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ABSTRACT

With the discovery of microRNAs (miRNAs), an exceptional means of regulating
gene expression was introduced a few years ago. MiRNAs function to inactivate
specific messenger RNA transcripts leading to depletion of the corresponding
protein, whereby computational studies have shown that about one third of all
animal genes might be miRNA targets. Recent publications highlight the involve-
ment of miRNAs in regulating the immune response. The aim of this review is to
provide an overview of miRNA biogenesis and function, to illustrate their impact
on both the innate as well as the adaptive immune system, to show the regulation
of skeletal muscle plasticity and inflammation, and finally to present their possi-
ble role within the field of exercise immunology.
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INTRODUCTION

In response to external stimuli the expression of genes can be regulated by differ-
ent mechanisms, such as through transcription factors, alternative splicing, epige-
netics and gene silencing by small RNAs including so called microRNAs (miR-
NAs or miRs). Since the discovery of the first miRNA /in-4 during larval develop-
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ment of the worm Caenorhabditis elegans in 1993 it became evident that this
class of small endogenous RNAs control a wide range of developmental and
physiological pathways, whereby the term “microRNA” was introduced as late as
in 2001 (33, 36, 48). To date, more than 700 human miRNAs have been identified
(and the number is still increasing), possibly regulating 30 - 60% of protein-
encoding genes (24, 26, 38). MiRNAs usually are expressed in various cell types
but interestingly, some miRNAs are expressed tissue-specific such as miR-1,
miR-133a, and miR-206 in muscle (35). While it has been extensively shown that
diseases such as cancer, muscular and cardiovascular disorders are accompanied
by abnormal expression of miRNAs, recent publications highlight the involve-
ment of miRNAs in regulating the immune response (4, 15, 21, 57). Additionally,
it has been shown that miRNAs themselves are capable of directly acting anti-
virally (42). The aim of this review is to provide an overview of miRNA biogene-
sis and function, to illustrate their impact on the immune system and skeletal
muscle plasticity, and finally to present their possible role within the field of exer-
cise immunology.

Biogenesis and function of microRNAs

MiRNA biogenesis. Most of the short (20-23 nucleotide), endogenous, single-
stranded miRNAs are processed through a series of post-transcriptional biogene-
sis steps (73, 85). MiRNAs are encoded in the genomic DNA, either in the introns
of protein-coding genes, the exons of untranslated genes or apart from known
genes in the intergenic region (70). In the first step of biogenesis the primary
miRNA (pri-miRNA) is transcribed from the miRNA gene by RNA polymerase II
or RNA polymerase III (6, 37) (Figure 1). The pri-miRNA is then cleaved to the

MRNA == Ribosom

miRISC
MRNA T\
transcription ) .
g (miRNA*) miRNA
> Prl m|RNA \ /
Drosha Pre-miRNA Exportin-5 miRNA:miRNA*
DGCR8 /
i cleavage to
Pre-miRNA miRNA duplex

Figure 1. Biogenesis of miRNAs. Most miRNAs are transcribed from DNA as long primary
transcripts (pri-miRNA) which are processed by Drosha resulting in pre-miRNA hairpins with
a length of about 70 nucleotids. After being transported from nucleus to the cytosol via
Exportin-5 the hairpins are cleaved to form miRNA duplexes which again are cleaved to
form the mature miRNAs. This short single stranded miRNAs are incorporated into the RNA-
induced silencing complex (RISC) which regulates protein expression.
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precursor miRNA (pre-miRNA) by a protein complex termed Microprocessor
consisting of the RNase Drosha and the protein DGCRS8. The pre-miRNA is shut-
tled from the nucleus to the cytoplasm via the transport protein Eportin-5. The
RISC loading complex (RLC) completes miRNA maturation by cleaving the pre-
miRNA resulting in a miRNA duplex miRNA:miRNA*. One of the RNA strands
(miRNA¥) is discarded while the other mature miRNA is selected together with a
member of the Argonaute family of proteins to form the core unit of the RNA-
induced silencing complex (RISC) (25, 34, 45). However, recent studies reveal
that this pathway is not universal to all miRNA. Many steps can be omitted or
replaced suggesting multiple possibilities for post-transcriptional regulation of
miRNA expression (for review see 85).

