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1 | INTRODUCTION

Interleukin-6 (IL-6) is a cytokine that mediates a diverse
set of physiological and pathophysiological processes.

| Michael G. Hughes' | Lee Butcher' | Rebecca Aicheler' |
Paul Smith! | Tom Cullen?

| Richard Webb'

The cytokine interleukin-6 (IL-6) is involved in a diverse set of physiological pro-
cesses. Traditionally, IL-6 has been thought of in terms of its inflammatory actions
during the acute phase response and in chronic conditions such as rheumatoid
arthritis and obesity. However, IL-6 is also an important signaling molecule dur-
ing exercise, being acutely released from working muscle fibers with increased
exercise duration, intensity, and muscle glycogen depletion. In this context,
IL-6 enables muscle-organ crosstalk, facilitating a coordinated response to help
maintain muscle energy homeostasis, while also having anti-inflammatory ac-
tions. The range of actions of IL-6 can be explained by its dichotomous signal-
ing pathways. Classical signaling involves IL-6 binding to a cell-surface receptor
(mbIL-6R; present on only a small number of cell types) and is the predominant
signaling mechanism during exercise. Trans-signaling involves IL-6 binding to
a soluble version of its receptor (SIL-6R), with the resulting complex having a
much greater half-life and the ability to signal in all cell types. Trans-signaling
drives the inflammatory actions of IL-6 and is the predominant pathway in dis-
ease. A single nucleotide polymorphism (rs2228145) on the IL-6R gene can mod-
ify the classical/trans-signaling balance through increasing the levels of sIL-6R.
This SNP has clinical significance, having been linked to inflammatory condi-
tions such as rheumatoid arthritis and type 1 diabetes, as well as to the severity
of symptoms experienced with COVID-19. This review will describe how acute
exercise, chronic training and the rs2228145 SNP can modify the IL-6 signaling
pathway and the consequent implications for health and athletic performance.
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Traditionally, IL-6 has been associated with both the acute
phase of the inflammatory response in contexts such as

sepsis1 and viral infection,? as well as conditions with a
chronic inflammatory component such as rheumatoid
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arthritis, type 2 diabetes, and obesity.3 The inflamma-
tory state that is present in the latter conditions is partly
driven by IL-6 itself, with the cytokine being produced
by many cell types including leukocytes and adipocytes.*
Additionally, contracting skeletal muscle is a source of
IL-6 as a “myokine”; in this capacity, IL-6 appears to en-
hance exercise performance, at least in mice models,’ pos-
sibly through promoting fuel mobilization® and eliciting
training adaptations.” However, in an exercise context,
IL-6 signaling has been associated with greater perceived
fatigue® and has been suggested to play a role in the over-
training syndrome.’

The diverse and apparently opposing actions of IL-6
can be explained by its dichotomous signaling pathways."’
Classical signaling involves blood-borne IL-6 binding to
a membrane-bound IL-6 receptor (mbIL-6R), and hence
only occurs in the few cell types that possess mbIL-6R,
principally hepatocytes, monocyte-macrophages, lym-
phocytes, and skeletal myocytes.'"** This mbIL-6R is
associated with two monomers of the transmembrane
glycoprotein gp130, which dimerise upon receptor ac-
tivation. This dimerization leads to phosphorylation of
janus kinase (JAK), the first step in the JAK-STAT sig-
naling pathway, which goes on to mediate signaling re-
sponses in target cells."! In inflammatory contexts such
as sepsis and infection, IL-6-mediated responses appear
to be triggered by—and involved in the resolution of—
inflammatory episodes that have been initiated by release
of pro-inflammatory cytokines such as IL-1, IL-18, and
TNFa following injury, infection, or in obesity. In contrast,
release of IL-6 as a myokine from contracting myocytes
has been suggested to promote fuel mobilization during
activity.14 For example, IL-6 appears to be a factor in
exercise-mediated activation of AMPK, a cellular energy-
sensing enzyme that increases fatty acid oxidation, glu-
cose transport, and lipolysis within skeletal muscle fibers,
liver, and adipose tissue.'> The ability of myocyte-derived
IL-6 to interact with mbIL-6R in non-muscle cells such
as monocyte-macrophages and lymphocytes correlates
with (possibly via its impact on JAK-STAT-mediated gene
expression) a range of longer-term anti-inflammatory re-
sponses in these cell types.'® Similarly, AMPK's ability to
activate transcriptional co-activators also leads to longer-
term effects such as mitochondrial biogenesis (and hence
enhanced aerobic capacity).'” Thus, the current literature
suggests that the classical IL-6 signaling pathway may
contribute to both performance-related training adapta-
tions and the anti-inflammatory benefits of exercise.'®

Cellular responses can also be induced via IL-6 trans-
signaling. This involves a soluble fragment of the IL-6
receptor (SIL-6R) which can bind to free I1L-6 within
plasma and other extracellular fluids to form a biologi-
cally active complex.” The formation of this IL-6/sIL-6R

complex potentiates the actions of IL-6, by extending its
half-life from minutes to hours and thus enabling IL-6 to
signal distant from its site of production.”® The produc-
tion of sIL-6R is primarily achieved through the actions
of the ADAM10 and ADAM17 metalloproteases, which
can cleave mbIL-6R, with the biologically active extracel-
lular domain being shed into the circulation as sIL-6R."
This process has been well-documented in monocyte-
macrophages and T cells”** but it remains unclear
whether this process also occurs in other cell types that
express mbIL-6R. A secondary source of sIL-6R comes
from alternative splicing of the mRNA that codes for the
receptor,” in which the expressed receptor lacks a trans-
membrane domain and consequently is released into the
plasma rather than being anchored in the plasma mem-
brane. However, this process contributes only a low pro-
portion (<1%) of sIL-6R generation.*

The IL-6/sIL-6R complex can bind directly to gp130,
without the need for target cells to possess mbIL-6R. As
gp130 can be found on the plasma membrane of almost
all cell types, this vastly increases the variety of target cells
that are responsive to IL-6/sIL-6R (compared to those that
are responsive to IL-6 alone), thus broadening the cyto-
kine's actions. In the downstream signal transduction of
trans-signaling, gp130 dimerization leads to activation of
the JAK-STAT cascade and subsequent modification of
gene expression similar to that seen in classical signaling.
However, the different nature of the target cells in ques-
tion, along with their different repertoires of JAK-STAT
target genes, means that trans-signaling results in pro-
inflammatory actions such as promotion of leukocyte in-
filtration, inhibition of T-cell apoptosis, and impairment of
the immunosuppressive actions of regulatory T cells,'**
rather than the predominately anti-inflammatory effects
evoked during classical signaling.

