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Abstract: IL-6 is a pleiotropic cytokine that can exert different and opposite effects. The muscle-
induced and transient expression of IL-6 can act in an autocrine or paracrine manner, stimulating
anabolic pathways associated with muscle growth, myogenesis, and with regulation of energy
metabolism. In contrast, under pathologic conditions, including muscular dystrophy, cancer asso-
ciated cachexia, aging, chronic inflammatory diseases, and other pathologies, the plasma levels of
IL-6 significantly increase, promoting muscle wasting. Nevertheless, the specific physio-pathological
role exerted by IL-6 in the maintenance of differentiated phenotype remains to be addressed. The
purpose of this study was to define the role of increased plasma levels of IL-6 on muscle homeostasis
and the mechanisms contributing to muscle loss. Here, we reported that increased plasma levels of
IL-6 promote alteration in muscle growth at early stage of postnatal life and induce muscle wasting
by triggering a shift of the slow-twitch fibers toward a more sensitive fast fiber phenotype. These
findings unveil a role for IL-6 as a potential biomarker of stunted growth and skeletal muscle wasting.

Keywords: interleukin-6; skeletal muscle; muscle growth; muscle atrophy; PGC-1o

1. Introduction

Interleukin-6 (IL-6) is a soluble mediator with pleiotropic actions on different tissues
and organs. The multifaceted nature of IL-6 action can be ascribed to the multi-level
regulation of the different signaling pathways that it is able to induce. Although IL-6 is
produced by several cell types and it can signal through different receptor complexes, in-
ducing a variety of intracellular pathways, its expression and signal-transduction is strictly
controlled. IL-6 expression is regulated at the transcriptional and post-transcriptional
level, while the induction of the signaling cascade is negatively regulated by systems of
internalization/degradation of receptor subunits and by the action of negative feedback
molecules [1,2]. Thus, acting as a warning molecule, the abundance and persistence of
IL-6 need a fine regulation in order to limit the powerful action of the cytokine at the
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physiologic stimuli. For instance, in skeletal muscle, the local and transient production
of IL-6 in response to physical exercise plays an important role in regulating homeostatic
processes such as satellite cell proliferation and myonuclear accretion [3,4]. Indeed, it
has been extensively described that under physiological stimuli, such as exercise, IL-6
levels remained elevated for several hours to several days acting both locally, in an au-
tocrine or paracrine manner leading to increase glucose uptake and fat oxidation, or in
a hormone-like fashion, increasing hepatic glucose production and lipolysis in adipose
tissue [5-10]. Upon stimulus termination, circulating IL-6 levels return to pre-stimulus
conditions, which are normally very low or undetectable. On the other hand, deregulated
amounts of systemic IL-6 have been observed in cases of persistent distresses. In particu-
lar, the chronic persistence of systemic IL-6 is associated with several pathophysiological
conditions affecting muscle tissue, such as cachexia, aging, insulin resistance, heart failure,
and muscular dystrophies [11,12].

How a single signaling molecule could be involved in diverse and opposite processes
related to the metabolic response to exercise, inflammation, muscle regeneration, and
cancer-associated cachexia remained elusive for a long time. One important considera-
tion related to this issue is the length of time the circulating IL-6 is actually elevated, a
chronic response versus a somewhat brief increase that returns to baseline [13]. Supporting
this thesis, we previously demonstrated that increased levels of IL-6 exacerbated muscle
wasting in dystrophic mice, more closely approximating human pathology [14-17]. We
further highlighted a correlation between the systemic deregulation of IL-6 abundance
and the local impairment of the physiologic muscle redox balance, indicating that skeletal
muscle tissue is sensible to dysregulated levels of IL-6 cytokine, which induce maladaptive
responses [18,19]. A wealth of other studies demonstrated that chronic administration of
IL-6 to otherwise healthy mice or rats through systemic administration, in vivo electropo-
ration, or infused directly into skeletal muscle, can decrease muscle mass, muscle protein
content, or slow the rate of muscle growth [13,20,21]. However, these effects appear related
to the level of circulating IL-6, the type of administration, and the age of the rodent. Thus,
whether IL-6 signaling has a role in the induction of muscle atrophy and wasting remains
controversial, along with to be determined if supraphysiological levels of IL-6 regulate
wasting mechanisms similar to the low-level chronic inflammation seen in many cachectic
conditions as well as during aging [13,22,23].

In this context, the purpose of this study was to analyze and dissect the potential
impact of IL-6 cytokine on muscle growth and maintenance. To this purpose, we used the
NSE/IL-6 transgenic mouse model that associates a growth defective phenotype with high
circulating levels of IL-6 since birth [21]. In this model, we comparatively investigated
the effects of high levels of IL-6 cytokine on muscle homeostasis and in the induction of
altered phenotype. Our study demonstrated that skeletal muscle groups display a different
vulnerability in response to the chronically elevated levels of IL-6 in the bloodstream, with
fast-twitch glycolytic fibers that resulted more vulnerable than slow-twitch oxidative fibers.
The chronic increased plasma levels of IL-6 affect skeletal muscle homeostasis, promotes
alteration in skeletal muscle growth, functional performance, and metabolism.

2. Materials and Methods
2.1. Animal Models

Wild type C57Bl1/6] mice and NSE/IL-6 transgenic mice of 1.5, 3.5 and 6 months of
age and 6-month-old MCK/PGC-1oc MCK/PGC-1x:IL-6 mice were used to perform the
experiments included in the study, in accordance with the Italian Law on the Protection of
Animals. The NSE/IL-6 murine model is a transgenic mouse overexpressing circulating IL-
6 since early after birth [21]. MCK/PGC-1a (reported as PGC-1x) mice express the PGC-1x
complementary DNA downstream of MCK promoter sequence [24]. MCK/PGC-1x:IL-6
(re-ported as PGC1o:IL-6) were generated by crossing NSE/IL-6 male mice with PGC-1a
female mice. Animals were housed in ventilated cages at controlled temperature and
humidity conditions, in accordance with the guidelines of the institutional animal facility.
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2.2. Histological, Morphometrical and Immunofluorescence Analysis

Soleus muscles were isolated from 1.5, 3.5 and 6-month-old wild type and NSE/IL-6
mice, embedded in tissue freezing medium and snap frozen in nitrogen-cooled isopen-
tane to obtain cryostat transversal sections. For general morphology and morphometry,
hematoxylin and eosin staining was performed according to standard protocols. Images
of cross-sections were captured with a digital camera (model Axioskop 2 plus; Carl Zeiss
Microimaging, Inc., Jena, Germany), and processed using Axiovision 3.1 software. The
cross-sectional area (CSA) of muscles and single myofibers were analyzed using Image]
software (v.1.51j8; National Institutes of Health, Bethesda, MD, USA).

For immunofluorescence analysis, 12 pm-thick muscle cryosections of 6-month-old
wild type, NSE/IL-6, MCK/PGC-1«, and MCK/PGC-1a:IL-6 mice were immunostained
using anti-laminin (L9393) antibody, monoclonal anti-myosin slow (M8421), monoclonal
anti-myosin fast (M1570) from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany and
appropriate secondary fluorescent antibodies (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Photomicrographed sections were analyzed by Image]J software to
quantify the percentage of Type I and Type II fibers.

