plasma immediate after effort[93]

IL-10 4 × 10 reps 100% 1RM Eccentric press ↑ plasma at 48 and 72h after exercise[91]

3h 26 min Marathon Running ↑ plasma, peaking after run, elevated for 4h after exercise[85]

46 min Exhaustive Inclined treadmill ↓ trend in gene expression in circulating leucocytes after
exercise[90]

Rowing ↓ LPS-stimulated secretion from whole blood cultures[131]

2.5h Competitive Marathon run ↑ plasma immediate after effort[93]

6h Competitive Cycle race = plasma, 10-25 and 150 min after race[102]

2h 60% V
.
O2max Cycle ergometer = plasma at 3, 24 and 72h after effort[77]

5 min 90% V
.
O2max Cycle ergometer ↑ plasma at 3, 24 and 72h after effort[77]

45 min 3 sets of 60-70% 1RM circuit = plasma at 3, 24 and 72h after effort[77]

ConA = Concanavalin-A; HRmax = maximal heart rate; IL = interleukin; IL-1ra = IL-1 receptor antagonist; LPS = lipopolysaccharide; RM =
repetition maximum; V

.
O2max = maximal oxygen uptake; ↑ indicates increase; ↓ indicates decrease; = indicates no change.
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immune status.[1,139-143] However, few studies
have looked at cytokine responses. This reflects
logistical problems associated with well controlled
longitudinal studies.

Early cross-sectional studies relating immune
status to level of training or fitness revealed some
important trends. IL-2 and its receptor subunits
have been afforded unrepresentative attention. The
observation that aging has a suppressant effect
on cellular immune function has prompted training
studies in the elderly. These have focused in part
on the cytokine response, in the hope of devel-
oping strategies for counteracting immunosenesc-
ence.[143] Cross-sectional and longitudinal studies
have also investigated the effects of training on the
cytokines that mediate inflammation. As cytokines
modulate cell-mediated immunity directly, deter-
mining the immune and nonimmune cellular re-
sponse to training has allowed an indirect insight
into the cytokine response and adaptation to long
term physical activity. The effects of training on
humoral immunity are beyond the scope of this re-
view, but the effect of training on cytokines sup-
portive of humoral function has received little study
to date.

Baum et al.[139] had individuals train by 3 to 5
hours of field running per week for 12 weeks. This
induced an increased synthesis of IL-1β and IL-6,
but no changes in IL-2, sIL-2 or IFN-γ.

Baj et al.[144] followed a cohort of male cyclists
for 6 months of competitive endurance training.
IL-2 concentrations in the supernatant of PHA-
stimulated PBMC isolated under resting condi-
tions were attenuated by approximately 80% as the
competitive season advanced.

Rhind and co-workers[124] examined the effects
of a 12-week programme of moderate training. In-
dividuals performed 30 minutes of cycle ergometry
at 65% to 70% of maximal aerobic power, 4 to 5
times per week. Although 60 minutes of aerobic ex-
ercise decreased PHA-stimulated IL-2 production
in PBMC culture supernatant in both the untrained
and trained state, 12 weeks of training significantly
attenuated the suppression of IL-2 production.
[3H]Thymidine incorporation indicated that cellu-

lar proliferation was greater in the trained group
during and after exercise, possibly indicating greater
IL-2 production and/or receptor expression. Oth-
ers have found no influence of training on IL-2 pro-
duction; Weicher and Werle[145] reported that 4
months of training did not change circulatory lev-
els of IL-2 at rest or after short term exercise.

As in short term exercise studies, the effects of
training on the receptor end of the IL-2 signal trans-
duction pathway has received more attention than
the IL-2 ligand itself. Studies have focused either
on circulatory CD25 or cell surface expression of
both CD25 and CD122. Gray et al.[129] found that
1 minute of high-intensity cycling in highly trained
cyclists significantly decreased CD25+ cell counts
6 hours after exercise. However, this effect was not
observed in sedentary controls. Resting levels of
CD25+ PBMC were notably lower in 7 trained ath-
letes after in vitro stimulation with pokeweed mi-
togen.[146]

Animal studies have yielded equally variable re-
sults.[2] Rhind et al.[124,147] used a 12-week training
protocol to gauge training effects on human CD25
and CD122 surface expression. 30% of circulating
lymphocytes expressed the low affinity receptor
CD25 under resting conditions in both untrained
and trained states. However, trained individuals had
an increased CD25+ cell count 60 minutes after exer-
cise, whereas the untrained had a depressed CD25+

count at this same time. The results for the IL-2Rβ
subunit were more dramatic: before training, 10%
of unstimulated lymphocytes expressed CD122,
whereas after training the corresponding concen-
trations of CD122+ cells had increased by 36%.
This study showed that resting levels of soluble
CD25 increased by 33% following training and that
training altered the kinetics of sIL-2R release dur-
ing 60 minutes of cycle ergometry.

