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Abstract

Background: Interleukin-6 (IL-6) can initiate intracellular signaling in skeletal muscle through
binding to the IL-6-receptor and interaction with the transmembrane gp130 protein. Circulating
IL-6 has established effects on skeletal muscle mass and metabolism in both physiological and
pathological conditions. However, the effects of circulating IL-6 on skeletal muscle function are
not well understood. The purpose of this study was to determine if chronically elevated systemic
IL-6 was sufficient to disrupt skeletal muscle force, fatigue, and mitochondrial function.
Additionally, we examined the role of muscle gp130 signaling during IL-6 over-expression.

Methods: Systemic IL-6 overexpression for 2-weeks was achieved by electroporation of an IL-6
over-expression plasmid or empty vector into the quadriceps of either C57BL/6 (WT) or skeletal
muscle gp130 knockout (KO) male mice. Tibialis anterior muscle /n situ functional properties and
mitochondrial respiration were determined.

Results: 1L-6 accelerated /in sifu skeletal muscle fatigue in the WT; a 18.5% reduction in force
within 90s of repeated submaximal contractions and a 7% reduction in maximal tetanic force
following 5 minutes. There was no difference between KO and KO+IL-6 fatigue. 1L-6 reduced
WT muscle mitochondrial respiratory control ratio (RCR) 36% and COX activity 42%. 1L-6 had
no effect on either KO RCR or COX activity. IL-6 also had no effect on body weight, muscle
mass, or tetanic force in either genotype.
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Conclusions: These results provide evidence that 2 weeks of elevated systemic IL-6 is sufficient
to increase skeletal muscle fatigability and decrease muscle mitochondrial content and function
and these effects require muscle gp130 signaling.
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INTRODUCTION

Perceived fatigue and disrupted metabolic homeostasis occur with chronic disease and
contribute to reduced life quality and poorer prognoses (Deans & Wigmore, 2005; Kuller et
al., 2008; Sin & Man, 2003; Vidt, 2006). Fatigue remains the most frequently reported
symptom in cancer patients (al-Majid & McCarthy, 2001; Chang, Hwang, Feuerman, &
Kasimis, 2000; Kilgour RD, 2010; Laird et al., 2011; Monga et al., 1997; Stewart,
Skipworth, & Fearon, 2006). The difficulty in determining if such fatigue has central,
peripheral, or musculoskeletal origins has served as a significant barrier to understanding
fatigue’s etiology. Skeletal muscle fatigability, or the ability to sustain force over time, relies
on several physiological phenomena, most notably, adequate ATP production by
mitochondrial respiration and glycolytic pathways and the accumulation of their metabolic
biproducts (Fitts, 1994; Fitts & Holloszy, 1977; Holloszy & Booth, 1976; Munkvik, Lunde,
& Sejersted, 2009; Rutherford, Manning, & Newton, 2016; Thompson, Balog, Riley, &
Fitts, 1992).