Several factors are known to influence the balance
between the anti-inflammatory, classical signaling and
pro-inflammatory, trans-signaling actions of IL-6. Higher
plasma levels of free sIL-6R would be expected to promote
greater rates of trans-signaling due to the potential to form
more IL-6/sIL-6R complexes. However, inhibition of IL-6
trans-signaling occurs naturally in vivo, with a soluble
version of gp130 (sgp130) able to bind to IL-6/sIL-6R to
produce an inactive complex that is unable to take part in
IL-6 signaling. Thus, sgp130 has been suggested to act as
part of a buffer system, preventing an excessive degree of
pro-inflammatory trans-signaling.*2°

Genetics can also affect the classical/trans-signaling
balance. For example, the single nucleotide polymor-
phism (SNP) rs2228145 within the IL-6R gene leads to
substitution of Aspartic acid with Alanine in position 358
of the encoded protein, which in turn favors the sIL-6R
shedding process described above.”” Thus, two variants
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are associated with this SNP, the major Asp358 variant (A
allele) and the minor Ala358 variant (C allele), with the
“CC” genotype being associated with approximate dou-
bling of the plasma concentration of sIL-6R compared
to the AA variant.”® Studies have linked this SNP with a
number of conditions including non-alcoholic steatohep-
atitis,?’ rheumatoid arthritis,*® and the adult onset of type
1 diabetes mellitus.*! Most recently, rs2228145 genotype
was found to be associated with the likelihood of being
hospitalized following COVID-19 infection.*® As will be
described in more detail below, it appears that the mech-
anism behind these SNP/disease associations may be at-
tributed to variations in circulating levels of sIL-6R and/
or variations in retention of mbIL-6R molecules on the
plasma membrane.*®**

Currently, it is unknown whether the rs2228145 SNP
has an impact on exercise. However, we have recently
published data indicating an association between self-
selected physical activity levels and rs2228145 genotype,
with the AA genotype being associated with greater activ-
ity levels, leading to the proposal that increased levels of
sIL-6R may disrupt the classical/trans-signaling balance
in individuals bearing the C allele.** This is supported by
the fact that, with plasma sIL-6R being in excess of IL-6
at rest, increased production of IL-6 as a myokine results
in increased formation of the IL-6/sIL-6R complex fol-
lowing exercise.*>*® Thus, the higher sIL-6R levels that
accompany the CC genotype may lead to increased trans-
signaling (and reduced classical signaling) following ex-
ercise; this could result in reduced exercise tolerance and
lower self-selected physical activity levels.*

Thus, as shown in Table 1, different levels of IL-6,
sIL-6R, and sgp130 are seen in different contexts, includ-
ing exercise. Given the roles of IL-6, sIL-6R, and sgp130
in triggering the downstream signaling processes out-
lined above, it seems reasonable to conclude that the IL-6
signaling axis plays a significant role in many aspects of
health, disease, and exercise performance. Therefore, this
review will consolidate our current understanding of how
exercise can modulate IL-6 signaling, with a focus being
placed on the actions of IL-6, sIL-6R, sgp130, and the
rs2228145 SNP during both acute exercise and long-term
training. We will also explore how knowledge of the IL-6

TABLE 1 Typical plasma
concentrations of IL-6, SIL-6R, and sgp130
reported in health, type 2 diabetes/ Resting healthy

cardiovascular disease, and exercise

Resting Atherosclerosis

Post-exercise healthy

Resting type2 diabetes mellitus

signaling pathway could be useful for determining the
success of a training program, and in the personalization
of exercise prescription.

1.1 | IL-6 and acute exercise

During exercise, skeletal muscle can acutely elevate
plasma IL-6 concentrations by greater than 100-fold
(Table 1).*>* An even greater increase in IL-6 is thought
to occur within the skeletal muscle fibers themselves as
well as in the surrounding interstitial fluid,** which is
likely to reflect the autocrine and paracrine activities of
IL-6. Although not a universal finding,*' some evidence
suggests that it is specifically the type I muscle fibers that
are the predominant source of plasma IL-6.*** As type I
muscle fibers are heavily recruited even at low percent-
ages of maximal force production, this suggests that the
IL-6 response may be greater in long-duration moderate-
intensity exercise compared to resistance tmining.14
Small, additional amounts of plasma IL-6 may derive from
the responses of tendinous tissue to the mechanical stress
involved in exercise, but this has been reported to account
for only a small proportion of total exercise-associated
IL-6 production.%’47 Lauritzen et al. (2013) found that IL-6
is stored in vesicles within skeletal muscle fibers, which
are depleted through trafficking to the cell surface dur-
ing exercise. Exercise also upregulates the transcription of
IL-6 mRNA within myocytes,* which leads to the replen-
ishment of these vesicular IL-6 stores.

1.2 | IL-6 and exercise duration

Plasma IL-6 concentrations peak upon, or shortly after,
exercise cessation. Repeat measures taken within an exer-
cise bout have demonstrated that IL-6 production displays
a non-linear relationship with time.***’ Instead, plasma
IL-6 appears to rise almost exponentially as a function of
exercise duration. It is unsurprising, then, that exercise
duration is the primary determinant of the size of the IL-6
peak. Fischer (2006) found duration could explain over
50% of the variance in post-exercise values. In support of

IL-6 sIL-6R sgp130

250-500 ng/mI*®
100-300ng/ml1“

200-300 ng/m1"E
250-500 ng/ml*®

1-5 pg/mI*BP  20-30ng/m1*®
5-10 pg/ml1® 15-40ng/ml®
5-24pg/ ml>E 40ng/ ml>E
5-100pg/ml*®  25-30ng/mi*E

Note: (Walshe et al., 2010*; Fischer et al, 2006%; Aparicio-Siegmund et al., 2019; Dekker et al., 2007°%;