2.3. RNA Extraction and Real Time PCR Analysis

Soleus muscles were isolated from wild type, NSE/IL-6, MCK/PGC-1«, and MCK/PGC-
1o:IL-6 mice of 6 months of age. For RNA extraction, muscles were frozen in liquid nitrogen,
powdered and homogenized in TRI Reagent (Sigma-Aldrich) by using Tissue Lyser (Quiagen,
Hilden, Germany). The reverse transcription was performed by using QuantiTect Reverse
Transcription Kit (Quiagen) according to the manufacturer’s instructions. Real time PCR
analysis was performed on ABI PRISM 7500 SDS (Applied Biosystems; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) by using specific TagMan assays (Atroginl, MURF-1, PGC-1«,
MEF2c, and AchR-y; Applied Biosystems). Relative quantification was performed using and
-actin (Applied Biosystems, USA) as endogenous control. Data were analyzed using the
2-DDCt method and reported as mean fold change in gene expression relative to wild type.

2.4. Confocal Microscopy and Neuromuscular Junction Evaluation

Neuromuscular junction evaluation was performed in Tibialis anterior muscles de-
rived from 6-month-old wild type and NSE/IL-6 and cryosectioned into 50-pm-thick slices
with longitudinal orientation with respect to the central axis of the muscle. AchRs were
labeled with Alexa Fluor 488—-conjugated a-bungarotoxin (10 nM; Molecular Probes, Eu-
gene, OR, USA). Z-stack images were obtained at sequential focal planes 2 pm apart using
a confocal microscope (Laser Scanning TCS SP2; Leica Microsystems, Wetzlar, Germany).
The images were acquired utilizing the Leica confocal software. Laser line was at 488 nm
for bungarotoxin excitation. The images were scanned under a 20x objective. NM]Js were
analyzed in terms of fragmentation (Number fragments/NM]J) and topology of branching
pattern (Number of branches/NM]J). Representative images are flattened projections of
Z-stack series. Approximately 200 optical sections recovered in at least three different
experiments performed in both samples were analyzed.

2.5. Functional Analysis

For ex vivo functional analysis, freshly isolated soleus muscles were dissected from
3.5 and 6-month-old NSE/IL-6 PGC-1&, PGC-1o:IL-6 and wild type mice. Each muscle
was mounted in a temperature-controlled chamber containing a Krebs-Ringer bicarbonate
buffer continuously gassed with a mixture of 95% O2 and 5% CO2. Tetanic forces have been
measured as described in [25], and specific force was obtained by dividing the maximum
force by the muscle Cross Sectional Area [26].

2.6. Statistical Analysis

Data were expressed as mean + SEM and differences among experimental groups
were assessed with Mann-Whitney test or Student’s ¢ test, assuming two-tailed distribu-
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tions. Differences among experimental groups and time points were assessed by two-way
ANOVA. Data analysis was performed using GraphPad Prism Software (San Diego, CA,
USA) and values of p < 0.05 were considered statistically significant. The sample size was
predetermined based on the variability observed in preliminary and similar experiments
and to ensure adequate power.

3. Results
3.1. Systemic Levels of IL-6 Induce Differential Impact on Distinct Muscular Districts

To investigate the effects of increased circulating levels of IL-6 on muscle growth and
homeostasis, we monitored, at morphological and functional levels, the features of both
wild type and NSE/IL-6 transgenic mice at different ages of postnatal life. At first, we
evaluated the whole-body size of NSE/IL-6 and wild type mice at 1.5, 3.5 and 6 months
of age and we observed a strong reduction of body mass in IL-6 mice compared with
age- and sex-matched wild type littermates (Figure 1a). This supports the evidence that
demonstrated a general growth defect in NSE/IL-6 mice compared to wild type littermates,
leading to an adult size of IL-6 transgenic animals which is about 30-50% smaller than that
of non-transgenic littermates [21].
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Figure 1. IL-6 overexpression affects muscle growth and size in distinct muscle groups. (a) Body weight growth curves.

Wild type (WT) and NSE/IL-6 mice were measured to determine the change in body weight from 1.5 to 6 months of age.
n=9;*p<0.01,****p<0.0001, * p <0.05 # p <0.01, ## p < 0.0001. (b—e) Growth curve of soleus (b), gastrocnemius
(c), extensor digitorum longus (EDL) (d), and quadriceps muscles (e) of indicated genotype.. n = 12; * p < 0.05, *** p < 0.001;
k) < 0.0001, * p < 0.05, # p < 0.01, #* p < 0.001, ## p < 0.0001. All measurements are presented as means + SEM.
Statistical significance assessed by two-way ANOVA followed by multiple comparisons test.

Thus, we evaluated the growth rate of the different hindlimb muscles of both wild
type and NSE/IL-6 mice at 1.5, 3.5, and 6 months of age, charting distinctive growth curves
of muscle districts. We revealed that muscle groups from NSE/IL-6 mice displayed a
decrease in growth rate comparable to the reduction in body weight (data not shown).
Nevertheless, whether and how chronic circulating levels of IL-6 impinge the maintenance
of differentiated phenotype of different muscle groups remained to be defined. In this
context, we analyzed the absolute weight of NSE/IL-6 muscle groups with the aim to
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define the specific physio-pathological role exerted by circulating levels of IL-6 in the
maintenance of differentiated muscle phenotype, once the growth process ended.

Interestingly, gastrocnemius, quadriceps, and extensor digitorum longus (EDL) muscle
of NSE/IL-6 mice displayed a significant reduction in weight already at 1.5 months of age
compared to wild type littermates (Figure 1c—e). In contrast, soleus muscle of NSE/IL-6
transgenic mice showed no changes at 1.5 month of age (Figure 1b), while displayed a
severe reduction in muscle mass at 6 months of age (Figure 1b). These data indicate that
increased levels of circulating IL-6 might exert a differential impact on tissue homeostasis
in several muscle types, early impinging the gain of muscle mass during the postnatal
growth and subsequently affecting the maintenance of muscle mass during adulthood.

To support this evidence and to avoid the confounding action of chronic accumulation
of IL-6 on postnatal growth, we focused our analysis on soleus muscle, in which the
increased circulating levels of IL-6 did not significantly alter the early phase of muscle
growth but induces a reduction in muscle mass in the adulthood.

3.2. IL-6 Overexpression Impinges Muscle Growth at Early Stage of Postnatal Life

The muscle growth rate has been assessed by analyzing the well-established morpho-
metric parameters, such as the total muscle cross-sectional area (muscle CSA), the mean
fiber cross-sectional area (fiber CSA) and the total number of fibers. It has been reported
that the implementation of muscle mass occurring in the post-natal life can be initially
associated with satellite cell proliferation and fusion to growing fibers and then to the
enhancement of protein synthesis and sarcomeric adjunction [26,27]. Indeed, at the end of
the intensive growth period, the postnatal muscle growth is characterized by an inverse
correlation between muscle fiber number and muscle fiber size [28-30]. Morphological and
histo-morphometric analysis (Figure 2a—e) revealed that NSE/IL-6 soleus muscle grows
with a different rate compared to wild type muscle. In fact, between 1.5 and 3.5 months
of age, in both wild type (WT) and NSE/IL-6 soleus muscle, we observed a significant
increase of total cross-sectional area (29% in WT vs. 19% in NSE/IL-6) (Figure 2c); a differ-
ent increase of myofiber cross-sectional area (30% in WT vs. 17% in NSE/IL-6) (Figure 2d)
and a significant reduction in total number of fibers (20% in WT vs. 19% in NSE/IL-6)
(Figure 2e). These data revealed that soleus muscles of 1.5- and 3.5-month-old NSE/IL-6
transgenic mice did not show significant difference in terms of total muscle CSA and single
fibers CSA, compared to muscles of wild type mice, and thus it grows regularly, although
with a different rate compared to wild type soleus muscle.