Mechanisms of miRNA function. MiRNAs control protein synthesis by
sequence-specific binding to the 3' untranslated regions of mRNAs whereby one
miRNA may regulate dozens of genes and each gene is likely to be regulated by
several miRNAs (40, 77). Suppression of protein synthesis can either occur
through inhibition of translation in the case of partial complementarity between
miRNA and target mRNA or through degradation in the case of near-perfect
sequence analogy (Figure 1). Interestingly, mRNAs solely suppressed by mi-
RNAs seem to accumulate in discrete cytoplasmatic foci, so called P-bodies (62).
mRNASs concentrated in these P-bodies may “wait” for a stimulation signal. Once
the respective mRNA is needed again the translation process is resumed enabling
a fast production of the required protein (7).

Target prediction. As miRNAs exert their functions by binding to their correspon-
ding mRNA targets it is important to understand the miRNA-mRNA interactions.
It has been shown that the ability of an miRNA to translationally repress a target
mRNA is largely dictated by the free energy of binding of the first 8 nucleotides
in the 5' region of the miRNA, the so called seed region (18). However, by com-
bining computational and experimental approaches Grimson ef al. (27) uncovered
five additional features boosting site efficacy: 1) AU-rich nucleotide composition
near the site, 2) proximity to sites for coexpressed miRNAs, 3) proximity to
residues pairing to miRNA nucleotides 13-16, 4) positioning within the 3’
untranslated region (3° UTR) at least 15 nucleotides from the stop codon, and 5)
positioning away from the center of long UTRs (27). In silico target prediction is
still challenging although several online resources are available for the non-com-
putational biologist. The currently widely used target prediction tools for mam-
mals are TargetScan (http://targetscan.org), miRanda (http://www.microrna.org),
PicTar (http://pictar.mdc-berlin.de/), EIMMo (http://www.mirz.unibas.-
ch/EIMMo2), and MicroCosm Targets v5 (formerly miRBase Targets)
(http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5). However,
although these tools improved within the last years, the obtained results need to
be evaluated experimentally to exclude false positive targets (2).

Role of miRNAs in immunology and inflammation

Since the realization that miRNAs belong to a huge family with an enormous reg-
ulatory impact the number of publications has increased exponentially, especially
in the field of cancer. A literature research in NCBI PubMed revealed that mi-
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RNAs were mentioned together with immunology or inflammation for the first
time in 2003. By the end of 2009 the proportion of publications in this field rose
from 2% to nearly 10% (Figure 2). These publications provide evidence that miR-
NAs are involved in the innate and the adaptive immune response as well as in
inflammatory disorders such as psoriasis, asthma, rheumatoid arthritis and vascu-
lar inflammation (for review of the latter see (76)).
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Figure 2. Scientific articles searched by the key word microRNA which was introduced in
2001. Source: NCBI PubMed, as of December 2009.