4. Aging and the Cytokine Response

Aging induces a profound decrease in cellular
immune function. This is mediated in part by chan-
ges in cytokine response to various stimuli. Al-
though peripheral blood concentrations of some pro-
inflammatory cytokines increase with age, others
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generally remained unchanged.[143,148] The IL-2 re-
sponse tends to diminish with age, accounting for
some of the decrease in cell proliferation in response
to mitogenic and antigenic stimulation.

Rall et al.[149] compared the cytokine levels and
responses of healthy elderly individuals (aged 65
to 80 years) with those of young individuals. Blood
isolated from resting, unstimulated elderly individ-
uals had a 50% greater TNFα response to Strepto-
coccus epidermis than did that of young individu-
als. However, the response to lipopolysaccharide
was unchanged. Lighart et al.[150] determined that,
compared with young individuals, the elderly (mean
age 74 years) had significantly elevated IL-6, TNFα
and IL-1β levels in the supernatants of mitogen-
stimulated cultures. Shinkai et al.[143] showed that
blood taken from healthy elderly individuals had
normal IL-1β, IL-4 and IFNγ responses to in vitro
stimulation, but IL-2 production was impaired in
comparison to young individuals.

Can training reverse the depression of immune
function associated with age? Rall et al.[149] inves-
tigated the effects of 12 weeks of strength training
on cytokine responses in the young, the elderly and
patients with rheumatoid arthritis. Twice weekly
exercise bouts comprised 3 sets of 8 repetitions of
1 repetition maximum (RM) contractions. There
were no changes in IL-1β, TNFα, IL-6, IL-2 or
prostaglandin production. However, the duration
of the stimulus for adaptation as well as the exer-
cise modality employed may have been inappropri-
ate to induce the desired changes. Several other
studies have investigated the difference in T cell
function between sedentary and aerobically condi-
tioned elderly individuals.[140] Both NK cell activ-
ity (measured in lytic units) and lymphocyte pro-
liferation in response to PHA have generally been
higher among highly conditioned individuals. These
studies have used aerobically trained rather than
strength-trained athletes. Shinkai et al.[143] compared
the resting immune function of 17 elderly male run-
ners (mean age 63.8 years) with 16 young (mean age
23.6 years) and 19 sedentary elderly (mean age 65.8
years) individuals. The active elderly individuals
had an average aerobic power that was 33% greater

than that of sedentary controls. They retained su-
perior T cell proliferative responses to pokeweed
mitogen and PHA, as well as a stronger produc-
tion of IL-2, IFNγ and IL-4. Animal studies gener-
ally support these observations. Hoffman-Goetz and
Sweeny[151] determined the effects of 8 weeks of
voluntary wheel running in female, outbred Swiss
Webster mice. NK/LAK activity against YAC-1 tu-
mour cell targets was significantly higher in phys-
ically active animals compared with those not given
access to a running wheel. However, it remained
unclear whether the increased cytolytic activity was
attributable to increased IL-1 or IL-2 production by
the active animals. Nasrullah and Mazzeo[125] dem-
onstrated that 15 weeks of aerobic training improved
the T cell proliferative response of elderly rats, and
augmented their ability to produce IL-2.

These and other animal and human studies sug-
gest that regular exercise may slow age-related
changes in cytokine production. IL-2 production is
impaired with age, whereas production of IL-3 and
IL-4 remains the same or may even increase.[148]

With advancing age, there seems to be a relative
expansion of the TH2 subset of T cells at the ex-
pense of TH1 cells. The data generated thus far lead
to the conclusion that exercise has the potential to
decelerate the age-related decline in cytotoxic cel-
lular immune function. It will be interesting to dis-
cover whether other age-linked changes in cellular
and soluble parameters are affected by training and
are related to the individual’s level of fitness.