Cui et al., 2017%%%).
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this, the greatest reported increase in plasma IL-6 (8000-
fold) was found after a 246km foot race,”* while more
than a 10-fold increase is rarely observed in exercise that
lasts for less than one hour.™*

1.3 | IL-6 and exercise intensity

Despite exercise duration being the main determinant of
the IL-6 response, exercise intensity is also a contributing
factor. Ostrowski et al. (2000) found that peak IL-6 con-
centration after a marathon race was positively correlated
with running intensity.® Similarly, our research group
has reported that increasing exercise intensity amplifies
the plasma IL-6 response in duration-matched cycling
bouts.” Specifically, this study found that 35 minutes of
low-intensity cycling (mean %VO,,, =50.4 +4.6%) led
to 1.4 +0.1-fold increases in plasma IL-6, while high-
intensity bouts (mean VO,,,, =69.2 +2.1%) of the same
duration led to a significantly greater 2.7 +0.6-fold in-
crease (p = 0.04). The increase in IL-6 was correlated
with exercise intensity (%VO,,., #HRmax, lactate, RER).
It would also appear that a minimum exercise intensity
may be required to induce an IL-6 response, at least in
short-duration activities. Markovitch et al. (2008) saw
no increases in plasma IL-6, or any anti-inflammatory
responses, to a single 30-minute walk at 50% VO,,., in
sedentary middle-aged men,* despite training programs
using similar intensities giving many health benefits.>®
However, 5 hours at 40% VO, (albeit in a different
mode of activity: one-legged dynamic knee extension) has
been shown to produce a 19-fold increase in plasma IL-
6.% Taken together, it can be concluded that the interac-
tion between both exercise intensity and exercise duration
is important in determining the plasma IL-6 response to a
work bout.

1.4 | IL-6 and glycogen availability

Carbohydrate supplementation during exercise has been
shown to attenuate IL-6 production,®® whereas deple-
tion of muscle glycogen stores leads to an amplification
of the IL-6 response. Steensberg et al. (2001) found that
prior depletion of skeletal muscle glycogen led to in-
creases in both IL-6 mRNA expression within myocytes
and IL-6 release into the circulation.’ An editorial that
accompanied this article stated the following: “the IL-6
response may be a signal indicating that muscle glycogen
stores are reaching critically low levels and that the active
muscles’ reliance on blood glucose as a source of energy is
on the increase”.”® As glycogen depletion is associated
with both exercise duration and intensity, it may be that

glycogen content within the skeletal muscle is the major
biochemical determinant of IL-6 production. Indeed,
we know that muscle glycogen stores can modify the
metabolic signaling response to exercise. For example,
low muscle glycogen amplifies the exercise response
of AMPK (which, as stated above, is linked to IL-6 ex-
pression/release’’), increasing both its activity and its
translocation to the nucleus.” Similarly, low-glycogen
conditions increase p38 MAPK activity in the nucleus,
an effect that has been associated with increased expres-
sion of IL-6 mRNA.>

1.5 | IL-6 and training status

A period of endurance training reduces the magnitude
of the IL-6 response to an exercise bout of the same ab-
solute intensity, which is likely explainable by reduced
rates of muscle glycogen utilization due to greater mi-
tochondrial enzyme activity.®* However, training does
not appear to alter the IL-6 response to the same rela-
tive intensity; Fischer et al. (2004) found that the plasma
IL-6 response to 3 hours of dynamic two-legged knee
extension performed at 50% of P,,, was unchanged fol-
lowing 10 weeks of endurance training, despite absolute
workloads being 44% higher post-training. Interestingly,
training led to significant blunting of post-exercise in-
creases in IL-6 mRNA expression (87-fold increase to
eightfold increase after training). Muscle glycogen con-
centrations at the end of the 3-hour exercise bout were
not different following the training period. However,
pre-exercise muscle glycogen levels were 74% higher
following the training period, which the authors suggest
could have reduced the metabolic challenge in the early
period of the exercise bout and helped to explain the re-
duced mRNA expression.®!

Despite the longitudinal findings of Croft et al. (2009),*
cross-sectional research suggests that trained individu-
als may produce more IL-6 than untrained, even when
working at the same relative intensity.®” This echoes the
observations of Ostrowski et al. (2000) who saw the high-
est post-marathon IL-6 concentrations in the fastest run-
ners,” suggesting that the absolute metabolic rate within
the working muscles may also influence IL-6 production.
Further, Antunes et al. (2018) found that the magnitude
of the IL-10 (an anti-inflammatory cytokine produced
downstream of IL-6) response to exercise was positively
associated with exercise performance in spite of a fixed
relative exercise intensity.® Thus, the literature suggests
that training status may have a meaningful influence on
the IL-6 response to exercise, although this has less of an
effect compared to exercise intensity, duration, or muscle
glycogen status.
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1.6 | IL-6 and exercise mode
The highest post-exercise plasma concentrations of IL-6
are typically reported following running rather than cy-
cling or knee-extensor exercise.'* Direct comparisons
between cycling and running at similar exercise inten-
sities also find higher post-exercise IL-6 levels follow-
ing mnning.64 This may be due to the greater amount
of muscle mass that is recruited with running, meaning
that more muscle fibers will be stimulated to produce
IL-6. On the contrary, the greater IL-6 concentrations
we see following running may be a result of eccentric
muscle contraction, resulting in increased muscle dam-
age and IL-6 leaking into the circulation. It could also
be that the increased muscle damage recruits leuko-
cytes to the area and these release IL-6 as part of an in-
flammatory response. The later argument is supported
by the correlation between creatine kinase (a marker
of muscle damage) and IL-6 levels following a 160-km
ultramarathon.®

Taken together, therefore, these data suggest that the
IL-6 response to exercise is significantly elevated with re-
duced glycogen stores; and that numerous factors such
as training status, diet, and the duration, mode, and rela-
tive intensity of the exercise may impact on the extent to
which this occurs during exercise.