3.3. IL-6 Owverexpression Induces a Reduction in Muscle Mass in the Adulthood

In contrast, a significant difference between wild type and NSE/IL-6 transgenic muscle
was observed at 6 months of age (Figure 3). Hematoxylin and eosin staining (Figure 3a) and
morphometric analysis (Figure 3b—d) revealed a severe alteration of overall morphological
parameters analyzed in the soleus muscle of 6-month-old NSE/IL-6 mice compared to wild
type littermates. In particular, the reduction in muscle mass of NSE/IL-6 mice (Figure 1b)
was associated with a significant reduction in muscle CSA (Figure 3b), in single myofibers’
CSA (Figure 3c), and in the total number of fibers (Figure 3d). To substantiate these data,
we further analyzed the frequency distribution of myofiber CSA, in both wild type and
NSE/IL-6 soleus muscles. In accordance with the histological analysis, this morphometric
parameter was not different between wild type and transgenic mice at 1.5 months of age
(Figure 3e). In contrast, at 3.5 (Figure 3f) and, most strikingly, at 6 months of age (Figure 3g)
the frequency distribution of myofibers revealed a significant shift of the median value
towards smaller rates of fiber size in NSE/IL-6 mice compared to wild type littermates.
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Figure 2. IL-6 overexpression significantly impairs muscle growth during the postnatal life. (a,b) Hematoxylin and eosin

staining of transverse section of soleus muscles from indicated genotypes at 1.5 and 3.5. Scale bar 500um. (c—e) The graphs
show quantification of total cross-sectional area (muscle CSA) (c), fibers-cross sectional area (Fiber CSA) (d) and total
number of fibers (e) in soleus muscles of wild type (WT) and NSE/IL-6 (IL-6) mice at 1.5 and 3.5 months of age. Data are
represented as average = SEM. n = 10 mice; ** p < 0.01, *** p < 0.0001. Statistical significance assessed by two-way ANOVA.

Altogether these data suggest that increased levels of IL-6 induce a marked reduction
of the muscle growth rate at early stage of postnatal life and significantly impair muscle
homeostasis and promote a severe muscle atrophy in adulthood.

To substantiate this hypothesis, we analyzed skeletal muscle performance in NSE/IL-6
transgenic mice compared to wild type littermates. In particular, we performed a direct
comparison of mechanical parameters of soleus muscle in both wild type and transgenic
mice at 3.5 and 6 months of age. The data revealed a significant decrease of tetanic force
in 3.5-month-old NSE/IL-6 mice compared to wild type littermates (—43%, p < 0.05)
(Figure 3h), whereas no differences were noted in specific force (Figure 3i). In contrast,
at 6 months of age, muscle atrophy of transgenic mice was associated with a significant
reduction in both tetanic and specific force (Figure 3j k), indicating that increased circulating
levels of IL-6 induce muscle atrophy and wasting and severely affects the functional
parameters of adult skeletal muscle.

3.4. IL-6 Overexpression Alters Skeletal Muscle Fibers Composition

In line of this evidence, we analyzed relevant molecular markers of muscle atro-
phy [31], namely the muscle-specific E3 ubiquitin ligases Muscle RING Finger-1 (MURF-1)
and MAFbx/atrogin-1. Real time PCR analysis revealed a significant increase in the ex-
pression levels of both MuRF1 and Atrogin-1 in 6-month-old NSE/IL-6 soleus muscle
compared to the muscle of wild type littermates (Figure 4a,b).
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Figure 3. IL-6 overexpression promotes muscle atrophy and wasting and affects the functional performance of skeletal
muscle in adulthood. (a) Hematoxylin and eosin staining of transverse section of soleus muscles from indicated genotypes at
6 months of age. Scale bar 500 um. (b—d) Analysis of morphologic and morphometric parameters in transgenic (NSE/IL-6)
and wild type (WT) soleus muscle at 6 months of age. Data are represented as average + SEM. nn = 10; * p < 0.05, *** p <
0.0001. Statistical significance assessed by unpaired Student’s t-test. (e-g) Frequency distribution of myofiber-cross sectional
area in transgenic (NSE/IL-6) and wild type (WT) soleus at 1.5 (e), 3.5 (f), and 6 (g) months of age. Data are represented as
medians. n = 10; **** p < 0.0001. Statistical significance assessed by Mann-Whitney Rank Sum Test. (h-k) Physiological
properties of soleus muscle from 3.5 (h,i) and 6 (j k)-month-old wild type (WT) and NSE/IL-6 mice. Tetanic force and
Specific force. Data are represented as average + SEM. n = 15; * p < 0.05, **** p < 0.0001. Statistical significance assessed by

unpaired Student’s t-test.
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Figure 4. IL-6 overexpression impinges the heterogeneity of muscle fibers. (a,b) Real time PCR of ubiquitin-proteasome
markers, Atrogin-1 and MuRF1 in soleus of wild type (WT) and NSE/IL-6 mice at 6 months of age. Values are expressed
as fold change variations relative to WT and are presented as means &+ SEM and n = 4; * p < 0.05. Statistical significance
assessed by Mann-Whitney Rank Sum Test. (c) Immunofluorescence staining of wild type (WT) and NSE/IL-6 soleus
muscles immunolabeled with either a mouse anti-myosin slow or a mouse anti-myosin fast antibody at 6 months of age.
Scale bar 250 um. At the right, graphs showing the percentage of positive type I (left) or type II (right) muscle fibers. Data are
represented as average + SEM. n = 4 * p< 0.05. Statistical significance assessed by Mann-Whitney Rank Sum Test. (d,e) Real
time PCR for the expression of PGC-1a and MEF2c in soleus of wild type (WT) and NSE/IL-6 mice at 6 months of age.
Values are presented as means + SEM and n = 4; * p < 0.05. Statistical significance assessed by Mann-Whitney Rank Sum
Test. (f) Quantification of immunofluorescence staining of wild type (WT), NSE/IL-6, PGC-1x and IL-6:MCK/PGC-1a
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(PGC1a:IL-6) soleus muscles immunolabeled with a mouse anti-myosin slow antibody at 6 months of age. Data are

represented as average + SEM. n = 3, * p < 0.05. Statistical significance assessed by Mann-Whitney Rank Sum Test.
(g/h) Physiological properties of soleus muscle from 6-month-old wild type (WT), NSE/IL-6, PGC-1«x and IL-6:MCK/PGC-
la (PGC1lac:IL-6) mice: Tetanic force and Specific force. Data are represented as average + SEM. n = 8; * p < 0.05, ** p < 0.01,
*** p < 0.0001. Statistical significance assessed by unpaired Student’s ¢-test.

Moreover, we aim to define the potential mechanism by which soleus muscle, which
muscle mass and function remains stable during early life, suddenly succumb in adulthood.
Of note, it has been demonstrated that slow-twitch oxidative fibers are more resistant to
damage and to a variety of atrophic conditions than fast-twitch glycolytic fibers [32]. We
hypothesized that increased circulating levels of IL-6 induce a shift in the typology of
soleus muscle fibers from slow to more vulnerable fast-twitch fiber.

To support this hypothesis, we performed immunofluorescence analysis for the iso-
forms of slow myosin heavy chain (slow-MyHC) and fast myosin heavy chain (fast-MyHC)
in the soleus muscle of 6-month-old NSE/IL-6 and wild type mice (Figure 4c). The quan-
titative analysis of fiber composition revealed a significant increase in fast type II fibers
with a concomitant decrease in the slow type I fibers in the soleus muscle of NSE/IL-6
transgenic mice compared to the soleus muscle of wild type littermates (Figure 4c, right
panels). In addition, we analyzed, by quantitative RT-PCR, the expression of peroxisome
proliferator-activated receptor y coactivator 1 PGC-1«, a key regulatory factor of fiber type
I determination [24,33] and a regulator of fiber-type switching from glycolytic towards
more oxidative fibers [34] and its coactivator MEF2c, necessary to drive transcription of
slow fiber gene expression [24,33]. Figure 4d,e showed that PGC-1oc and MEF2c expression
were strongly down-regulated in the soleus muscle of 6-month-old NSE/IL-6 transgenic
mice compared to wild type littermates. These results suggest that IL-6 overexpression
promotes a metabolic shift of soleus muscle fibers towards a less oxidative phenotype,
rendering the muscle more susceptible to damage.