5. Physical Activity as a Model of
Trauma and Sepsis

Since the physiological response to exercise
shows many similarities to the changes observed
during trauma and infection, exercise has been pro-
posed as a model of sepsis and trauma.[1] The cytok-
ine responses to clinical and experimental sepsis,
trauma and thermal injury have been well charac-
terised,[24,152-155] and they can be contrasted with
the response to physical activity.[156] Discussion of
the exercise model of generalised inflammation must
examine qualitative and quantitative similarities and
differences relative to other types of stimuli. Ki-
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netic data on cytokine modulation must also be scru-
tinised, as timing of the induction of some cytokines
influences the ability of the body to recover from
their onslaught. Furthermore, data on the source of
cytokines must be synthesised in the hope of de-
veloping endogenous and exogenous intervention
and modulation strategies. Finally, the holistic con-
sequences of the cytokine response must be com-
pared for the exercise stimulus and sepsis/trauma:
host response to changes in baseline values is ulti-
mately more important than the degree of change
in these values, as mechanisms exist by which the
body can defend itself against its own cytokines.

5.1 Tissue Damage

Tissue damage is an obvious consequence of
trauma and thermal injury, and may be caused in-
directly by infection and sepsis.[157] Forced length-
ening or eccentric exercise causes tissue damage
during physical activity (table IV). Hesselink et
al.[172] found that when isolated muscle was sub-
jected to 120 or more eccentric contractions, mus-

cle damage could be observed relative to isometri-
cally contracted or control muscle tissue. In this
study,[172] muscle damage was defined as an infil-
tration of fibres with mononuclear cells, the forma-
tion of multiple nuclei, or obvious swelling on his-
tological examination. Clarkson et al.[160] proposed
that the immediate loss of strength associated with
eccentric exercise may be caused by the overstretch-
ing of sarcomeres. A decrease in overlap between
actin and myosin filaments reduces sustainable con-
tractile force and predisposes to damage. In sup-
port of this hypothesis, Newham and Ghosh[173]

found that strength losses were greater if eccentric
exercise was performed close to the extended ex-
tremity of the range of a muscle than if it was per-
formed near to its contracted extremity. Armstrong
et al.[158] reported that disruptions in the striation
patterns of slow twitch rat extensor muscles were
seen immediately following eccentric running.

At the molecular level, thiol proteases such as
calpain mediate protein degradation of muscle myo-
fibrillar complexes, with depletion of sarcomeric

Table IV. Direct and latent/indirect tissue damage associated with physical activity, trauma and sepsis

Direct tissue damage Latent/indirect tissue damage

Physical activity (eccentric)

Disruption of striation pattern[158] Mild neutrophil activation but not cause of tissue damage[159]

Reduced heavy-light filament overlap resulting in decreased
contractile force[160]

Macrophage/monocyte activation, mainly for regenerative
role[147,161]

Activation/release of thiol proteases resulting in degradation of
α-actinin of Z-line[162]

Evidence for latent tissue damage still equivocal; presence of
immune cells signifies regenerative process

Histologically evident streaming and smearing of Z-line[160]

Indication that damage persists for several days after exercise[163]

Infection/sepsis

Related to physical breach of otherwise sterile compartments and
entrance of infectious agents

Neutrophils and macrophages rescued from apoptosis by septic
signals such as lipopolysaccharide[164]

Not always induced by sepsis Phagocyte production of nitric oxide and reactive oxygen species
may contribute to tissue damage[165,166]

Thermal injury

Direct surface burn resulting in immunologically active burn
toxins[167,168]

Indirect lipid peroxidation mediated by immune cells[167]

Direct lipid peroxidation indicative of cell membrane destruction[167] Thrombosis and occlusion of local microvasculature in adjacent
uninjured vessels results in progressive necrosis of surrounding
tissue[169]

Physical trauma

Direct superficial or deep tissue disruption Reperfusion injury (surgical/trauma pharmacological)[170]

Induction of acute phase response resulting in increased
phagocytosis and tissue damage[171]
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actinin which is an integral constituent of the Z-
line.[163] MacIntyre et al.[174] suggested that activa-
tion of such proteases during eccentric activity may
result in Z-line streaming and disorganisation of
the normal alignment of myofilaments. Newham
and Ghosh,[173] showed that exercise-induced dis-
ruption of the Z-line may persist over several days.
Bruunsgaard et al.[78] compared concentric and ec-
centric cycle ergometry; tissue damage indicated
by an increase in circulatory creatine kinase was
observed after the forced-lengthening activity.