miRNAs during activation of the innate immune response

The innate immune response comprises the first line of defense against bacteria,
viruses and other pathogens and is mediated via monocytes, macrophages, den-
dritic cells and neutrophils. The detection of pathogens occurs via germ-line
encoded receptors such as the Toll-like receptor (TLR) family with 11 different
members and the Interleukin-1 (IL-1) receptor family with 10 members. Binding
of the TLRs and IL-1 receptors to their ligands initiates a cascade of signaling
responses finally regulating the expression of immune-responsive genes (81). To
examine the potential role of miRNAs in regulating the innate immune response
Taganov et al. (78) analyzed the expression of 200 miRNAs in human monocytic
THP-1 cells after bacterial endotoxin, lipopolysaccharide (LPS), stimulation.
Several of the investigated miRNAs (miR-146a/b, miR-132, and miR-155) were
up-regulated after 12 hours of stimulation. By means of promoter analysis, miR-
146a expression was found to be NF-kB-dependent and both miR-146a and miR-
146b may function as a negative feedback regulation loop involving down-regula-
tion of IL-1 receptor-associated kinase 1 (IRAK1) and TNF receptor-associated
factor 6 (TRAFG6) protein levels. Interestingly, miR-146 was only induced when
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stimulated with bacterial pathogens via TLR2, TLR4 and TLRS but not after
treatment with viral stimuli via TLR3, TLR7 and TLR9 (78). After prolonged
exposure to LPS a state of hyporesponsiveness to subsequent LPS challenge (LPS
tolerance) can be observed. In THP-1 cells, the LPS tolerance was dependent on
the LPS-priming dose and associated with miR-146a up-regulation. LPS-tolerized
cells regained responsiveness in TNF-alpha production after LPS removal corre-
lating with a decrease in miR-146a level (55). In another study A549 lung alveo-
lar epithelial cells were stimulated with IL-1f resulting in a time- and dose-
dependent up-regulation of both, miR-146a and miR146b. Examination of
miRNA function by overexpression and inhibition showed that increased
miRNA-146a expression negatively regulated the release of the proinflammatory
chemokines IL-8 and RANTES (61). To gain insight into the human in vivo situa-
tion, differentially expressed miRNAs were measured in circulating leukocytes in
a human model of acute inflammation triggered by Escherichia coli LPS infusion.
Microarray data analysis of leukocyte RNA revealed that five miRNAs consistent-
ly responded to LPS-infusion, four of which were down-regulated (miR-146b,
miR-150, miR-342, and let-7g) and one was up-regulated (miR-143) 4 hours after
LPS-infusion. By correlating the levels of these miRNAs to LPS-induced changes
of the leukocyte transcriptome it was shown that the rapid transcriptional activa-
tion of interleukin-1 receptor-associated kinase 2 (IRAK2) might be facilitated by
decreased levels of LPS-responsive miRNAs. The increased level of miR-143
might be associated with the pronounced down-regulation of the B-cell
CLL/lymphoma 2 (BCL2) gene expression (71). Bazzoni et al. (3) have shown
that out of 365 tested miRNAs miR-9 has been the only one which is induced in
neutrophils as well as monocytes via ex vivo TLR2, TLR4, TLR7/8 activation,
and TNF-alpha or IFN-gamma stimulation. The expression of other miRNAs such
as let-7e, miR-99b, miR125a, miR-132, miR-146a, miR-146b, miR-155 or miR-
187 is enhanced solely in activated monocytes (3).

In contrast to miR-146a and miR-146b, miR-155 seems to be sensitive to bac-
terial and viral type stimuli and also to be inducible in a variety of different cell
types (58, 78). In primary murine macrophages miR-155 was identified as being
enhanced after induction by TLR2, TLR3, TLR4 and TLR9 ligands. Moreover, the
pharmacological inhibition of the kinase JNK blocked induction of miR-155 in
response to either polyriboinosinic:polyribocytidylic acid or TNF-a., suggesting that
miR-155-inducing signals use the JNK pathway (58). Up-regulation of miR-155
upon LPS-stimulation was confirmed in mouse bone marrow-derived macrophages
and Raw 264.7 macrophages (68, 80). Simultaneously, miR-125b was down-regu-
lated in Raw 264.7 macrophages. These data were confirmed in vivo after injecting
C57BL/6 mice with LPS and measuring miR-155 expression in splenocytes. Several
proteins involved in LPS signalling such as the Fas-associated death domain protein
(FADD), IkappaB kinase epsilon (IKKe), and the receptor (TNFR superfamily)-
interacting serine-threonine kinase 1 (Ripkl) were reported as potential targets. As
TNF-a translation was increased, the authors conclude that miR-125b down-regula-
tion in response to LPS may be required for proper TNF-a production (80). Another
animal study by Moschos et al. (53) observed an up-regulation of 46 different mi-
RNAs (but not miR-146 or miR-155) in the lungs of mice inhaling aerosilised LPS.
Simultaneously, the expression of TNF-a, keratinocyte-derived chemokine (KC)
and macrophage inflammatory protein (MIP)-2 were down-regulated (53). MiR-155
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also seems to be involved in the maturation of human monocytic-derived dendritic
cells after exposure to LPS by targeting the transcription factor PU.1 and modulat-
ing pathogen binding by down-regulating DC-specific intercellular adhesion mole-
cule-3 grabbing non-integrin (DC-SIGN) (47).