To strengthen our data about the involvement of a slow-to-fast shift in muscle com-
position as a possible mechanism underlaying the decline of muscle mass and function
observed in NSE/IL-6 mice, we enhanced PGC-1a expression in skeletal muscle of the
IL-6 transgenic model. In particular, the NSE/IL-6 transgenic mouse model was bred
with MCK/PGC-1« mice carrying a transgene expressing PGC-1o under the control of
the muscle creatine kinase promoter [24]. Since PGC-1«x activity triggers the conversion
of muscle fibers from a fast to a slow phenotype [24], we analyzed whether overexpres-
sion of PGC-1« in IL-6 transgenic mice could prevents the shift in fiber type composition.
Immunofluorescence analysis revealed that forced expression of PGC-1x enhanced the per-
centage of slow-twitch oxidative fibers in the soleus muscle of 6-month-old NSE/IL-6 mice
(Figure 4f). Thus, to determine whether the restored muscle fiber composition induced by
PGC-1« induction in NSE/IL-6 muscle can also improve force-generation capacity, a direct
comparison of mechanical parameters was performed for the soleus muscle of 6-month-old
wild type, NSE/IL-6, PGC-1a, and PGC-10:IL-6 transgenic mice. PGC-1x expression was
associated with a significant increase in tetanic and specific force generation, (Figure 4g,h),
suggesting that forced expression of PGC-1x counteracts the negative effects exerted by
increased plasma level of IL-6 on skeletal muscle.

3.5. Increased Plasma Levels of IL-6 Induce Alterations in Neuromuscular Junction Morphology
and Stability

The alteration in the heterogeneity of NSE/IL-6 muscle fibers would indicate an alter-
ation in motor neuron activity, since motor neurons are known to regulate the properties
of the myofibers they innervate by selective activation of fiber specific gene expression.
Based on the reciprocal influence between muscle and nerve, related changes in skele-
tal muscle structure and function have been associated with pathologic changes in the
morpho-physiology of neuromuscular junctions (NMJ) [35,36].
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To evaluate whether the changes in muscle fiber type, that characterized IL-6 mice, are
associated with signs of denervation and alteration of neuromuscular junction (NMJ]), we
analyzed by confocal microscopy, NMJ morphology of soleus muscle at 6 months of age.
High resolution confocal microscopy analysis revealed that in adult wild type muscle, as ex-
pected, the AchR clusters were organized in a classical pretzel-shaped structure (Figure 5a).
In contrast, in NSE/IL-6 soleus muscle the postsynaptic endplate/compartment appeared
less ramified and, sometimes, fragmented (Figure 5a). Quantitative analysis corroborated
the histological observations and revealed a significant deterioration of NMJ morphology
in adult NSE/IL-6 mice compared to wild type littermates (Figure 5a, right panels).

4
25 2
= Y=

LE 20 T STzn 3

[] *k

88 15 22 7
EE Eg
= £ 1.0 =

Z5 208 1 *

E 0.5 a

0.0 0

WT NSE/IL-6 primary secondary

AchR-y
3; . *
Q
2 ,
o
£
(3]
B 1{=E
o
L
Ué‘ o P
6‘ )
» N \/
N N
& 0 W8
& R QOO

Figure 5. IL-6 overexpression affects neuromuscular junction (NM]J) destabilization. (a) Confocal microscopy of post-
synaptic NM]J stained with a-bungarotoxin; representative images of one spatial series (from 0 to 50 um) composed of 25
optical sections with a step size of 2 um, from tibialis anterior of 6-month-old wild type and NSE/IL-6 mice. Scale bar

10 um. Graphs showing the degree of NMJ fragmentation (Number fragments/NM]J) and the topology of branching pattern
(Number of branches/NM]J). Data are represented as average + SEM n = 3; * p< 0.05, ** p < 0.01. Statistical significance
assessed by Mann—-Whitney Rank Sum Test. (b) Real time PCR for the expression of AchR-y in soleus wild type (WT) and

NSE/IL-6, PGC-1«, and PGC1x:IL-6 mice at 6 months of age. Values are expressed as fold change variations relative to

WT and are presented as means = SEM and are n = 3; * p < 0.05. Statistical significance assessed by Mann-Whitney Rank

Sum Test.

To support the hypothesis of an NMJ destabilization, we analyzed the expression of
the fetal gamma-subunit of the acetylcholine receptor (AchR-y). Indeed, the re-expression
of the fetal subunit during adulthood has been extensively described in denervated
mice [37-39], were a strictly correlation with increasing gamma subunit mRNA levels
has been reported [37,40]. As shown in Figure 4b the expression levels of AchR-y subunit



Cells 2021, 10, 1816

11 of 15

were significantly increased in the muscle of 6-month-old NSE/IL-6 mice compared to wild
type littermates. Besides its recognized metabolic role, PGC-1x seems to be also involved
in the maintenance of the NMJ, by exerting a neuroprotective effect [36,41]. Of note, forced
expression of PGC-1«, reduced the expression of the AchR-y subunit in the muscle of
PGC-1a:IL-6 transgenic mice (Figure 5b).

4. Discussion

Interleukin 6 (IL-6) is a pleiotropic cytokine that is produced by different cell types
inducing different intracellular signaling pathways. Being recognized as a myokine, IL-6
is locally and transiently produced in response to exercise and injury, and it plays an
important role in satellite cell proliferation and muscle growth [10]. Indeed, IL-6 signaling
has been associated with the stimulation of hypertrophic muscle growth and myogenesis
through regulation of the proliferative capacity of muscle stem cells [3,42]. Nevertheless,
circulating IL-6 levels are normally very low or undetectable, and are markedly and
persistently increased in several diseases associated with inflammation, inducing the
transition from an acute to a chronic inflammatory response [43]. Elevated levels of IL-
6 have been detected in the blood of patients with microbial infections, autoimmune
diseases, neoplasia, and muscular dystrophy [19,44-49]. Interestingly, epidemiological
studies indicate that age-related decline of muscle mass and strength can be associated with
increased plasma levels of IL-6, coupled to decreased levels of growth factors (IGF-1) [50,51].
However, although serum IL-6 heightening has been proposed as a risk factor for disability
and mortality in several pathologic conditions, a direct correlation between selective
increase of circulating IL-6 levels and muscle alterations has not been yet established
because of contrasting results of different studies.

In our study, to better define the impact of IL-6 on muscle homeostasis and growth,
we took the advantage of the NSE/IL-6 transgenic mouse model that associates a growth
defective phenotype with high circulating levels of IL-6 since birth [21]. NSE/hIL-6 mice
show a marked reduction of the general growth rate during postnatal life. The reduction
in growth rate leads to an adult size, which is about 30-50% smaller than that of non-
transgenic littermates. In our study, we aimed also to evaluate the growth rate of the
different hindlimb muscles of both wild type and NSE/IL-6 mice at 1.5, 3.5, and 6 months
of age, charting distinctive growth curves of muscle groups, namely gastrocnemius, EDL,
quadriceps, and soleus, based also on the approach that measure the postnatal muscle
growth, which is characterized by an inverse correlation between muscle fiber number
and muscle fiber size [29]. Our study reveals that all muscle groups from NSE/IL-6 mice
displayed, although with a different rate, a decrease in growth rate comparable to the
reduction of the body weight.