Although eccentric exercise induces tissue dam-
age, it may be qualitatively different from that in-
duced by trauma and thermal injury. Only contrac-
tile, connective and skeletal tissues are involved,
and the lesions are generally microscopic and evenly
distributed rather than focal. Unlike other injuries,
repair can be effected in as little as 48 hours.[174]

Physical activity-induced tissue damage, further-
more, may be a necessary preliminary for adaptive
remodelling of the musculo-skeletal tissues.

Indirect tissue damage occurs as a consequence
of thermal injury, mechanical injury and sepsis. In-
filtration by activated immune cells is positively
correlated with the extent of tissue damage, and
some studies have demonstrated increased phago-
cytic cell oxidative activity in response to short term
exercise.[1] Vindenes et al.[157] found that despite
up-regulation of the chemokine IL-8, thermal in-
jury did not change mouse phagocyte function, as
indicated by the migration of cells from the circu-
lation into the tissues. However, Cetinkale et al.[167]

found increased malondialdehyde levels in blood
taken 24 hours after severe thermal injury, indicat-
ing increased oxidative stress. The authors concluded
that both direct thermal injury and immune cell ox-
idative processes contributed to increased lipid per-
oxidation. Battal et al.[169] studied the blocking of
endothelin-A and -B activity during thermal injury.
Endothelins potentiate the effect of local thrombo-
sis to the point of occluding the microcirculation
adjacent to a burn, causing necrotic damage of oth-
erwise unaffected tissue. Exogenous antagonists to
the endothelin receptors reduce the extent of tissue
damage following burns.

Antioxidant status also has an important influ-
ence on the healing of thermal injuries, indicating
the contribution of oxidative stress to tissue dam-
age during this type of physical insult.[175] Major
surgical interventions also cause vast tissue dis-
ruption, but macrophage and neutrophil activation
causes less secondary tissue microtrauma than in
the case of exercise. Infection often exacerbates
tissue damage following thermal injury or surgery,
triggering the action of innate and adaptive immune
cells.[176] In the absence of infection, innate im-
mune cell function is directed toward restoration of
normal function in the vicinity of injury. Phagocy-
tosis and coagulatory mechanisms clean up detritus
and sterilise the area, this stage being followed by
angiogenesis and functional restoration of native
tissue.[138] Neutrophils and monocytes/macrophages
play an important role. Neutrophils normally have
a circulatory life span of approximately 6 days, but
during sepsis they are rescued from apoptosis by
cytokines such as TNFα and IL-6, as well as by
circulatory indicators of sepsis such as lipopoly-
saccharide.[164] The survival of monocytes in hu-
man blood is also increased by lipopolysaccha-
ride, but the more differentiated macrophages show
a fragmentation of genomic DNA. This indicates
apoptosis, and it makes data on these cell popula-
tions difficult to interpret in relation to the tissue
damage induced by sepsis.[164] Bliff et al.[165] spec-
ulated that the increased lifespan of monocytes, cou-
pled with a greater chemokine stimulus for extrav-
asation, could cause greater exposure to activated
immune cells and potentially more oxidative dam-
age of otherwise healthy tissue.

Recent research has begun to elucidate the roles
of NO, a product of activated immune cells, in sep-
sis and infection. Although adequate levels of NO
production are necessary to preserve perfusion and
carry out cytoprotective functions, overproduction
contributes to haemodynamic instability and tissue
damage.[166] NO is the main mediator of vasodila-
tation and the hyperdynamic circulation seen in sep-
sis, which along with tissue damage, causes multi-
ple organ failure. The restoration of perfusion
pressure is thus a major therapeutic goal in pre-
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venting further tissue damage. The TNFα pro-
duced by monocytes and macrophages in response
to microbial products, including endotoxin, is a po-
tent primer of neutrophil oxidative activity.