In summary, several miR expression levels have been shown to be altered in
the acute response of myeloid cells to several pathogens and to target key players
in the involved signalling pathways. As evidence is derived mainly from in vitro
or ex vivo screening studies, there is a strong need to confirm these data and also
to highlight the functional consequences of up- or down-regulation of a set of
miRNAs in immune challenging conditions.

miRNAs and the adaptive immune responses

In addition to be involved in the first line of defense by regulating the innate
immune response, miRNAs also have been shown to be important for activation
and subsequent clonal expansion of antigen-specific lymphocytes. When expres-
sion profiles of hematopoetic tissue-specific miRNAs (miR-142, miR-155, miR-
181 and miR-223) were compared between normal human B, T, monocytic and
granulocytic lineages and malignant hematopoietic cell lines it became evident
that the levels of miRNA expression among cell lines and normal cell lineages
were considerably different suggesting important regulatory roles of miRNAs in
human oncogenesis but also hematopoiesis (66). MiRNA profiling of the murine
hematopoetic system revealed that miRNA expression patterns were very differ-
ent between hematopoietic and non-hematopoietic cells, with further subtle dif-
ferences observed within the hematopoietic group. Interestingly, it was suggested
that in addition to regulating the process of commitment to particular cellular lin-
eages, miRNAs might have an important general role in the mechanism of cell
differentiation and maintenance of cell identity (52).

miRNAs and development B lymphocytes. The two major classes of lymphocytes
(B and T cells) rely on different principles of antigen recognition, whereby B
Iymphocytes recognize intact forms of antigens, whereas receptors on the surface
of T cells recognize antigens in the form of small peptides bound to the products
of the major histocompatibility complex (MHC) (43). Development of B cells
involves differentiation of common lymphocyte progenitor cells to pro-B cells,
pre-B-cells and (activated) B cells (4). Several miRNAs have been shown to be
differentially expressed during transition between these stages.

MiR-150 is selectively expressed in mature, resting B and T cells but not in
their progenitors (52). It seems to down-regulate mRNAs that are important for
pro- and pre-B cell formation. However, premature overexpression of miR-150 in
hematopoetic stem cells blocked lymphopoiesis by inhibiting the pro-B to the
pre-B cell stage (88). A predicted target of miR-150 is c-Myb, a transcription fac-
tor down-regulated upon maturation and again up-regulated after activation of the
mature cells. It has been shown in miR-150-/- and transgenic mice that miR-150
controls c-Myb expression in vivo in a dose-dependent manner over a narrow
range of miRNA and c-Myb concentrations and that this affects lymphocyte
development and response (86).

MiR-155 resides within the non-coding gene known as bic (B-cell integra-
tion cluster), which can be regarded as its primary miRNA precursor. Bic as well
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as miR-155 have been shown to be increased in activated B cells but also in acti-
vated T cells, macrophages and dendritic cells (20). Using a transgenic mouse
model and genetic deletion it has been shown that miR-155 deletion leads to
immunodeficiency and has an important role in controlling the germinal center B
cell response, partly by regulating cytokine production (67, 79). B cells lacking
miR-155 generated failed to produce high-affinity IgG1 antibodies, whereby the
transcription factor Pu.1 has been validated as direct target of miR-155 (83).