Nevertheless, whether and how chronic circulating levels of IL-6 also impinge the
maintenance of differentiated muscle phenotype remained to be defined.

Interestingly, a significant difference between wild type and NSE/IL-6 transgenic
muscle was observed in the soleus muscle of NSE/IL-6 mice at 6 months of age, suggesting
that, beside the early defect in muscle growth rate, the adult soleus muscle displayed an
atrophic phenotype in adulthood. In particular, the reduction in muscle mass of NSE/IL-6
mice was associated with a significant reduction in muscle CSA, in single myofibers’ CSA,
and in the total number of fibers.

Of note, the critical test to discriminate between defect in growth rate and muscle
atrophy was obtained by functional test. The data revealed a significant decrease of tetanic
force of soleus muscle of 3.5-month-old IL-6 mice, compared to wild type littermates,
whereas no differences were noted in specific force. This suggests that the young soleus
muscle, although displayed a reduced muscle growth rate, can function properly. In
contrast, at 6 months of age muscle atrophy of transgenic mice was associated with a
reduction in tetanic force, accompanied with a significant reduction in specific force, which
is a measure of the ratio between force developed by the muscle and muscle mass. These
data were supported by a significant increase in the two relevant molecular markers of
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muscle atrophy, namely the muscle-specific E3 ubiquitin ligases Muscle RING Finger-1
(MURF-1) and MAFbx/atrogin-1.

Soleus muscle has been described as slow muscle that, thanks to the oxidative
metabolism and high levels of markers of mitochondrial biogenesis, is more protected
against damage stimuli [52]. The recognition that skeletal muscles are composed of fiber
types that differ in structure, molecular composition, and functional properties has con-
tributed to our understanding of muscle physiology and plasticity [53]. Indeed, it is well
known that muscle metabolism is closely associated with the sensibility or otherwise resis-
tance to different stimuli. It has been reported that several muscle pathologies, including
sarcopenia, cachexia, muscular dystrophies, and ALS, the fastest muscle phenotype is more
severely compromised if compared with slow-twitch muscles. Moreover, a fiber-type shift
in the direction IIb — IIx — Ila — I mitigate the progression of muscular dystrophy [54,55].
Interestingly, the significant muscle atrophy observed in the soleus muscle of IL-6 mice,
was associated with a shift in fiber type composition, from slow-type I to fast-type II
fibers, which might render the muscle more susceptible to damage. However, it has been
extensively described that aging-related changes in muscle composition, with reference to
the soleus muscle, involve the preferential loss of glycolytic fibers being slow fibers more
resistant to atrophy and wasting [52,56,57]. The opposite shift observed in NSE/IL-6 mice
can be justified by a dual action of deregulated levels of IL-6 on muscle fibers. It is well
known that IL-6 can directly increase glucose metabolism in skeletal muscle and other cell
types [58-60]. Moreover, we previously reported that elevated circulating levels of IL-6 can
locally impair the redox balance of muscle tissue by enhancing pro-oxidant conditions and
impinging the anti-oxidant response [18]. Based on these observations we can speculate
that chronically elevated levels of IL-6 can induce muscle atrophy by promoting the shift
through a more glycolytic metabolism in the soleus muscle of NSE/IL-6 mice, leading to an
enhanced percentage of fast fibers, which are known to show greater atrophy than the type
I oxidative fibers [61-63]. Furthermore, the redox alterations induced by high-level IL-6
can exacerbate wasting mechanisms by affecting both fast fibers, which present a lower
antioxidant defense, and leading undefended slow-oxidative fibers, which are known to be
subject to elevated levels of ROS because of their oxidative metabolism.

The greater sensitivity of the type II fibers may be due to their lower content of PGC-1o
and others mitochondrial biogenesis markers, as suggested by the finding that muscle
from limbs over-expressing PGC-1x was better able to maintain force production during
a fatigue protocol when compared to control muscle, reflecting an improved endurance
capacity [52,64]. Indeed, we found that soleus muscle of 6-month-old IL-6 mice has a
strong reduction of both tetanic and specific force compared to wild type littermates, and
a significant down-regulation of PGC-1« and its coactivator MEF2c, providing evidence
that the reduction in the slow-mediated pathway might render the soleus muscle more
sensitive to damage and fatigue. The changes in muscle fiber type and force observed in
NSE/IL-6 transgenic muscle were also associated with signs of denervation and alteration
of neuromuscular junction (NM]), suggesting an alteration in the functional interplay
between muscle and nerve, a typical feature of sarcopenia. Further associations of age-
related signs of denervation have been established in animal models, including alterations
in oxidative stress and a reduction in the number of key maintenance proteins such as
PGC-1« [65]. Interestingly, the forced expression of PGC-1« into the muscle of NSE/IL-6
transgenic mice increased the percentage of slow-twitch oxidative fibers and induced an
increased muscle performance and NM]J stability with respect to controls.

Taken together, the results of this study highlight a role for IL-6 in promoting the
development of age-related alterations of muscle tissue. High-levels of IL-6 impinge early
muscle growth during postnatal life and induce muscle atrophy and wasting in adulthood.
This means that a long-lasting persistence of IL-6 into circulation can represent a risk,
inducing a maladaptive mechanism that renders muscle tissue more susceptible to develop
morpho-functional alterations.



Cells 2021, 10, 1816 13 of 15

Author Contributions: Conceptualization and supervision, A.M.; investigation and data curation,
L.P. and M.G.B,; resources, M.S. and ED.B,; investigation, E.R. and F.A.; writing—review and editing,
AM., L.F and B.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Agenzia Spaziale Italiana (ASI) (MARS-PRE 2019-11-U.0),
Ricerca Finalizzata (RF- 2013-02358910; RF-2016-02364503), Fondazione Roma, Ateneo and LBI-
Rehabilitation Research.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of the animal facilities of
DIEM-National Institute of Health-Italy (n° 609/2015-PR; 864/2020-PR).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used to support the findings of this study are included in
the present article and are available from the corresponding author upon request.

Acknowledgments: We thank Laura Barberi and Carmine Nicoletti for technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Naka, T.; Narazaki, M.; Hirata, M.; Matsumoto, T.; Minamoto, S.; Aono, A.; Nishimoto, N.; Kajita, T.; Taga, T.; Yoshizaki, K.; et al.
Structure and function of a new STAT-induced STAT inhibitor. Nature 1997, 387, 924-929. [CrossRef]

2. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 2014, 6,
a016295. [CrossRef] [PubMed]

3. Serrano, A.L.; Baeza-Raja, B.; Perdiguero, E.; Jardi, M.; Mufioz-Canoves, P. Interleukin-6 Is an Essential Regulator of Satellite
Cell-Mediated Skeletal Muscle Hypertrophy. Cell Metab. 2008, 7, 33-44. [CrossRef] [PubMed]

4. Al-Shanti, N.; Stewart, C.E. Inhibitory effects of IL-6 on IGF-1 activity in skeletal myoblasts could be mediated by the activation
of SOCS-3. J. Cell. Biochem. 2012, 113, 923-933. [CrossRef] [PubMed]

5. Baeza-Raja, B.; Mufioz-Céanoves, P. p38 MAPK-induced Nuclear Factor-«B Activity Is Required for Skeletal Muscle Differentiation:
Role of Interleukin-6. Mol. Biol. Cell 2004, 15, 2013-2026. [CrossRef] [PubMed]

6.  Carson, J.A.; Nettleton, D.; Reecy, ].M. Differential gene expression in the rat soleus muscle during early work overload-induced
hypertrophy. FASEB J. 2002, 16, 207-209. [CrossRef] [PubMed]