Evidence that heavy physical activity also causes
immune cell–induced tissue damage is at least as
conclusive. Table IV summarises the direct and la-
tent tissue damage induced by physical activity,
trauma and sepsis. The infiltration of muscle tissue
by phagocytic cells during and after exercise may
serve an adaptive and restorative role, rather than
fostering an inappropriate immune autoreaction. In
some models such as ischaemia/reperfusion, neu-
trophils can damage muscle tissue directly, but
evidence of such damage in muscle tissue after phys-
ical activity is still inconclusive.[174] Although mac-
rophages are present in human skeletal muscle both
at rest and during exercise, their function is as yet
unknown. To establish conclusively whether local

phagocytic cells are responsible for the latent tis-
sue damage observed after exercise, it will be nec-
essary to compare intramuscular phagocyte func-
tion before and after exercise. It is possible that
macrophages mainly mediate muscle rebuilding and
hypertrophy.[174] Their presence seems a require-
ment for regeneration of skeletal muscle tissue; spec-
ialised macrophage subpopulations infiltrate mus-
cle tissue during different stages of the recovery
process.[161]

5.2 Comparison of the Cytokine Response
to Exercise and to Inflammation

Although eccentric exercise is the primary mode
of physical activity that induces detectable tissue
damage, it may not be the most representative of
the systemic and cytokine responses to physical
injury or sepsis. Table V describes the cytokine re-

Table V. Plasma or peripheral blood mononuclear cell (PBMC) cytokine response to physical trauma, thermal injury and septic infection

Stimulus Cytokine modulated Qualitative/quantitative response

Thermal injury IL-6 ↑ P (H, M) peaking 4-6h after injury[177-179]

IL-1β ↑ P (H, M) peaking 1-3 days after injury; mild suppression 10 days after injury[153,180,181]

TNFα ↑ P (H) peaking 5 days after injury; dependent on severity of burn[179,180,182]

IL-8 ↑ P (H) peaking within 1-3h after injury[157,179]

IL-2 ↓ *C (H, M) after injury[154,180,183]

IL-2R ↓ (M, T cell surface expression) after injury[183]

IFNγ ↓ *C (H, M) after injury[154]

IL-10 ↑ *C, P (M) after injury[154,177]

IL-4 ↑ *C (H, M) after injury[154]

Physical trauma IL-6 ↑ *C, P (H) peaking 3-6 days after mechanical injury[184-186]

IL-1β = P (H); ↓ *C (H)[185]

TNFα = P (H, M) or mildly affected unless trauma results in infection[206,207]

IL-10 ↑ P (H) after surgery[138,187,188]

Septic infection IL-6 ↑ P (H, O) peaking 4-8h after LPS or bacterial administration[152,189]

IL-1β ↑ P (H, O) 3h after bacterial infection[190,191]

TNFα ↑ P (H, O) peaking 60-120 min after LPS administration[191,192]

↑ P (H, O) peaking 60-90 min after Escherichia coli administration[152]

IL-8 ↑ P (O) peaking 8-12h after endotoxaemia[193]

IL-10 ↑ P (H) in response to septic infection[189]

IL-4, IL-13 ↑ (H) in response to septic infection[191]

IL-5 ↑ (H) in response to septic infection[191]

IL-1ra ↑ (H) in response to septic infection[15,191,194]

TNF-BP ↑ (H) in response to septic infection[15]

C = PBMC supernatant; H = human; IFNγ = interferon-γ; IL = interleukin; IL-1ra = IL-1 receptor antagonist; IL-2R = IL-2 receptor; LPS =
lipopolysaccharide; M = murine; O = other mammal; P = plasma; TNF-BP = tumour necrosis factor binding protein; * indicates mitogenic
stimulation; ↑ indicates increase; ↓ indicates decrease; = indicates no change.
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sponse to various pathological inflammatory stim-
uli.