Blocking of the whole miRNA machinery by deleting the enzyme Dicer in
early B-cell progenitors leads to block at the pro- to pre-B cell transition. B cell
development could be partially rescued by ablation of the pro-apoptotic molecule
Bim, which seems to be a direct target of miR-17 approximately 92 cluster (miR-
17~92) (31). Subsequently, miR-17~92 is regarded to be a positive regulator of B
cell development as its absence leads to increased levels of Bim and inhibits the
pro-B to pre-B transition (82). Overexpression on the other hand resulted in mice
dying early and developing lymphoproliferative disease and autoimmunity (87).
Another miRNA which can be regarded as a positive regulator during early
hematopoiesis and lineage commitment is miR-181. It is preferentially expressed
in the B-lymphoid cells of mouse bone marrow, and its ectopic expression in
hematopoietic stem/progenitor cells led to an increased fraction of B-lineage cells
in both tissue-culture differentiation assays and adult mice (12).

miRNAs and T lymphocytes. In contrast to B cells miRNAs are not required for
commitment of T cell precursors to T helper cell (CD4+) or cytotoxic T cells but
possibly in their proliferation as deletion of Dicer at an early stage of T cell devel-
opment reduced circulating cells by 90% (14, 81). Dicer knockout at later stages
of T cell development reduced the number of CD4+ T regulatory (Treg) cells and
generated T cells preferentially expressing interferon-gamma, the hallmark effec-
tor cytokine of the Thl lineage (54).

Although these studies point to an important role of miRNAs in the T cell-
mediated immune response, information about the role of single miRNAs are
rare. In conventional T cells miR-17~92 overexpression resulted not only in the
expansion of B cells but also of CD4+ and CD8+ T Cells accompanied by sup-
pression of the tumor suppressor PTEN and the pro-apoptotic protein Bim (87).
MiR-181a, which is highly expressed in the early T cell differentiation stages,
drops continuously when T cells undergo differentiation from double negative to
single positive CD4 (T helper) or CDS8 (cytotoxic) cells. Overexpression of miR-
181ain primed T cells augmented T cell receptor signaling and activation by dou-
bling IL-2 production (39). In contrast, reduced IL-2 production and activator-
protein 1 (AP-1) activity are achieved by miR-146a overexpression acting on Fas-
associated death domain and therefore as an anti-apoptotic factor (17). Finally,
miR-155 has been shown to be involved in T cell commitment as mice deficient
for bic/miRNA-155 show abnormal function of B and T lymphocytes. Transcrip-
tome analysis of bic/microRNA-155-deficient CD4+ T cells identified a wide
spectrum of miRNA-155-regulated genes, including cytokines, chemokines, and
transcription factors (67).

Regulatory T cells (Tregs) are a subset of CD4+ T cells essential for the
self-tolerance and rely on the transcription factor Foxp3 which is specifically
expressed in Tregs (30). Enforced expression of Foxp3 resulted in up- regulation
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of several miRNAs such as miR -146 or miR-155 (13). Elevated miR-155 expres-
sion is required for maintaining Treg cell proliferative activity whereas miR-155
deficiency resulted in increased suppressor of cytokine signaling 1 (SOCSI)
expression accompanied by impaired activation of signal transducer and activator
of transcription 5 (STATS5) transcription factor in response to limiting amounts of
interleukin-2 (44).

Exercise-induced changes in microRNA expression

Immune-competent cells

Physical activity affects the immune system in dependency of type, duration and
intensity of exercise. Moreover, subject characteristics such as gender, age, train-
ing or nutritional status but also environmental conditions such as temperature or
altitude may influence the immune response. From investigating cytokine bal-
ances after strenuous endurance exercise it became evident that both pro-inflam-
matory and anti-inflammatory pathways are activated as plasma concentrations of
pro-inflammatory cytokines (TNF-a, IL-1f), the inflammation responsive
cytokine IL-6, cytokine inhibitors (IL-1ra, STNF-rl, sTNF-r2) and the anti-
inflammatory cytokine IL-10 were increased in the time course after an Marathon
race (59). These changes in the cytokine balance are reflected by changes in the
number of immune competent cells. However, a huge number of studies revealed
that changes in leukocyte numbers vary considerably in dependency of the exer-
cise conditions (46).