7. Hiscock, N.; Chan, M.H.S.; Bisucci, T.; Darby, I.A.; Febbraio, M.A. Skeletal myocytes are a source of interleukin-6 mRNA
expression and protein release during contraction: Evidence of fiber type specificity. FASEB ]. 2004, 18, 992-994. [CrossRef]

8.  Jonsdottir, .H.; Schjerling, P.; Ostrowski, K.; Asp, S.; Richter, E.A.; Pedersen, B.K. Muscle contractions induce interleukin-6 mRNA
production in rat skeletal muscles. J. Physiol. 2000, 528, 157-163. [CrossRef]

9.  Keller, C,; Steensberg, A.; Pilegaard, H.; Osada, T.; Saltin, B.; Pedersen, B.K.; Neufer, P.D. Transcriptional activation of the IL-6
gene in human contracting skeletal muscle: Influence of muscle glycogen content. FASEB J. 2001, 15, 2748-2750. [CrossRef]

10. Pedersen, B.K.; Febbraio, M.A. Muscle as an endocrine organ: Focus on muscle-derived interleukin-6. Physiol. Rev. 2008, 88,
1379-1406. [CrossRef]

11. Kern, PA,; Ranganathan, S.; Li, C.; Wood, L.; Ranganathan, G. Adipose tissue tumor necrosis factor and interleukin-6 expression
in human obesity and insulin resistance. Am. J. Physiol. Endocrinol. Metab. 2001, 280. [CrossRef] [PubMed]

12. Baltgalvis, K.A.; Berger, EG.; Pena, M.M.O.; Davis, ].M.; Muga, S.J.; Carson, J.A. Interleukin-6 and cachexia in ApcMin/+ mice.
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2008, 294. [CrossRef]

13. Carson, J.A.; Baltgalvis, K.A. Interleukin 6 as a key regulator of muscle mass during cachexia. Exerc. Sport Sci. Rev. 2010, 38,
168-176. [CrossRef]

14. Pelosi, L.; Berardinelli, M.G.; Forcina, L.; Spelta, E.; Rizzuto, E.; Nicoletti, C.; Camilli, C.; Testa, E.; Catizone, A.; De Benedetti, F.;
et al. Increased levels of interleukin-6 exacerbate the dystrophic phenotype in mdx mice. Hum. Mol. Genet. 2015, 24, 6041-6053.
[CrossRef] [PubMed]

15. Petrillo, S.; Pelosi, L.; Piemonte, F.; Travaglini, L.; Forcina, L.; Catteruccia, M.; Petrini, S.; Verardo, M.; D’Amico, A.; Musaro,
A.; et al. Oxidative stress in Duchenne muscular dystrophy: Focus on the NRF2 redox pathway. Hum. Mol. Genet. 2017, 26,
2781-2790. [CrossRef] [PubMed]

16. Pelosi, L.; Berardinelli, M.G.; De Pasquale, L.; Nicoletti, C.; D’Amico, A.; Carvello, F.; Moneta, G.M.; Catizone, A.; Bertini, E.;
De Benedetti, F.; et al. Functional and Morphological Improvement of Dystrophic Muscle by Interleukin 6 Receptor Blockade.
EBioMedicine 2015, 2, 285-293. [CrossRef]

17.  Forcina, L.; Miano, C.; Scicchitano, B.; Musaro, A. Signals from the Niche: Insights into the Role of IGF-1 and IL-6 in Modulating

Skeletal Muscle Fibrosis. Cells 2019, 8, 232. [CrossRef]


http://doi.org/10.1038/43219
http://doi.org/10.1101/cshperspect.a016295
http://www.ncbi.nlm.nih.gov/pubmed/25190079
http://doi.org/10.1016/j.cmet.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18177723
http://doi.org/10.1002/jcb.23420
http://www.ncbi.nlm.nih.gov/pubmed/22033984
http://doi.org/10.1091/mbc.e03-08-0585
http://www.ncbi.nlm.nih.gov/pubmed/14767066
http://doi.org/10.1096/fj.01-0544fje
http://www.ncbi.nlm.nih.gov/pubmed/11744623
http://doi.org/10.1096/fj.03-1259fje
http://doi.org/10.1111/j.1469-7793.2000.00157.x
http://doi.org/10.1096/fj.01-0507fje
http://doi.org/10.1152/physrev.90100.2007
http://doi.org/10.1152/ajpendo.2001.280.5.E745
http://www.ncbi.nlm.nih.gov/pubmed/11287357
http://doi.org/10.1152/ajpregu.00716.2007
http://doi.org/10.1097/JES.0b013e3181f44f11
http://doi.org/10.1093/hmg/ddv323
http://www.ncbi.nlm.nih.gov/pubmed/26251044
http://doi.org/10.1093/hmg/ddx173
http://www.ncbi.nlm.nih.gov/pubmed/28472288
http://doi.org/10.1016/j.ebiom.2015.02.014
http://doi.org/10.3390/cells8030232

Cells 2021, 10, 1816 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

Forcina, L.; Miano, C.; Scicchitano, B.M.; Rizzuto, E.; Berardinelli, M.G.; De Benedetti, F.; Pelosi, L.; Musaro, A. Increased
Circulating Levels of Interleukin-6 Affect the Redox Balance in Skeletal Muscle. Oxid. Med. Cell. Longev. 2019, 2019. [CrossRef]
Pelosi, L.; Forcina, L.; Nicoletti, C.; Scicchitano, B.M.; Musaro, A. Increased Circulating Levels of Interleukin-6 Induce Perturbation
in Redox-Regulated Signaling Cascades in Muscle of Dystrophic Mice. Oxid. Med. Cell. Longev. 2017, 2017. [CrossRef]

Bodell, PW.; Kodesh, E.; Haddad, F; Zaldivar, EP,; Cooper, D.M.; Adams, G.R. Skeletal muscle growth in young rats is inhibited
by chronic exposure to IL-6 but preserved by concurrent voluntary endurance exercise. J. Appl. Physiol. 2009, 106, 443-453.
[CrossRef]

De Benedetti, F.,; Alonzi, T.; Moretta, A.; Lazzaro, D.; Costa, P.; Poli, V.; Martini, A.; Ciliberto, G.; Fattori, E. Interleukin 6 causes
growth impairment in transgenic mice through a decrease in insulin-like growth factor-I. A model for stunted growth in children
with chronic inflammation. J. Clin. Invest. 1997, 99, 643-650. [CrossRef] [PubMed]

Wang, ].; Leung, K.S.; Chow, S.K.H.; Cheung, W.H. Inflammation and age-associated skeletal muscle deterioration (sarcopaenia).
J. Orthop. Transl. 2017, 10, 94-101. [CrossRef] [PubMed]

White, J.P. IL-6, cancer and cachexia: Metabolic dysfunction creates the perfect storm. Transl. Cancer Res. 2017, 6, S280-5285.
[CrossRef]

Lin, J.; Wu, H; Tarr, P.T.; Zhang, C.Y.; Wu, Z.; Boss, O.; Michael, L.F.; Puigserver, P.; Isotani, E.; Olson, E.N.; et al. Transcriptional
co-activator PGC-1« drives the formation of slow-twitch muscle fibres. Nature 2002, 418, 797-801. [CrossRef]

Del Prete, Z.; Musaro, A.; Rizzuto, E. Measuring Mechanical Properties, Including Isotonic Fatigue, of Fast and Slow MLC/mlgf-1
Transgenic Skeletal Muscle. Ann. Biomed. Eng. 2008, 36, 1281-1290. [CrossRef]

Brooks, S.V.; Faulkner, J.A. Contractile properties of skeletal muscles from young, adult and aged mice. ]. Physiol. 1988, 404, 71-82.
[CrossRef]