Several studies have evaluated the appropriate-
ness of exercise-induced muscle damage as a model
of inflammation.[1] Bruunsgaard et al.[78] studied
the cytokine response to 30 minutes of eccentric
(resisted) cycle ergometry, finding that muscle dam-
age was required to increase plasma IL-6 levels;
neither injury nor increased IL-6 were seen in con-
centric exercise. However, creatine kinase levels
did not peak until well after the appearance of IL-6,
indicating that IL-6 is more rapidly induced than
the usually accepted indicator of muscle damage,
creatine kinase. Cannon and colleagues[86] found
that IL-1β protein was elevated in the muscle tissue
of individuals who performed 45 minutes of down-
hill running, although samples were evaluated for
relative IL-1β staining intensity only 45 minutes
and 5 days after exercise, and no data were ob-
tained on the kinetics of IL-1β production in be-
tween these time points. Fielding et al.[84] used a
comparable protocol to evaluate the immunohis-
tochemical staining of intramuscular IL-1β. They
found a 135% increase immediately after exercise
and a 250% increase 5 days after exercise. The hand-
ful of experiments investigating the cytokine re-
sponse to eccentric exercise point to a promising
model of tissue damage and inflammation, but more
work is needed to evaluate the efficacy of this mode
of exercise in mimicking the responses observed in
subclinical inflammation.

Endotoxin may be a trigger of the cytokine re-
sponse to physical activity. Heat stroke–induced
ischaemia of the gut induces release of lipopoly-
saccharide into the blood in rats.[195] Rosenberg et
al.[196] detected increased lipopolysaccharide in
the blood of athletes after a triathlon competition.
Brock Utne et al.[197] found that plasma lipopoly-
saccharide and anti-lipopolysaccharide antibody lev-
els were elevated after a long endurance run. It is
possible that exercise-induced ischaemia of the gas-
trointestinal system increases gut permeability suf-
ficiently to allow penetration by bacterial toxins,
with a release of endogenous endotoxin, thus trig-

gering the inflammatory response via immune cell
activation.

Prolonged moderate or exhaustive exercise has
shown promise as a model of cellular and cytokine
inflammatory responses. Ostrowski et al.[85] dem-
onstrated that the strenuous exercise–induced cir-
culatory release of cytokines is sequentially similar
to that induced during subclinical inflammation and
sepsis. In marked similarity to both lethal and sub-
lethal models of sepsis, TNFα was the first cytok-
ine to be released, followed in sequence by IL-6,
IL-1β and IL-1ra. Importantly, the 100-fold eleva-
tion of IL-6 with exercise was quantitatively sim-
ilar to the circulatory increases observed during sep-
sis.However, the modest (2.5-fold) increases in IL-1β
and TNFα, and difficulties in reproducing compet-
itive stress levels in the laboratory, limit the appli-
cability of this protocol as a model for inflamma-
tion. Detailed kinetic studies are needed to determine
whether the sequential release of cytokines in re-
sponse to physical activity bears similarity to the
well characterised response to sepsis.

Brenner et al.[76] compared the cytokine and im-
mune cell responses to resistance training, short
intense exercise and prolonged endurance-type ac-
tivity. Although creatine kinase was significantly
elevated only after resistance exercise, the cytokine
release profile indicated that prolonged endurance
activity (in this case 2 hours of cycle ergometry at
60 to 65% V

.
O2max) was most closely representative

of the subclinical inflammatory response. In this
study, prolonged exercise induced a transient rise
in IL-6 that peaked 3 hours after exercise, but cir-
culating TNFα levels increased slowly for 72 hours
and may still have been climbing at the last sam-
pling point. The modest extent of the exercise-
induced increase in cytokine concentration brings
into question the physiological significance of such
slight responses. In this study, modulation of IL-10
was observed only after brief, intense exercise, in
response to which circulatory IL-10 was reduced
slightly but significantly. Therefore, the induction
of tissue damage may not be of primary importance
in using exercise as a model of the inflammatory
response.
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Unfortunately, there has been very little research
on the effect of various forms of trauma and sepsis
on cytokines essential for the cell-mediated re-
sponse (for instance, IL-2 and IFNγ). The task of
evaluating exercise models of inflammation is fur-
ther impeded by a lack of solid characterisation of
the cytokine response to the various types of phys-
ical activity. Characterisation of the effects of ex-
ercise on newly emerging cytokines may help de-
fine similarities and differences of cytokine response
to the 2 types of stimuli.