1.7 | Mechanistic links between
exercise and IL-6 production

While it is well established that exercise duration, inten-
sity, and glycogen depletion are all factors which medi-
ate the release of IL-6 stores from skeletal muscle fibers,
the molecular mechanism(s) through which IL-6 produc-
tion occurs are less clear. It has been proposed that lac-
tate production within the skeletal muscle is a mediator
of the IL-6 response to exercise. Hojman et al (2019) found
strong associations between plasma lactate and plasma
IL-6 concentrations during a 2-hr high-intensity cycling
protocol (R? =0.70, p <0.001).%® The authors also used a
mouse model to show that injecting lactate into resting
skeletal muscle resulted in a fivefold increase in plasma
IL-6 and a 27-fold increase in intramuscular IL-6 mRNA
expression.®® It was suggested that lactate induces the exo-
cytosis of IL-6 from intracellular vesicles within skeletal
muscle fibers.®® Lactate production may be able to explain
the IL-6 response to high-intensity exercise; however, it is
unclear how this fits with the large increases in IL-6 that
are found in response to long-duration exercise at inten-
sities below the lactate threshold*® where muscle lactate
is not elevated above resting levels.”” Additionally, the
lactate hypothesis fails to explain the amplifying effect

of glycogen depletion on IL-6 production, with a low-
glycogen state impairing carbohydrate metabolism via
glycolysis.®®

An alternative mechanism for IL-6 production may
be through the actions of AMPK. Exercise-associated
increases in AMPK activity within skeletal muscle have
been shown to correlate with the magnitude of IL-6 pro-
duction.®” However, the literature is conflicting as to the
direction of the IL-6/AMPK relationship. Exposing in
vivo mouse muscle fibers to AICAR (an AMPK activator)
causes the exocytosis of IL-6 vesicles.”® Yet, IL-6 has also
been demonstrated to increase AMPK activation, possibly
through increasing the concentration of cAMP, in rat mus-
cle in vitro.”" Activation of AMPK occurs when cells are
in low-energy state (i.e., when ATP is depleted), which is
similar to the conditions under which IL-6 is produced by
myocytes. AMPK activation is also known to trigger other
metabolic actions within myocytes such as the transloca-
tion of GLUT4.”? Thus, regardless of whether AMPK is an
activator of IL-6 or vice versa, these two signaling mole-
cules appear to be mechanistically linked.

Other possible mechanisms have also been suggested.
One such possibility is excitation-transcription coupling,”
in which myocyte depolarization leads to the secretion of
ATP into the extracellular space. The excreted ATP then
binds to purinergic receptors (P2Y) within the sarco-
lemma which causes a transient “slow” increase in cytoso-
lic and nuclear Ca** via inositol trisphosphate-dependent
mechanisms. (This is a distinct process from the “fast”
Ca”* spikes that occur as part of excitation-contraction
coupling as mediated by dihydropyridine and ryanodine
receptors’). The Ca®* slow component, which results in
Ca’** accumulation within the nucleus, activates tran-
scription factors such as AP-1 and NF-kB, which trigger
IL-6 mRNA expression alongside transcription of many
other genes.”® Once this mRNA is translated to functional
IL-6, it is stored in vesicles within the cytoplasm until
stimulated for release through muscle contraction.”

Finally, it should also be noted that IL-6 that has been
released from skeletal muscle fibers can act in an auto-
crine manner, stimulating the further release of IL-6 in a
positive feedback loop.” This could relate to the observa-
tions that IL-6 activates AMPK’" which can in turn trig-
ger the exocytosis of IL-6 vesicles,”® and may explain the
exponential rise in plasma IL-6 that occurs in response to
exercise duration.

Thus, although further research is required to defini-
tively identify the molecular mechanism(s) by which exer-
cise is linked to increased production of IL-6 in contracting
muscle, metabolic challenge appears to be a common
feature that links all of the proposed signaling pathways.
Nevertheless, IL-6 signaling's context-dependent nature
should be borne in mind when attempting to draw such
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an overarching conclusion—for example, muscle damage
can stimulate IL-6 release as a response to the mechani-
cal stresses involved in exercise.*® However, such IL-6 re-
lease has been reported to largely derive from tendinous
tissue (rather than skeletal myocytes), and to account for
only a small proportion of total exercise-associated IL-6
production.*®**

2 | ACUTE ACTIONS OF IL-6
DURING EXERCISE

Given that IL-6 production appears to be elevated under
conditions where metabolic substrate availability is chal-
lenged (i.e., prolonged and intense exercise with reduced
glycogen availability), the primary role of IL-6 in exercise
may be to act as an energy sensor. In this regard, IL-6 acts
in autocrine, paracrine, and endocrine fashions to defend
against this challenge and maintain the working muscles
with energy substrates (see Figure 1).

2.1 | Autocrine/paracrine intramuscular
actions of IL-6 during exercise

Locally, IL-6 promotes the translocation of the glucose
transporter GLUT4 from intracellular vesicles to the
plasma membrane of muscle fibers, as demonstrated
using an exercising mouse model with IL-6 neutraliza-
tion.”” This enables an increased glucose flux from the
blood to the working skeletal muscle fibers. Meanwhile,
IL-6 has been shown to upregulate fatty acid oxidation
and inhibit the lipogenic effects of insulin within isolated

myocytes,’® while IL-6 infusions in humans at rest can
also increase fatty acid oxidation and promote lipoly-
sis of fat stores within skeletal muscle tissue in vivo.”” If
these experimental models accurately represent the ac-
tions of muscle-derived IL-6 during exercise, then this
myokine may facilitate a decreased reliance upon glucose
metabolism, which could be beneficial for example dur-
ing long-duration aerobic exercise. These local effects of
IL-6 appear to be mediated via AMPK activation,”® which
likely occurs via classical signaling due to the fact the
skeletal muscle fibers express mbIL-6R. Interestingly,
given the anti-inflammatory effects of exercise-associated
IL-6 classical signaling described below, there is evidence
that obesity and type 2 diabetes result in “IL-6 resistance”
with decreased levels of AMPK activation for a given IL-6

exposure.79’8°

2.2 | Endocrine actions of IL-6
during exercise

IL-6 can also act in an endocrine fashion to enable muscle-
organ crosstalk.*! One such organ is adipose tissue, whose
relevance to exercise-associated health benefits derives
from its role as a major source of many pro-inflammatory
mediators that drive chronic inflammation in physi-
cal inactivity-related diseases such as type-2 diabetes.®
Infusion with recombinant human IL-6 has been shown
to promote lipolysis and lead to increased release of fatty
acid into the bloodstream.** Conversely, blocking IL-6
signaling, using the IL-6R antibody tocilizumab, impairs
fatty acid mobilization both at rest and during exercise®
and impairs the reductions in visceral fat mass associated
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with a 12-week exercise training program.** Adipocytes
express mbIL-6R, suggesting that IL-6 is acting via clas-
sical signaling in this context.®> We have previously re-
ported that muscle-derived IL-6 secretion during exercise
correlates with upregulation of anti-inflammatory gene
expression and also improved insulin sensitivity, over the
course of an 8-week walking program.'® Thus, although
such correlations do not necessarily imply causation, it is
possible that in exercise IL-6 may act to suppress the pro-
inflammatory actions of adipocytes, and to mobilize fatty
acids that can then be used as metabolic substrates by the
working muscles.