Forcina, L.; Miano, C.; Pelosi, L.; Musaro, A. An Overview About the Biology of Skeletal Muscle Satellite Cells. Curr. Genomics
2019, 20, 24-37. [CrossRef]

Francaux, M.; Deldicque, L. Exercise and the control of muscle mass in human. Pflugers Arch. Eur. ]. Physiol. 2019, 471, 397—411.
[CrossRef]

Forcina, L.; Miano, C.; Musaro, A. The physiopathologic interplay between stem cells and tissue niche in muscle regeneration
and the role of IL-6 on muscle homeostasis and diseases. Cytokine Growth Factor Rev. 2018. [CrossRef]

Rehfeldt, C.; Fiedler, I.; Dietl, G.; Ender, K. Myogenesis and postnatal skeletal muscle cell growth as influenced by selection.
Livest. Prod. Sci. 2000, 66, 177-188. [CrossRef]

Sandri, M. Protein breakdown in muscle wasting: Role of autophagy-lysosome and ubiquitin-proteasome. Int. J. Biochem. Cell
Biol. 2013, 45, 2121-2129. [CrossRef] [PubMed]

Wang, Y.; Pessin, ].E. Mechanisms for fiber-type specificity of skeletal muscle atrophy. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16,
243-250. [CrossRef] [PubMed]

Handschin, C.; Chin, S.; Li, P; Liu, F.; Maratos-Flier, E.; LeBrasseur, N.K; Yan, Z.; Spiegelman, B.M. Skeletal muscle fiber-type
switching, exercise intolerance, and myopathy in PGC-1x muscle-specific knock-out animals. J. Biol. Chem. 2007, 282, 30014-30021.
[CrossRef]

Sandri, M.; Lin, J.; Handschin, C.; Yang, W.; Arany, Z.P.; Lecker, S.H.; Goldberg, A.L.; Spiegelman, B.M. PGC-1« protects skeletal
muscle from atrophy by suppressing FoxO3 action and atrophy-specific gene transcription. Proc. Natl. Acad. Sci. USA 2006, 103,
16260-16265. [CrossRef]

Dobrowolny, G.; Barbiera, A.; Sica, G.; Scicchitano, B.M. Age-Related Alterations at Neuromuscular Junction: Role of Oxidative
Stress and Epigenetic Modifications. Cells 2021, 10, 1307. [CrossRef] [PubMed]

Larsson, L.; Degens, H.; Li, M.; Salviati, L.; Lee, Y.I.; Thompson, W.; Kirkland, J.L.; Sandri, M. Sarcopenia: Aging-related loss of
muscle mass and function. Physiol. Rev. 2019, 99, 427-511. [CrossRef]

Cetin, H.; Beeson, D.; Vincent, A.; Webster, R. The Structure, Function, and Physiology of the Fetal and Adult Acetylcholine
Receptor in Muscle. Front. Mol. Neurosci. 2020, 13, 170. [CrossRef]

Merlie, J.P; Isenberg, K.E.; Russell, 5.D.; Sanes, ].R. Denervation supersensitivity in skeletal muscle: Analysis with a cloned cDNA
probe. J. Cell Biol. 1984, 99, 332-335. [CrossRef]

Goldman, D.; Brenner, H.R.; Heinemann, S. Acetylcholine Receptor «-, 3-, v-, and 5-Subunit mRINA levels Are Regulated by
Muscle Activity. Neuron 1988, 1, 329-333. [CrossRef]

Witzemann, V.; Barg, B.; Criado, M,; Stein, E.; Sakmann, B. Developmental regulation of five subunit specific mRNAs encoding
acetylcholine receptor subtypes in rat muscle. FEBS Lett. 1989, 242, 419-424. [CrossRef]

O’Donnell, K.C.; Vargas, M.E.; Sagasti, A. Wlds and PGC-1« regulate mitochondrial transport and oxidation state after axonal
injury. J. Neurosci. 2013, 33, 14778-14790. [CrossRef]

Murnoz-Céanoves, P; Scheele, C.; Pedersen, B.K.; Serrano, A.L. Interleukin-6 myokine signaling in skeletal muscle: A double-edged
sword? FEBS |. 2013, 280, 4131-4148. [CrossRef] [PubMed]

Gabay, C. Interleukin-6 and chronic inflammation. Arthritis Res. Ther. 2006, 8 (Suppl. 2), S3. [CrossRef]

Ataie-Kachoie, P.; Pourgholami, M.H.; Morris, D.L. Inhibition of the IL-6 signaling pathway: A strategy to combat chronic
inflammatory diseases and cancer. Cytokine Growth Factor Rev. 2013, 24, 163-173. [CrossRef] [PubMed]

Tanaka, T.; Kishimoto, T. Targeting interleukin-6: All the way to treat autoimmune and inflammatory diseases. Int. J. Biol. Sci.
2012, 8, 1227-1236. [CrossRef] [PubMed]


http://doi.org/10.1155/2019/3018584
http://doi.org/10.1155/2017/1987218
http://doi.org/10.1152/japplphysiol.90831.2008
http://doi.org/10.1172/JCI119207
http://www.ncbi.nlm.nih.gov/pubmed/9045866
http://doi.org/10.1016/j.jot.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29662761
http://doi.org/10.21037/tcr.2017.03.52
http://doi.org/10.1038/nature00904
http://doi.org/10.1007/s10439-008-9496-x
http://doi.org/10.1113/jphysiol.1988.sp017279
http://doi.org/10.2174/1389202920666190116094736
http://doi.org/10.1007/s00424-018-2217-x
http://doi.org/10.1016/j.cytogfr.2018.05.001
http://doi.org/10.1016/S0301-6226(00)00225-6
http://doi.org/10.1016/j.biocel.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23665154
http://doi.org/10.1097/MCO.0b013e328360272d
http://www.ncbi.nlm.nih.gov/pubmed/23493017
http://doi.org/10.1074/jbc.M704817200
http://doi.org/10.1073/pnas.0607795103
http://doi.org/10.3390/cells10061307
http://www.ncbi.nlm.nih.gov/pubmed/34074012
http://doi.org/10.1152/physrev.00061.2017
http://doi.org/10.3389/fnmol.2020.581097
http://doi.org/10.1083/jcb.99.1.332
http://doi.org/10.1016/0896-6273(88)90081-5
http://doi.org/10.1016/0014-5793(89)80514-9
http://doi.org/10.1523/JNEUROSCI.1331-13.2013
http://doi.org/10.1111/febs.12338
http://www.ncbi.nlm.nih.gov/pubmed/23663276
http://doi.org/10.1186/ar1917
http://doi.org/10.1016/j.cytogfr.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23107589
http://doi.org/10.7150/ijbs.4666
http://www.ncbi.nlm.nih.gov/pubmed/23136551

Cells 2021, 10, 1816 15 of 15

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ray, A.; Sassone-Corsi, P.; Sehgal, P.B. A multiple cytokine- and second messenger-responsive element in the enhancer of the
human interleukin-6 gene: Similarities with c-fos gene regulation. Mol. Cell. Biol. 1989, 9, 5537-5547. [CrossRef]

Sehgal, P.B. Interleukin-6: Molecular pathophysiology. J. Invest. Dermatol. 1990, 94. [CrossRef]

Conceigao, M.; Forcina, L.; Wiklander, O.P.B.; Gupta, D.; Nordin, J.Z.; Vrellaku, B.; McClorey, G.; Méager, I.; Gorgens, A.; Lundin,
P; et al. Engineered extracellular vesicle decoy receptor-mediated modulation of the IL6 trans-signalling pathway in muscle.
Biomaterials 2021, 266. [CrossRef]