While there is significant overlap between the regulation of skeletal muscle force production
and fatigability, they can be modulated independent of one another. Skeletal muscle
mitochondrial dysfunction and increased fatigability have been demonstrated to occur
independent of changes to muscle size and strength in tumor-bearing mice suggesting that
cancer-induced muscle weakness and fatigue have distinct etiologies (Brown et al., 2017;
Ramage & Skipworth, 2018; VanderVeen, Hardee, Fix, & Carson, 2018). Classically, the
contractile properties and fiber-type distribution has been associated with its fatigue
properties; however, changes in mitochondrial respiration may regulate muscle function
independent of changes in myosin heavy chain expression (Allen, Lamb, & Westerblad,
2008; Fitts, 1994; Westerblad & Allen, 2003). The heterogeneity of skeletal muscle allows
for differential recruitment patterns with unique functional properties dependent on the
relative abundance of each fiber type (Allen et al., 2008; Altenburg, Degens, van Mechelen,
Sargeant, & de Haan, 2007; R. Close, 1964; R. I. Close, 1972; Fitts, 1994; Fitts & Holloszy,
1977; Westerblad & Allen, 2003). Higher percentages of type | or type Ila myosin ATPase
isoform within a muscle has a slower, more oxidative, fatigue resistant phenotype, while
higher percentage of type l1b/x myosin ATPase isoform results in a fast, more glycolytic,
higher force production, fatigable phenotype (Fitts, 1994; Westerblad & Allen, 2003). While
type | muscle fibers are susceptible to disuse atrophy (Coyle, Martin, Bloomfield, Lowry, &
Holloszy, 1985; Igbal, Ostojic, Singh, Joseph, & Hood, 2013; Thomason & Booth, 1990),
chronic inflammatory diseases such as cancer-induced muscle wasting have been associated
with preferential atrophy of type Il muscle fibers (Carson, Hardee, & VanderVeen, 2016;
Wang & Pessin, 2013). The tibialis anterior (TA), which has primarily type Il muscle fibers,
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has been shown to have increased muscle fatigability and reduced muscle force in tumor-
bearing mice (VanderVeen et al., 2018). We have previously shown that the TA is susceptible
to inflammation induced muscle wasting (Hardee, Fix, et al., 2018); whether elevated
inflammatory cytokines alone can disrupt the TA skeletal muscle function has not been
determined.

While tumor necrosis factor a. (TNF-a) has been eloquently shown to disrupt murine
skeletal muscle contractile function in vivo and ex vivo (Gilliam, Moylan, Ferreira, & Reid,
2011; Hardin et al., 2008; Li et al., 2000; Reid, Lannergren, & Westerblad, 2002; Reid &
Moylan, 2011), the capacity for other inflammatory cytokines to disrupt skeletal muscle
function has not been well described. The pleiotropic inflammatory cytokine interleukin-6
(IL-6) has been shown to be both pro- and anti-inflammatory and regulates several immune
functions as well as whole-body metabolism during physiological and pathological
conditions (Bonetto et al., 2011; Carson & Baltgalvis, 2010; Gao et al., 2017; Hardee,
Counts, et al., 2018; Puppa, Gao, Narsale, & Carson, 2014). IL-6 promotes intracellular
signaling through binding to its receptor (IL-6r) which allows for its B subunit (glycoprotein
130; gp130) to homodimerize and activate downstream intracellular signaling (Garbers,
Aparicio-Siegmund, & Rose-John, 2015; Rose-John, 2018; Schwantner, Dingley, Ozbek,
Rose-John, & Grotzinger, 2004). The anti-inflammatory nature of IL-6 contributes to the
acute phase response and skeletal muscle’s exercise adaptations, though chronically elevated
IL-6 accelerates inflammation and contributes to several disease comorbidities including
skeletal muscle wasting (Carson & Baltgalvis, 2010; Garbers et al., 2015; Spate & Schulze,
2004). While our understanding of IL-6 in exercise and disease has improved, whether the
detrimental effects of chronically elevated circulating 1L-6 directly affect skeletal muscle
through gp130-dependent mechanisms is currently unknown.