It is known that IL-6 also acts as a messenger between
skeletal muscle and the gut. Infusion with recombinant
IL-6 delays gastric emptying, leading to reductions in
the postprandial peaks in glucose and insulin, while gas-
tric emptying is delayed post-exercise with tocilizumab
treatment.*® These actions of IL-6 on the gut may be
evolutionarily advantageous as it leads to a more pro-
longed absorption of glucose, which is therefore spared
for later during the exercise bout in question. This may
also have specific implications for the brain and ner-
vous system which heavily rely on glucose metabolism.
Hence, the actions of IL-6 on the gut could be an antici-
patory mechanism that favors the potential for long-term
glucose requirements over the immediate needs of the
skeletal muscle and nervous system. Intestinal tissue has
been shown to be responsive to both classical and trans-
signaling, although it has been suggested that the ef-
fects of IL-6 predominantly occur via the trans-signaling
pathway.®’

IL-6 has been linked to exercise-associated perceptions
of fatigue,®® which suggests that IL-6 signaling occurs
within the central nervous system (CNS). Rat and mouse
models have shown that, while the brain can produce IL-
6,% muscle-derived IL-6 can cross the blood-brain barrier
during exercise,”’ and sIL-6R expression has also been
observed within the brain.®® Thus, it seems plausible that
IL-6/sIL-6R complexes may trigger trans-signaling effects
in the CNS during or following exercise. It is also possible
that IL-6 modulates CNS activity indirectly through acting
on peripheral afferent neurons or via signaling in the cir-
cumventricular organs which lie outside the blood-brain
barrier.”’ Accordingly, injection with recombinant IL-6
and the increases in resting IL-6 seen as a consequence
of sleep deprivation have been shown to induce fatigue
at rest and during exercise, and to impair 10-km race
performance in trained male runners.***°* Correlations
have been observed between IL-6, SIL-6R, sgp130 and al-
terations in brain activity during exercise.® In line with
this, we have reported correlations between sIL-6R levels
and self-reported perceptions of fatigue, stress, mood, and
upper respiratory tract infection prevalence in athletes

during intense training blocks.”® Outside of exercise, a link
between the IL-6 signaling axis and fatigue has been re-
ported in cancer, depression, and Parkinson's disease.”>’
This supports the proposal of a neuro-inflammatory
model of fatigue that could be common across disease and
exercise.®® Indeed, IL-6-induced fatigue from exercise ap-
pears to be an evolutionary mechanism that acts to limit
the challenge to homeostasis during long and strenuous
activity.”® Thus, the effects of IL-6 in the CNS (which are
likely to be mediated largely via trans-signaling) appear
to contribute toward preservation of body homeostasis
through conveying the sensation of fatigue during intense
and prolonged exercise.

As well as the direct effects of IL-6 signaling, IL-6
can also induce indirect responses through upregulating
secondary signaling molecules. Compared to other cyto-
kines, IL-6 demonstrates the earliest and most prominent
exercise-associated increases in plasma concentrations.”
This initial IL-6 peak induces subsequent secondary peaks
post-exercise (e.g., in IL-10 and IL-1Ra10°); this is likely
achieved by evoking classical signaling responses via
interactions with mbIL-6R on the surface of monocyte-
macrophages and various lymphocyte sub-types. IL-10
promotes monocyte-macrophage polarization into the
anti-inflammatory M2 phenotype rather than the pro-
inflammatory M1 phenotype,'®* while IL-1Ra is a soluble
cytokine receptor that binds to, and inhibits the actions
of, the pro-inflammatory cytokine IL-1."%> Additionally,
tocilizumab infusions have also been shown to impair the
normal recruitment of natural killer and dendritic cells
into the systemic circulation during exercise, highlighting
IL-6's role in modulating the immune response to exer-
cise.'® Thus, as discussed earlier, an outcome of initial
exercise-associated IL-6 production may ultimately be to
trigger—via such secondary signaling mechanisms—a
range of anti-inflammatory downstream effects.'®

Finally, IL-6 also interacts with the hypothalamic-
pituitary-adrenal (HPA) axis to influence systemic stress
responses. Multiple cell types within the HPA axis are
sensitive to IL-6 and possess membrane-bound receptors
for the cytokine.'® Infusions with recombinant IL-6 to
achieve plasma concentrations similar to those observed
after exercise result in increased cortisol production,loo
which likely occurs through IL-6 both stimulating adre-
nocorticotropic hormone release from the pituitary,'®
and through directly acting in the adrenal glands'® (see
Figure 1). Although IL-6 appears to modulate the HPA
axis at rest'® and during infection,'® how much influence
IL-6 has on the HPA axis during exercise remains unclear.
Nevertheless, the commonality of the actions of IL-6 and
cortisol (e.g., anti-inflammatory effects, and upregula-
tion of blood glucose) suggests that these two signaling
molecules are mechanistically linked. Interestingly, the
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effect of IL-6 on the HPA axis appears to be subject to a
negative feedback loop, whereby adrenocorticotropic
hormone and cortisol production are no longer upregu-
lated with chronic IL-6 exposure.'”” This may partly ex-
plain the reduced cortisol response to both absolute and
relative workloads that can occur following an exercise
training program.'® Alternatively, it could reflect the dys-
regulation of the HPA axis which can occur as part of the
“overtraining syndrome”,' in which the body's ability to
recover from strenuous exercise is exceeded, resulting in
sustained negative impacts on performance.