Capri, M,; Salvioli, S.; Sevini, E,; Valensin, S.; Celani, L.; Monti, D.; Pawelec, G.; De Benedictis, G.; Gonos, E.S.; Franceschi, C. The
genetics of human longevity. Ann. New York Acad. Sci. 2006, 1067, 252-263. [CrossRef]

Barbieri, M.; Ferrucci, L.; Ragno, E.; Corsi, A.; Bandinelli, S.; Bonafé, M.; Olivieri, F; Giovagnetti, S.; Franceschi, C.; Guralnik, ].M.;
et al. Chronic inflammation and the effect of IGF-I on muscle strength and power in older persons. Am. J. Physiol. Endocrinol.
Metab. 2003, 284, E481-E487. [CrossRef]

Crupi, A.N.; Nunnelee, ].S.; Taylor, D.J.; Thomas, A.; Vit, ].P; Riera, C.E.; Gottlieb, R.A.; Goodridge, H.S. Oxidative muscles have
better mitochondrial homeostasis than glycolytic muscles throughout life and maintain mitochondrial function during aging.
Aging 2018, 10, 3327-3352. [CrossRef] [PubMed]

Calabria, E.; Ciciliot, S.; Moretti, I.; Garcia, M.; Picard, A.; Dyar, K.A,; Pallafacchina, G.; Tothova, J.; Schiaffino, S.; Murgia, M.
NFAT isoforms control activity-dependent muscle fiber type specification. Proc. Natl. Acad. Sci. USA 2009, 106, 13335-13340.
[CrossRef]

Stupka, N.; Michell, B.J.; Kemp, B.E.; Lynch, G.S. Differential calcineurin signalling activity and regeneration efficacy in diaphragm
and limb muscles of dystrophic mdx mice. Neuromuscul. Disord. 2006, 16, 337-346. [CrossRef]

Chakkalakal, J.V.; Harrison, M.A.; Carbonetto, S.; Chin, E.; Michel, R.N.; Jasmin, B.J. Stimulation of calcineurin signaling
attenuates the dystrophic pathology in mdx mice. Hum. Mol. Genet. 2004, 13, 379-388. [CrossRef] [PubMed]

Holloszy, J.O.; Coyle, E.F. Adaptations of skeletal muscle to endurance exercise and their metabolic consequences. J. Appl. Physiol.
1984, 56, 831-838. [CrossRef]

Uchitomi, R.; Hatazawa, Y.; Senoo, N.; Yoshioka, K.; Fujita, M.; Shimizu, T.; Miura, S.; Ono, Y.; Kamei, Y. Metabolomic Analysis of
Skeletal Muscle in Aged Mice. Sci. Rep. 2019, 9. [CrossRef] [PubMed]

Glund, S.; Deshmukh, A.; Yun, C.L.; Moller, T.; Koistinen, H.A.; Caidahl, K.; Zierath, J.R.; Krook, A. Interleukin-6 directly
increases glucose metabolism in resting human skeletal muscle. Diabetes 2007, 56, 1630-1637. [CrossRef] [PubMed]

Han, J.; Meng, Q.; Xi, Q.; Zhang, Y,; Zhuang, Q.; Han, Y,; Jiang, Y.; Ding, Q.; Wu, G. Interleukin-6 stimulates aerobic glycolysis by
regulating PFKFB3 at early stage of colorectal cancer. Int. ]. Oncol. 2016, 48, 215-224. [CrossRef] [PubMed]

Ando, M.; Uehara, L.; Kogure, K.; Asano, Y.; Nakajima, W.; Abe, Y.; Kawauchi, K.; Tanaka, N. Interleukin 6 enhances glycolysis
through expression of the glycolytic enzymes hexokinase 2 and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3. J.
Nippon Med. Sch. 2010, 77, 97-105. [CrossRef]

Matsakas, A.; Patel, K. Skeletal muscle fibre plasticity in response to selected environmental and physiological stimuli. Histol.
Histopathol. 2009, 24, 611-629.

De Theije, C.C.; Langen, R.C.]J.; Lamers, W.H.; Gosker, H.R.; Schols, A.M.W.J.; Kohler, S.E. Differential sensitivity of oxidative and
glycolytic muscles to hypoxia-induced muscle atrophy. J. Appl. Physiol. 2015, 118, 200-211. [CrossRef]

Li, J.B.; Goldberg, A.L. Effects of food deprivation on protein synthesis and degradation in rat skeletal muscles. Am. J. Physiol.
1976, 231, 441-448. [CrossRef] [PubMed]

Selsby, ].T.; Morine, K.J.; Pendrak, K.; Barton, E.R.; Sweeney, H.L. Rescue of dystrophic skeletal muscle by PGC-1« involves a fast
to slow fiber type shift in the mdx mouse. PLoS ONE 2012, 7, e30063. [CrossRef] [PubMed]

Wilkinson, D.J.; Piasecki, M.; Atherton, PJ. The age-related loss of skeletal muscle mass and function: Measurement and
physiology of muscle fibre atrophy and muscle fibre loss in humans. Ageing Res. Rev. 2018, 47, 123-132. [CrossRef] [PubMed]
Bellezza, I.; Riuzzi, F.; Chiappalupi, S.; Arcuri, C.; Giambanco, I.; Sorci, G.; Donato, R. Reductive stress in striated muscle cells.
Cell. Mol. Life Sci. 2020, 77, 3547-3565. [CrossRef]


http://doi.org/10.1128/MCB.9.12.5537
http://doi.org/10.1111/1523-1747.ep12874963
http://doi.org/10.1016/j.biomaterials.2020.120435
http://doi.org/10.1196/annals.1354.033
http://doi.org/10.1152/ajpendo.00319.2002
http://doi.org/10.18632/aging.101643
http://www.ncbi.nlm.nih.gov/pubmed/30449736
http://doi.org/10.1073/pnas.0812911106
http://doi.org/10.1016/j.nmd.2006.03.003
http://doi.org/10.1093/hmg/ddh037
http://www.ncbi.nlm.nih.gov/pubmed/14681302
http://doi.org/10.1152/jappl.1984.56.4.831
http://doi.org/10.1038/s41598-019-46929-8
http://www.ncbi.nlm.nih.gov/pubmed/31320689
http://doi.org/10.2337/db06-1733
http://www.ncbi.nlm.nih.gov/pubmed/17363741
http://doi.org/10.3892/ijo.2015.3225
http://www.ncbi.nlm.nih.gov/pubmed/26530697
http://doi.org/10.1272/jnms.77.97
http://doi.org/10.1152/japplphysiol.00624.2014
http://doi.org/10.1152/ajplegacy.1976.231.2.441
http://www.ncbi.nlm.nih.gov/pubmed/961895
http://doi.org/10.1371/journal.pone.0030063
http://www.ncbi.nlm.nih.gov/pubmed/22253880
http://doi.org/10.1016/j.arr.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30048806
http://doi.org/10.1007/s00018-020-03476-0

	Introduction 
	Materials and Methods 
	Animal Models 
	Histological, Morphometrical and Immunofluorescence Analysis 
	RNA Extraction and Real Time PCR Analysis 
	Confocal Microscopy and Neuromuscular Junction Evaluation 
	Functional Analysis 
	Statistical Analysis 

	Results 
	Systemic Levels of IL-6 Induce Differential Impact on Distinct Muscular Districts 
	IL-6 Overexpression Impinges Muscle Growth at Early Stage of Postnatal Life 
	IL-6 Overexpression Induces a Reduction in Muscle Mass in the Adulthood 
	IL-6 Overexpression Alters Skeletal Muscle Fibers Composition 
	Increased Plasma Levels of IL-6 Induce Alterations in Neuromuscular Junction Morphology and Stability 

	Discussion 
	References