Systemic IL-6 overexpression can accelerate muscle mass loss in tumor-bearing mice, but
the effects of IL-6 on skeletal muscle mass and function in tumor-free mice remains
inconclusive (Puppa et al., 2012; White et al., 2011; White et al., 2012). Mitochondrial
function has emerged as an intriguing regulator of inflammation-induced skeletal muscle
metabolic dysfunction in both humans (Marzetti et al., 2017; Merlini, Bonaldo, & Marzetti,
2015) and murine models of cancer-induced wasting (Boland, Chourasia, & Macleod, 2013;
Brown et al., 2017; Carson et al., 2016; Hardee et al., 2016). We have previously shown that
2 weeks of elevated circulating IL-6 decreased murine skeletal muscle mitochondrial protein
expression and loss of muscle gp130 signaling increased mitochondrial fission and reduced
mitochondrial fusion under basal conditions (Fix et al., 2018; Puppa et al., 2014; Puppa et
al., 2012). Additionally, skeletal muscle fatigability has been demonstrated to occur
synergistically with elevated muscle IL-6 production and increased plasma IL-6 levels
immediately following exercise in active adult men (Febbraio, Hiscock, Sacchetti, Fischer,
& Pedersen, 2004; Febbraio & Pedersen, 2002); however, a causal role for IL-6 to accelerate
skeletal muscle fatigue has not been investigated. Furthermore, we have previously shown
that gp130 expression is greater in the TA compared to the soleus and gastrocnemius
suggesting greater 1L-6 sensitivity in faster muscles (Puppa et al., 2014). Interestingly,
skeletal muscle weakness in tumor-bearing mice was associated with increased skeletal
muscle STAT3 and SOCS3, two primary downstream targets of IL-6 (VanderVeen et al.,
2018). The purpose of the current study was to determine if chronically elevated systemic
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IL-6 for two weeks was sufficient to disrupt skeletal muscle force, fatigue, and
mitochondrial function in the TA. Additionally, we examined if the muscle gp130 receptor
mediates the effects of IL-6 on skeletal muscle. We hypothesized that chronically elevated
circulating IL-6 can disrupt muscle mitochondrial content and function and induce muscle
weakness and fatigue through the activation of muscle gp130 signaling.

Ethical Approval

Animals

All animal experiments were approved by the University of South Carolina’s Institutional
Animal Care and Use Committee (reference no. 101081) and complied with the principles
and standards for reporting animal experiments outlined for Experimental Physiology
(Grundy, 2015).

Male C57BL/6 mice were originally purchased from Jackson Laboratories and were bred at
the University of South Carolina’s Animal Resources Facility. Male mice on a C57BL/6
background were bred with gp130™# mice as previously described (Fix et al., 2018; Hardee,
Fix, et al., 2018; Puppa et al., 2014). Gp1307" (WT) male mice were bred with Cre-
expressing mice driven by myosin light chain (MLC), resulting in a skeletal muscle floxed
gp130 heterozygote cre knockout mouse with a skeletal muscle specific deletion of gp130
(KO). A total of 52 mice were divided into 4 groups, WT (n=14), WT+IL-6 (n=15), KO
(n=12), and KO+IL-6 (n=11) for this study. All animals were group housed (<5 per cage)
and kept on a 12:12-h light-dark cycle. All animals were fasted 5 hours prior to tissue
collection. Mice were anesthetized with a ketamine-xylazine-acepromazine cocktail, and
hindlimb muscles and select organs were carefully dissected and snap frozen in liquid
nitrogen and stored at —80°C until further analysis.

IL-6 Overexpression

In vivo intramuscular electroporation of an IL-6 plasmid was performed to increase
circulating IL-6 levels in mice as previously described (Hardee, Counts, et al., 2018; Hardee,
Fix, et al., 2018; White et al., 2012). Both WT and KO mice were randomized into Vector or
IL-6 treatment groups; however, all mice were subjected to /n vivo electroporation of the
quadriceps muscle. Briefly, mice were electroporated with 50ug of the IL-6 plasmid driven
by the CMV promoter, or empty control vector, into the quadriceps muscle. To accomplish
this, mice were anaesthetized with a 2% mixture of isoflurane and oxygen (1 I/min), the leg
was shaved, and a small incision was made over the quadriceps muscle. Fat was dissected
away from the muscle, and the plasmid was injected in a 50-pl volume of phosphate-
buffered saline (PBS). A series of eight 50-ms, 100-V pulses were used to promote uptake of
the plasmid into myofibers, and then the incision was closed with a wound clip. Both vector
control and IL-6 groups received the appropriate plasmid starting at 11 wk of age, and a
second electroporation on the opposite leg was performed at 12 wk of age to maintain
systemically elevated plasma IL-6 levels. The tibialis anterior (TA) and extensor digitorum
longus (EDL) muscles used in the study were not subjected to electroporation. Mice were
euthanized 2 weeks after the initial plasmid electroporation. A dose of 50 pg has been shown
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to increase circulating IL-6 levels similar to what’s been observed with tumor-bearing mice
(Baltgalvis et al., 2008; Hardee, Counts, et al., 2018; Puppa et al., 2012; White et al., 2012).
Additionally, two weeks of elevated IL-6 was sufficient to accelerate cachexia in tumor-
bearing mice and disrupt muscle metabolism in tumor-free mice (Puppa et al., 2012).