In order to understand these differences on a molecular level, microarray
technology has been widely used to discover broad gene expression changes in
leukocytes in response to physical activity (10, 16, 89). Although this method is
hampered by a variety of influences (microarray platform, RNA and array prepa-
ration methods, sampling points and cell population) several studies revealed con-
sistent changes in inflammatory and heat shock response genes and genes associ-
ated with cellular communication, signal transduction, cellular protection and
growth and repair pathways (22). Immediate early gene expression is regarded as
the first line of transcriptional response that occurs within 1h after the stimulus
and mediates protein neosynthesis finally leading to adaptation of immune func-
tion. The expression of these early responsive genes is posttranscriptionally regu-
lated either via changing the RNA-stability through interaction at recognition
motives located within a mRNA or by influencing the translation process via non
coding RNAs such as miRNAs (74). These processes would allow a rapid change
in innate immune cellular activity which might be essential in the priming of
immune cells in response to stress signals in order to act effectively against poten-
tially invading pathogens. It has been shown that exposure to metal-rich particu-
late matter modifies the expression of miRNAs related with oxidative stress and
inflammatory processes (miR-222, miR-21 and miR-146a) in peripheral blood
leukocytes of workers of an electric-furnace steel plant (5) but up to now only one
study reported changes in miRNA expression in neutrophils in response to physi-
cal activity. Radom-Aizik et al. (65) revealed that miRNA expression in circulat-
ing neutrophils is affected by ten 2-min bouts of cycle ergometer exercise inter-
spersed with 1-min rest at a constant intensity equivalent to about 76% of
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VO2max (65). This type of exercise increased the number of neutrophils by 56%
and altered 38 miRNAs whereby 20 miRNAs were expressed at a lower and 18 at
a higher level. Seven out of the 38 miRNAs were verified by quantitative RT-PCR
(miR-16, miR-17, miR-18a, miR-20a, miR-20b, miR-106a, miR-223). In silico
analysis showed that collectively 36 miRNAs potentially targeted 4,724 genes. In
a previous study using a slightly different exercise protocol the authors detected
458 genes which were differentially expressed before and after the exercise (64).
The miRNA-gene expression overlapping data set which comprises those genes
that were both affected by exercise and potentially targeted by one or more of the
36 miRNAs consisted of 137 genes. Pathway analysis revealed three significant
pathways which are known to be important in key mechanisms of inflammation:
the Ubiquitin-mediated proteolysis pathway, the Jak-STAT signaling pathway and
the Hedgehog signaling pathway (65). Although this study has some methodolog-
ical limitations as the overlapping data set was extracted from two different sub-
ject populations one can conclude that in response to an exercise stimulus, mi-
RNAs contribute to gene expression alterations in immune-competent cells .