Despite present limitations, it is meaningful to
contrast kinetically, qualitatively, quantitatively and
symptomatologically the cytokine response to pro-
longed physical activity with that induced by trauma
or infection. Cytokine responses to lethal and sub-
lethal sepsis begin with the rapid circulatory ap-
pearance of TNFα; within 60 minutes, concentra-
tions increase many hundred–fold.[152] This response
is followed closely by that of IL-6, which may in-
crease many thousand–fold.[152,189,198] Circulatory
IL-1β rises in response to infection, with the extent
of the response depending on the severity of infec-
tion. It may be up-regulated by TNFα , whereas
the chemokine IL-8 seems to follow the kinetics of
IL-6.[152,189] In severe cases, the anti-inflammatory
cytokines such as IL-1ra and IL-10 have negligible
physiological significance compared with the on-
slaught of the pro-inflammatory mediators.[152] For
example, in a murine lethal endotoxin challenge
model, Napolitano et al.[199] demonstrated that cir-
culatory IL-4 was only up-regulated if exogenous
anti–IL-10 monoclonal antibodies were also admin-
istered; this indicates a possible interdependency
of these cytokines.

The cytokine response to major mechanical
trauma is consistently characterised by a tran-
sient elevation of IL-6. The regulation of other
pro-inflammatory cytokines tends to be stimulus-
specific, and there is often a global suppression of
cytokine production.[200] One consistent finding is
the circulatory up-regulation of immunosuppres-
sive and anti-inflammatory cytokines such as IL-
10.[138] Tissue damage, both in the context of exer-
cise and with deliberate physical trauma, appears

to up-regulate IL-6 production, suggesting that
eccentric exercise may provide a particularly useful
model of the cytokine response to direct physical
trauma and inflammation. In developing this model,
it will be instructive to determine the effect of ec-
centric activity on the anti-inflammatory cytokines.

Symptomatologically, the disease state correlates
well with transient peaks of the pro-inflammatory
cytokines in most forms of inflammation. Depend-
ing on the magnitude of response, the inflamma-
tory state is either resolved or ends terminally. Ther-
mal injury and physical trauma are more difficult
to characterise because of the incomparability of
implemented experimental designs. The pro-
inflammatory cytokines seem to be up-regulated by
trauma, but significant immunosuppression is also
induced by other soluble mediators such as IL-4
and IL-10.[177] Although the cytokine response to
heavy physical activity superficially resembles that
accompanying trauma and infection, mechanisms
may be very different, and typically there are marked
differences in symptomatology. In most cases the
cytokine response even to sublethal sepsis differs
by several orders of magnitude, making it difficult
to use one condition as a model of the other. Even
the heaviest forms of physical activity induce only
mild cytokine alterations when compared with
sepsis. Moreover, ethical considerations preclude
the implementation (in humans) of protocols that
are punishing enough to elicit significant tissue
damage. Distinctions abound: for example, sep-
sis depresses myocardial function, whereas phys-
ical activity usually does not.[122,201] However, phys-
ical activity induces endogenous pyrogenic activity
in human blood, implying that changes in cytokine
levels or their reception mimic, to some degree, the
changes observed in inflammation.[202]

Tissue damage induced by exercise is repaired
within a few days and usually results in a positive
adaptation to the stimulus. Immune cells responsi-
ble for cytokine production play mainly a restor-
ative role after exercise, whereas after physical
trauma and infection, innate and specific immune
cells exhibit a more aggressive response.[174] Dif-
ferences in cytokine profiles induced by these var-
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ious forms of trauma indicate that even the most
severe levels of physical activity offer at best a
scaled model of the inflammatory response in patho-
logical states. The response to exercise is not en-
tirely comparable to the immune activation observed
during physical trauma and infection. However, both
short term exercise and training affect immune func-
tion and effect immune adaptation, so that exercise
immunology is important in its own right. The hand-
ful of experiments on training and immune func-
tion performed to date indicate that exercise may
have a beneficial impact on cellular immune func-
tion, particularly in the elderly.

6. Conclusions and Future Prospects

Physical activity can modulate cytokine produc-
tion from the level of gene expression to protein
ligand and receptor release, with associated local
and systemic consequences. Since cytokines are in-
timately involved in regulating immune function,
studying the effects of exercise on cytokine pro-
duction is warranted and relevant. Exercise immu-
nologists must examine the effects of different types
of short term exercise on cytokine production to
understand the immediate implications for immu-
nity. Physical activity should range from a low
intensity to stressful competition. Adaptation to
habitual physical activity seems to affect immune
function, particularly cellular immunity, and this
effect must be investigated more fully, using well
controlled, longitudinal studies.