It is important to note that despite the aforementioned
actions of IL-6 during exercise in humans, only in mice (to
our knowledge) has inhibiting IL-6 signaling been directly
shown to impair exercise performance.>''® Given that
inter-species differences exist in IL-6 signaling (and in
exercise physiology in general), we should be cautious in
extrapolating these findings to humans. Indeed, we have
identified one IL-6-blockade study in obese humans that
examined exercise capacity: In this case, improvements
in VO, following 12weeks of training were not differ-
ent between placebo and treatment with the IL-6/IL-6R
blocker tocilizumab.®* However, it should be noted both
that the participants in this study were obese (with the au-
thors suggesting that IL-6 may act differently in lean and
obese people), and that the actions of IL-6 in defending
muscle metabolic substrate availability are not likely to
influence determinants of VO, ,.. Instead, IL-6 is more
likely to be an important factor in exercise in domains
where glycogen depletion and central nervous system
function are major fatigue modulators.

In summary, as shown in Figure 1, IL-6, produced as
a myokine by exercising muscles, acts both locally and
systemically to maintain muscle fiber homeostasis during
and following exercise, and to elicit responses that con-
tribute to exercise-associated health benefits in the con-
text of chronic inflammatory physical inactivity-related
diseases such as type-2 diabetes. This is achieved through
effects such as increasing energy substrate availability, in-
ducing fatigue to limit an excessive challenge to homeo-
stasis, and promoting an anti-inflammatory environment
within the bloodstream and tissues. Nevertheless, the ex-
tent to which IL-6 signaling is important for exercise per-
formance in humans is currently unknown.

3 | IL-6 AND LONG-TERM
TRAINING

Epidemiological studies have found that resting IL-6 lev-
els are inversely related to habitual physical activity.''''?
Similarly, taking part in an exercise training program typi-
cally leads to a reduction in resting IL-6 levels, at least in

inactive or recreationally active populations.'** It should
be noted that in a rested state, plasma IL-6 levels do not
reflect IL-6 release from skeletal muscle, but instead re-
flects production and accumulation from other sources,
including leukocytes and adipocytes. The IL-6 that is
released from these cell populations is thought to be in-
dicative of the general chronic inflammatory status of
an individual.'"® Indeed, reductions in resting IL-6 seen
in participants with chronic low-level inflammation un-
dertaking an aerobic exercise training program have been
shown to be accompanied by decreases in other inflam-
matory markers, including C-reactive protein and tumor
necrosis factor-alpha.'*?

The IL-6 response to training programs in those who
are already well-trained is less clear. Elite athletes who are
free from inflammatory conditions typically have resting
plasma IL-6 levels of between 0.1 and 1.0 pg/ml, far below
those observed in diseased populations. Such athletes may
not have the capacity to reduce IL-6 further and typically
training-induced reductions have not been observed in
this population.”'*!*> However, it has long been suggested
that an elevation in cytokine levels and an accompany-
ing inflammatory state may be a mechanism that leads to
the overtraining syndrome.’ In some—but not all**® (see
Halson and Jeukendrup, 2004)—cases, this is supported
by studies in which individuals suffering from overtrain-
ing syndrome have elevated levels of IL-6 and other pro-
inflammatory cytokines,''”''® and short periods of highly
intensified training resulted in increased resting IL-6 lev-
els and increased perceived fatigue."'®'?° This suggests
that a “U” shaped relationship may exist between train-
ing load and basal IL-6 levels, with non-excessive train-
ing levels being associated with lower IL-6 levels in either
sedentary or excessively exercising individuals. If this is
the case, then one may speculate that the IL-6 response
to a training program may be a biomarker of training ef-
fectiveness in individuals with underlying chronic inflam-
mation, while also being a marker of an ability to tolerate
training load in an athletic population.

Training status also seems to affect the IL-6 response
to an acute exercise bout. Croft et al. (2009) found that
the increase in IL-6 observed after a fixed absolute exer-
cise bout was significantly reduced following 6 weeks of
high-intensity interval training in recreationally active
males (a 3.3 pg.ml™" increase pre-training vs 1.7 pg.ml™"
post-training). Lactate response and glycogen utilization
during the criterion exercise bout were also significantly
reduced while the participants additionally improved their
VO, . and running performance. This study supports the
notion that glycogen depletion and lactate production
impact upon IL-6 release from the working skeletal mus-
cle. Increased mbIL-6R surface expression in myocytes
due to upregulation of the IL-6R gene during training,
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and hence increased skeletal muscle sensitivity to IL-6
classical signaling, may provide an additional driver for
reduced exercise-associated IL-6 production in trained in-
dividuals.'? Once again, one may speculate that such IL-6
responses to a work bout of a fixed absolute intensity may
be useful biomarkers for monitoring training adaptations
surrounding glycogen storage, mbIL-6R expression, and
energy substrate utilization during submaximal exercise.
For example, a reduction in the plasma IL-6 response to a
2-hour ride at 200 W performed before and after a training
program would suggest a reduced metabolic strain on the
working muscles and hence that the training promoted
favorable adaptations. This may be of special significance
for exercise practitioners where muscle biopsies and indi-
rect calorimetry can be impractical.

IL-6 signaling may also be important for long-term ad-
aptations to training. Tocilizumab impairs the increases in
cardiac left ventricular mass found following 12weeks of
aerobic training compared to a placebo treatment in hu-
mans.'?! The acute increase in IL-6 following a resistance
training session is also predictive of the increase in muscle
fiber cross-sectional area following a 16-week resistance
training program.'** Meanwhile, recombinant IL-6 infu-
sions in addition to an exercise program led to a greater
increase in exercise performance compared to an exercise
program, albeit in mice.” The additional IL-6 appeared to
act at the muscle level, with greater increases in levels of
oxidative phosphorylation proteins but no difference in
VO,,,.x compared to exercise alone.