MyomiRs — skeletal muscle miRNAs

(Eccentric) exercise-induced muscle damage involves a series of events starting
with mechanical disruption of sarcomeres, followed by impaired excitation-con-
traction coupling and calcium signaling, and finally, activation of proteolytic
pathways related to muscle fiber degradation and repair (63). Muscle damage
coincides with ultrastructural changes in muscle architecture, loss of muscular
strength and muscle soreness. In the process of assisting to remove disrupted tis-
sue neutrophils might be recruited to the site of damage. However, in exercise and
related injury models there is an ongoing debate whether these neutrophils
enhance the original damage by releasing reactive oxygen and nitrogen species as
well as by producing pro-inflammatory cytokines (11, 72, 75). While neutrophils
are recruited to the exercised muscle within several hours and remain present up
to 24 hours, macrophages are present from 24 hours up to 14 days after exercise.
The inflammatory response to exercise-induced muscle damage is characterized
by local production of pro-inflammatory cytokines but also by systemic release of
leukocytes and cytokines. However, these inflammatory responses to muscle
damage might depend on several factors such as the type of eccentric exercise,
previous eccentric loading (repeated bouts), age and gender (60). Gene expression
studies using skeletal muscle biopsies obtained from young, trained males prior to
and at 3-h and 24-h after a 45min downhill treadmill run revealed that IL-6, IL-8,
and COX2 mRNA expression were enhanced in comparison to baseline levels,
whereas no significant changes for IL-12, IL-1f, TNF-a, or NFkB were noted
(8). In physically active, post-menopausal women completing a series of different
lower-body resistance exercises, mRNA content of TNF-a, IL-1p, SOCS2,
SAAT1, SAA2, IKKB, cfos, and junB were up-regulated in addition to IL-6, IL-8
and COX2 in skeletal muscle 3h post exercise, whereas IL-2, IL-5, IL-10 and IL-
12 were unaffected (9). Up to now it is unproven whether miRNAs are involved in
inflammatory processes within skeletal muscle tissue but a small number of striat-
ed muscle-specific miRNAs so called MyomiRs have been identified and shown
to have an important role in myogenesis, embryonic muscle growth and cardiac
function and hypertrophy (49). Data from animal studies show that adaptation to
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functional overload (as a model for resistance training) leads to alterations in
muscle-specific primary and mature miRNAs (miR-1, miR-133a, miR-206).
Interestingly, pri-miRNA levels for both pri-miRNA-1-2 and pri-miRNA-133a-2
doubled, whereas pri-miRNA-206 levels were elevated even 18.3-fold. In contrast
to these elevations, the expression of mature miR-1 and miR-133a were down-
regulated by approximately 50% (50). An acute bout of endurance exercise results
in the up-regulation of transcriptional networks that regulate mitochondrial bio-
genesis, glucose and fatty acid metabolism, but also skeletal muscle remodeling.
When C57B1/6J wild-type male mice are subjected to a forced-endurance exercise
training, miR-181, miR-1, and miR-107 were increased by 37%, 40%, and 56%,
respectively, in quadriceps femoris muscle. In contrast, miR-23 expression was
decreased by 84% and miR-133 did not change 3 hours after the exercise (69).
Another animal study investigated the effect of running exercise which was grad-
ually increased over a period of 4 weeks. MiRNA microarray analysis of gastroc-
nemius muscle revealed that miR-696 was affected by this type of training. In par-
allel, protein levels of peroxisome proliferator-activated receptor gamma coacti-
vator 1o (PGCla) which plays a central role in aerobic metabolism and is a pre-
dicted target of miR-696 was increased by exercise (1). These studies show that
different miRNAs are involved in skeletal muscle plasticity in a variety of condi-
tions. Our own in vitro studies in a frequently used C2C12 mouse muscle cell cul-
ture system revealed that expression levels of miR-1 and miR-206 were enhanced
460-fold and 14-fold, respectively during transition of proliferating myoblasts to
differentiated myotubes. At the same time mRNA level of Insulin-like growth fac-
tor-1, which is important in muscle hypertrophy, was about 35-fold higher in
myotubes. Treatment of the C2C12 myotubes with TNF-a in order to mimic
inflammatory conditions led to a specific decrease of mRNA levels of IGF-1
splicing variants (IGF-1Ea and MGF) to about 25% and of the muscle differentia-
tion marker MyoD to 57% with the maximum effect at 12h but remaining low
until 48h. Tests whether this down-regulation would be associated with an altered
expression of muscle-specific miRNAs (miR-1, 133a, 133b, and 206) were nega-
tive at all of the tested time points (1, 3, 6, 12, 24 and 48h). However, it remains
unsolved whether one or more of the other 630 currently known mouse miRNAs
(miRBase sequence database version 12.0) are influenced by TNF-a or any other
inflammatory mediator (28).