Exercise immunologists have traditionally look-
ed at well known cytokines, including the pro-
inflammatory mediators, some anti-inflammatory
cytokines, a single chemokine, the IL-2 growth fac-
tor and the interferons. Very little attention has been
directed to the haemopoietic cytokines, such as IL-3,
the c-kit ligand [stem cell factor (SCF)] IL-5, or
IL-7 and IL-14, the B cell growth and differentia-
tion factors.[137,203] Investigation of IL-5 may be
important, considering its ability to regulate eosin-
ophil function.[204,205] The elusive pleiotropic growth
factor IL-9 has also received very little attention by
exercise immunologists.[206] The effects of short and
long term exercise on newly discovered cytokines

require elucidation, and findings need to be con-
trasted with the modulation of these soluble medi-
ators by other inducers of inflammation. Provoca-
tive results on exercise modulation of IL-2 and its
receptor dictate the need for further study of its
close functional relative, IL-15, considering both
the overlap of properties with IL-2, and its resis-
tance to down-regulation by IL-4, IL-13, transform-
ing growth factor β and IL-10.[58] Regulation of the
newly characterised chemokine IL-16 and other well
known chemokines such as RANTES and macro-
phage inflammatory protein (MIP) need investi-
gation in the context of physical activity and the
general inflammatory response.[48,60,207] The re-
sponses to exercise, trauma and infection of the T
cell–derived IL-17, which induces the production
of pro-inflammatory and haemopoietic cytokines,
as well as the IFNγ-inducing factor, IL-18, may
also be revealing.[208-210] LIF, a pleiotropic cytok-
ine with seemingly unrelated effects on several cell
types such as adipocytes, hepatocytes, and neural
cells, should also be investigated in the context of
inflammation.[211] Unfortunately, efforts to quan-
tify the response of some of the ‘newer’ cytokines
will be limited to laboratories capable of designing
quantification protocols de novo, as, to date, there
are no commercially available reagents with which
to pursue this endeavour.

Modulation of cytokine gene expression has been
explored extensively in other fields, but has had
only limited examination in exercise physiology or
generalised inflammation research.[87,97,137,212] To
interpret data on the kinetics of cytokine gene ex-
pression meaningfully in the light of intra- and ex-
tracellular protein production and release, it will be
necessary to understand in which cases protein syn-
thesis and release is secondary to gene expression.
For example, keratinocytes stimulated topically
with a derivative of the immune modulator im-
iquimod, a possible antitumor and antiviral agent,
up-regulate gene expression of IL-1α, IL-8, TNF
and IFNγ.[213] Cytokine protein production by these
cells increases predictably for all but IFNγ, the syn-
thesis of which actually decreases.
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Quantification of gene expression may be
meaningless without consideration of the internal
environment of the affected cell. In quantifying
gene expression, it is necessary to establish not
only the change in transcript level, but also the
level of transcript stability. The latter depends on
post-transcriptional modification of the nascent
RNA by processes such as capping, methylation
and polyadenylation, as well as levels and reactiv-
ities of endogenous ribonucleases.[5] Kinetic studies
exploring the relationship of cytokine gene expres-
sion to circulatory protein levels have to be estab-
lished for a variety of inflammatory stimuli, in-
cluding physical activity, trauma and infection.

The cytokine response to physical activity de-
serves close inspection, because it is the manner in
which the body responds to these small, soluble
messengers rather than the severity of the insult
itself that dictates symptomatology and clinical out-
come.[1] The cytokines merit investigation because,
unlike soluble endocrine mediators, they generally
exhibit biological potency in the nano- to picomo-
lar concentration range, and they have a potential
for powerful modulation by stimuli such as infec-
tion and exercise. Similarities in cytokine response
to infection and exercise have focused on the ap-
propriateness of physical activity as a model for
various forms of injury and inducers of inflam-
mation. Future research should determine how far
these striking similarities hold under close scru-
tiny. Resemblances may turn out to be superficial
and limited to the cytokines studied thus far. Con-
sidering the uniqueness of most biological response
equilibria, and the differences in pathophysiology
and outcome between exercise-induced and other
forms of inflammation, it seems likely that future
studies will emphasise the distinctiveness of the
cytokine response to physical activity. There are
clearly qualitative differences in the way the body
responds to exercise and the way it reacts to trauma
and infection. However, this is not surprising, con-
sidering the difference in type and magnitude of
the respective stimuli.
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