4 | SIL-6R RESPONSE TO
EXERCISE

In contrast to IL-6, the sIL-6R response to acute exercise is
still poorly understood. Immediately post-exercise, blood-
borne levels of sIL-6R have been reported to decrease, re-
main unchanged, or increased with respect to pre-exercise
baseline values (reviewed in Robson-Ansley et al., 2010).
These discrepancies are likely the result of small study
numbers and sample sizes, different exercise protocols,
and inconsistencies in controlling for changes in factors
such as plasma volume. If there is an acute effect of ex-
ercise on sIL-6R levels, it would appear to involve much
smaller proportional changes than is the case for IL-6. For
example, one of the few studies that reported an increase
in sIL-6R levels and controlled for changes in plasma vol-
ume recorded a fivefold increase in IL-6 but only a 1.2-fold
increase in sIL-6R following a 1-hour cycling bout.'** This
suggests that the primary mechanism through which ex-
ercise acutely modulates the IL-6 signaling axis is through
upregulating the generation and production of IL-6 by
skeletal muscle, and not through altering sIL-6R levels.

In contrast to the uncertainty surrounding acute ex-
ercise, there appears to be a general consensus that long-
term training leads to reductions in plasma sIL-6R levels.
Silverman et al. (2009) reported that the addition of an
exercise intervention to a 6-month diet-based weight-loss
program led to a significant reduction in sIL-6R levels in
obese and overweight post-menopausal women compare
to dieting alone. Interestingly, a weight loss program in
isolation led to increases in sIL-6R, despite reductions
in body mass, BMI, and fat mass that were similar to the
group that also took part in an exercise intervention.'**
This suggests that the mechanism responsible for sIL-6R
reductions is independent of changes in fat mass, which is
of note as adipocytes produce IL-6 and so could be hypoth-
esized as playing a role in sIL-6R regulation. Adamopoulos
et al. (2002) also found that resting sIL-6R levels were
significantly reduced following a 12-week exercise pro-
gram in chronic heart failure patients (29.2 +3.0 ng/ml
vs 34.0 £3.0 ng/ml, p <0.01), with levels returning to
baseline after 12 weeks of detraining (35.5 + 3.0 ng/ml).'*®
Interestingly, an age/gender-matched control group that
was disease-free reported no reductions in sIL-6R or any
other inflammatory markers following the same 12-week
training program (5.8 +0.2 ng/ml vs. 5.7 +0.3 ng/ml).'*
This could be due to the control group already having
much lower sIL-6R levels at baseline or that the training
stimulus (30 min of cycling at 60%-80% of heart rate max
carried out 5days per week) was insufficient to induce
physiological changes in this population.'* Work done in
our research group with athletes suggests that the latter
may be the case: In highly trained swimmers who were
completing between 19 and 89km/week, resting sIL-6R
levels were negatively associated with the previous week's
training distance (r = —0.74, p = 0.005°*). Notably, those
with higher levels of sIL-6R had worse perceptions of
moods and greater perceived stress, which could have re-
sulted from increased IL-6 trans-signaling within the CNS
(as described previously).

It would appear, then, that an appropriate training
dose can reduce sIL-6R levels in all individuals, regardless
of training status. Such reductions have been tentatively
attributed to exercise-associated regulatory mechanisms
controlling either expression/activation of proteases re-
sponsible for mbIL-6R “shedding”,126 or influx of leuko-
cyte subpopulations (as sources of sIL-6R “shedding”)
into the vicinity of damaged muscle tissue post-exercise."

Importantly, because training-associated sIL-6R
changes appear to take place over a timescale of days
or weeks, such changes are detectable via a program
of weekly capillary blood sampling, whose relatively
non-invasive nature would not overly inconvenience
the patient/participant. As sIL-6R reductions would
shift the balance of the IL-6 signaling axis toward
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anti-inflammatory (classical signaling) and away from
pro-inflammatory (trans-signaling), this points toward
a possible role for sIL-6R as a relatively non-invasive
biomarker for training and health benefits in athletes
and other participants in exercise. For example, reduc-
tions in sIL-6R levels in a recreationally active individ-
ual may indicate favorable adaptations to a training
program, with the balance shifting toward more clas-
sical and less trans-signaling. On the contrary, an ath-
lete with elevated levels of sIL-6R despite performing a
large amount of training could indicate a shift toward
a pro-inflammatory state as a result of increased trans-
signaling and a maladaptive response to their exercise
program.

5 | EXERCISE AND THE SGP130
RESPONSE

Another important regulator of the IL-6 signaling
axis is sgp130, which acts to prevent excessive rates of
trans-signaling through binding to, and buffering of,
IL-6:sIL-6R complexes.” Therefore, given the impact of
exercise on IL-6 and sIL-6R, it is necessary to also con-
sider the possibility that exercise may influence sgp130
signaling. Under normal conditions, plasma levels of
sgp130 appear to be in excess of those of sIL-6R, with
serum concentration of up to 400 ng/ml.'*” This repre-
sents the capacity of sgp130 to act as a trans-signaling
buffer.

However, the sgp130 buffer system can be disturbed
in certain conditions.? Recently, Bonomi et al. (2020)
identified 26 SNPs in the gp130 gene that influenced
serum sgp130 levels, of which two have been previously
linked to inflammatory and cardiovascular conditions;
however, regression analysis revealed that the 26 SNPs
could only explain 11% of sgp130 variation, with no sin-
gle SNP being responsible for more than 1%.'*® Following
acute exercise, venous sgp130 levels have been reported
as either slightly increased'**'* or unchanged" com-
pared to baseline, while we have reported no association
between capillary blood sgp130 levels and the level of
physical activity undertaken in the previous week.** It
should be noted that neither of the studies that reported
small increases in sgp130 controlled for the changes in
plasma volume that can occur during exercise, and so it
may be that their observations are an artifact of hemo-
concentration. Similarly, the mechanism through which
exercise could upregulate sgp130 is unclear. It appears
that the majority, if not all, of the sgp130 that is present
in the plasma derives from alternative spliced mRNA se-
quences, while shedding of membrane-bound gp130 is
unlikely."®! Interestingly, alternative splicing gives rise

to three different isoforms of sgp130 with molecular
weights of 50, 90, and 110 kDa,'?”!32 whose expression
and capacity to block IL-6 trans-signaling varies by leu-
kocyte type."*! Hypothetically, then, exercise could alter
the sgp130 buffer system through the recruitment or
stimulation of immune cells to produce more sgp130, or
through impacting upon the alternative splicing process
and altering which sgp130 isoform is produced. Either
of these effects could extend the capacity of the buffer
system, and so decrease the fraction of newly produced
IL-6 involved in trans-signaling.