MiRNAs not only play an important role in muscle growth but also in skele-
tal muscle atrophy as a consequence of immobility or ageing. Unilateral fixation
of mice hindlimb in a cast for 5 days caused an opposite response of miR-696 and
its potential target PGCla as observed after running exercise as miR-696 was
enhanced whereas PGCla was decreased (1). Comprehensive profiling of rat
soleus muscle in response to hindlimb suspension revealed 151 miRs which were
expressed in the soleus muscle and the expression of 18 miRs was significantly
changed after 2 and/or 7 days of unloading. The expression of miR-499 and miR-
208b resulted in the activation of the so called MyomiR network which regulates
slow myosin expression during muscle atrophy (51). The age-induced loss of
muscle mass, referred to as sarcopenia, is associated with increased falls, frac-
tures, morbidity, and loss of independence. It has been shown that ageing alters
levels of pri-miRNA-1-1, -1-2, -133a-1, and -133a-2 at baseline as well as the
miRNA response to an anabolic stimulus (resistance exercise + ingestion of a 20-
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g leucine-enriched essential amino acid solution), when pri-miRNA-1-2, -133a-1,
-133a-2 and miR-1 were reduced after exercise only in the young men (19).
Skeletal muscle loss is also seen in septic patients treated at the intensive care unit
which results in the patients’ protracted recovery process. Gene ontology analysis
of microarray data demonstrated that losses of mitochondria and muscle mass are
accompanied by sustained protein synthesis (anabolic process) while dysregula-
tion of transcription programmes involving miR-21 appears to fail to compensate
for increased damage and proteolysis (23).

Taken together, all these data suggest that miRNAs play important roles in
the plasticity of skeletal muscle in response to hypertrophy but also atrophy sig-
nals, whereby local but also systemic inflammatory processes accompany the
remodeling of skeletal muscle tissue. However, data especially derived form
human studies are sparse, possibly due to the fact that skeletal muscle biopsies are
not as easy to access and to investigate than e.g. immune cells located in the blood
stream.

Future directions

The ability of miRNAs to influence the expression of multiple genes in a variety
of conditions offers a new area of research but also of therapeutics and drug dis-
covery. A disease-caused or -causing enhanced expression of a certain miRNA
can be seen as a target for selective inhibition by silencing the respective miRNA
(29). On the other hand it would be possible to effectively counter a loss of func-
tion by directly administering a miRNA (56). At the moment several pharmaceuti-
cal companies work on the development of miRNA-based therapeutics in areas
such as oncology but also in immune or inflammatory diseases.

Moreover, many miRNAs show tissue-specific expression patterns and
show a relatively high stability in plasma. These characteristics make them suit-
able candidates for monitoring tissue injury. In this regard liver-, muscle- and
brain-specific miRNAs (miR-122, miR-133a, and miR-124) were found in sam-
ples from plasma of rats treated with liver or muscle toxicants and from a rat sur-
gical model of stroke (32). Drug-induced liver injury is a frequent and harmful
side effect of many drugs. In order to develop a diagnostic tool for the early detec-
tion of liver injury, miR-122 and miR-192 were found to be suitable candidates as
their occurrence in serum parallels aminotransferase levels and the histopathology
of liver degeneration, but their changes can be detected significantly earlier (84).
Finally, attempts are made to use miRNA expression patterns in serum to correct-
ly discriminate between normal and cancer patient samples (41).

Within the field of exercise immunology the investigation of miRNAs can
contribute at various levels. Firstly, the puzzle about a clear mechanism of
immunosuppression after intense exercise is still not resolved. MiRNAs might be
involved in regulating the immune response. Secondly, muscle adaptation
processes including local inflammation are regulated differently in dependency of
gender, nutrition, age and the presence of wasting conditions such as systemic
inflammation or cancer. MiRNAs potentially fine-tune these adaptations within
the skeletal muscle. And finally, miRNAs also could be used as diagnostic tools
for the detection of exercise-caused damage to skeletal muscle or the heart and
guide the planning of efficient training routines.
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CONCLUSIONS

In conclusion it is obvious that miRNAs play an important role in a variety of
physiological and disease-associated processes including immunology and
inflammation. Thereby they represent a mechanism by which the body is enabled
to react very fast to various stimuli such as invading pathogens but also exercise.
However, data are derived to a large extent from cell culture or animal models and
need to be confirmed in human studies. Additionally, it is of upmost importance
that targets which are predicted by computational tools or association studies are
verified in a cause and relationship manner. Once this is implemented miRNAs
might comprise interesting targets of diagnostics and therapeutics.
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SOCS1 suppressor of cytokine signaling 1
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