However, to our knowledge, no reports exist of such
effects occurring in those undertaking exercise. Therefore,
further research is required to establish whether sgp130
fluctuations do indeed occur during exercise, and also
whether there are changes in sgp130 isoform expression.
Nevertheless, as shown in Table 1, it appears that plasma
sgp130 levels demonstrate much less variability than that
of either IL-6 or sIL-6R,'** suggesting that these latter two
molecules play larger roles in mediating the impact of ex-
ercise on the IL-6 signaling axis.

6 | INFLUENCE OF THE RS2228145
SNP

In contrast to the limited genetic influence on sgp130
levels (as described above), the rs2228145 SNP, an A—C
missense mutation in the IL-6R nucleotide sequence, can
explain around half of the variation in plasma sIL-6R
levels within the population.”” This SNP impacts upon
a site adjacent to ADAM-10/ADAM-17 cleavage site
on the mbIL-6R protein (Valine®®), with the resulting
Aspartate—Alanine®® change increasing the susceptibil-
ity of mbIL-6R to these proteases. Subsequently, sIL-6R
shedding is upregulated, with each inherited C allele as-
sociated with a~50% increase in plasma sIL-6R levels.?’
These increases appear to be of clinical significance, with
rs2228145 genotype linked with several inflammatory
conditions, including COVID-19, rheumatoid arthritis,
asthma, and non-alcoholic steatohepatitis.29’30’32’134

To our knowledge, only one study has explored the
relationship between rs2228145 and the response to
an exercise program.135 In this study, AA homozygotes
responded differently to a nutritional and exercise in-
tervention compared to bearers of the CC genotype:
Specifically, AA participants had reductions in waist
circumference, triglycerides and fasting plasma glucose
that were not evident in the CC group. Although this
study was hindered by small sample sizes and not di-
rectly measuring plasma sIL-6R levels, it does provide
preliminary evidence that rs2228145 could moderate re-
sponsiveness to lifestyle interventions.'** These findings

85U8D7 SUOWWOD BA 1D 3(edldde 8U3 Aq pauRA0 318 3o 11e YO ‘88N 4O S3|NJ J0j ARIGIT8UIIUO AB]IA UO (SUO IPUOD-PUR-SUIBYWI0D A8 | 1M Ale.q 1 [BU|JUO//STNY) SUORIPUD PUe SWS | 8U388S *[2202/0T/ET] U0 A%eiqiaulluo AB|IM BB L AQ TveyT SWS/TTTT OT/I0P/ W00 A3 1M Ase.q 1 Bul|uo//SdY WO papeojumoq ‘0 ‘8E80009T



NASH ET AL.

WILEY-2

suggest that CC homozygotes may not experience the
same increase in IL-6 classical signaling that accompa-
nies an acute exercise bout, with higher plasma sIL-6R
levels prompting IL-6 to either follow the trans-signaling
pathway or to be locked up within the sgp130 buffer sys-
tem. If so, this may dampen the metabolic regulatory
and anti-inflammatory actions of IL-6. In support of
this hypothesis, our research group has recently found
that individuals with the AA genotype had lower plasma
sIL-6R levels and appeared to take part in more physical
activity compared to those with other genotypes.** This
suggests that the differences in the IL-6 signaling path-
way that arise from the SNP may make physical activity
less tolerable to those bearing the CC genotype, possibly
through increased fatigue or alternatively because ex-
ercise has previously been an ineffective lifestyle inter-
vention for them. As mentioned above, evidence from
both our research group and that of Vargas et a]**?%%413¢
regarding the impact of sIL-6R (and therefore trans-
signaling) on fatigue, mood, and other psychological pa-
rameters may provide a mechanism to underpin such a
proposal. These findings suggest that the rs2228145 SNP
may be of use as a novel biomarker for exercise toler-
ance, and hence potentially a useful tool to aid coaches
and exercise providers in producing individualized
training programs. However, more research is needed
to confirm whether these observations can be repeated
in larger cohorts of participants, and also exploring
whether genetically-influenced resistance to exercise
programs can be overcome through adjusting exercise
mode, intensity, and duration.

7 | PERSPECTIVES

In this review, we have attempted to consolidate the cur-
rent understanding of the IL-6 signaling pathway and
how it is influenced by both acute exercise and chronic
training. Although many excellent reviews on individ-
ual molecules within the pathway already exist,*”'?*
we hope to have provided a more integrated synthesis
of the literature to enable a greater appreciation of how
the balance between IL-6, sIL-6R, and sgp130 is cru-
cial in determining signaling outcomes. We also hope
that we have increased the awareness of the rs2228145
SNP which, although gaining wider interest in clinical
circles, still appears to be underappreciated within the
sports science community. The authors believe that the
appropriate monitoring of the components of the IL-6
signaling pathway and its relevant genetic variants could
provide insightful information relevant to both health
and athletic performance. Examples of such insights
include assessments of inflammatory status, metabolic

substrate utilization, prevalence of illness, training load
tolerance, and submaximal fitness.

8 | CONCLUSION

The IL-6 signaling axis plays important roles in both in-
fluencing inflammatory status and contributing to the
normal physiological, and potentially psychological,
responses to exercise. IL-6 is produced acutely by the
working muscle, with the magnitude of this response
relating to exercise intensity, exercise duration, and
muscle glycogen content. This muscle-derived IL-6 acts
with sIL-6R and sgp130 to maintain, both locally and
systemically, homeostasis through increasing energy
substrate availability, preventing excessive physical ac-
tivity through increasing perception of effort, and pro-
moting an anti-inflammatory milieu within the body.
It may be of interest from a therapeutic perspective to
note that long-term training programs can help to lower
chronic plasma IL-6 and sIL-6R levels, and so contribute
to protection from, or even reversal of, the progression
of chronic inflammatory diseases. Finally, the IL6-R
SNP rs2228145, which impacts on sIL-6R levels, and
thereby influences IL-6 trans-signaling and possibly re-
duces exercise tolerance, provides the prospect that ge-
netic factors can also impact on the IL-6 signaling axis
and hence influence the body's response to exercise. In
conclusion, therefore, we recommend that future re-
search should look to further explore the impact of exer-
cise on this signaling axis, and the consequences of this
impact on personalized (and therefore genetics-based)
provision of exercise training programs, in the context
of both physical inactivity-related disease, and sporting
performance.
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