Plasma IL-6 was quantified as previously published (Hardee, Fix, et al., 2018). Briefly,
blood samples were centrifuged at 10,000 g for 10 min at 4°C. Plasma was collected and
stored at —80°C until analysis. A commercially available IL-6 enzyme-linked
immunosorbent assay kit was obtained from BD Biosciences (San Diego, CA). Briefly, a
Costar clear 96-well plate (Corning, NY) was coated with IL-6 capture antibody and allowed
to incubate overnight. The plate was then blocked with assay diluent buffer and IL-6
standards and plasma samples were added to the plate. The wells were then incubated with
streptavidinhorseradish peroxidase reagent. After several washes, 3,3,5,5-
tetramethylbenzidine substrate was added, and the reaction was developed for 20 min. The
reaction was stopped with sulfuric acid, and absorbance was measured. Samples that fell
below the curve not reported; however, mice were given a plasma IL-6 value of 7.8 pg/mL
(low detection limit) for statistical analysis. All of the mice given the I1L-6 plasmid fell
within the detection limit (7.8-1000 pg/mL).

Analysis of Muscle Function

At ~13 weeks of age, mice were anesthetized with 2% isoflurane inhalation and anesthesia
was maintained at 1.5 % isoflurane throughout the duration of the procedure (~1 hour). The
mouse was place on the apparatus maintained at 37°C throughout the entirety of the
procedure (Bonetto, Andersson, & Waning, 2015). Functional analysis of the TA muscle in
situ, which maintains the host nerve and blood supply, has been previously described
(VanderVeen et al., 2018). The sciatic nerve was exposed proximal to the knee and
maintained using warmed mineral oil. The sciatic nerve was then subjected to a single
stimulus to determine the optimal length (L,). Once L, was obtained, a force-frequency
curve was generated, and maximal tetanic force was determined. After a 5-minute rest
following the force-frequency response protocol, the TA was subjected to an intermittent
fatigue protocol consisting of 0.5 second submaximal stimulation (50Hz) every second for 5
minutes for a total of 300 submaximal contractions. Immediately after the submaximal
contractions, the TA was subjected to a maximal stimulation (200Hz) to elicit a maximal
contraction. Fatigue was measure by the % reduction in maximal force following the 5-
minute contraction protocol (Allen et al., 2008; Fitts, 1994). Disrupted fatigue properties
were assessed as change in force throughout the force-time tracing (Crilly, Tryon, Erlich, &
Hood, 2016).

Immunohistochemistry for myosin heavy chain IIA, 11X, and IIB

Immunohistochemistry for myosin heavy chain (MHC) type Ila, I1x, and Ilb was performed
as previously described (Goodman, Kotecki, Jacobs, & Hornberger, 2012). Transverse
muscle sections (8um) of the TA were blocked in 10% IgG Fab (Jackson Immunology) in
PBS (5% BSA + 5% Triton X100) for 1 h at room temperature and then incubated overnight
at 4°C with primary antibodies [mouse 1gG1 monoclonal anti-type Ila MHC (clone SC-71;
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1:100) and mouse IgM monoclonal anti-type I1b MHC (clone BF-F3, 1:10). All MHC
antibodies were obtained from the Developmental Studies Hybridoma Bank (University of
lowa, lowa City, IA). Secondary antibodies (biotinylated anti-mouse 1gG FITC, IgM
AMCA; Thermo Fischer) were incubated with the sections for 1 hour at RT. Slides were air
dried and covered in glycerol mounting medium containing DABCO and coverslipped. At
least 8 random, non-overlapping digital images at 20X magnification were taken, and fibers
stained positive or absent for MHC type lla, 11x, and I1b were tabulated using imaging
software (ImageJ; NIH). The analyses were performed by an investigator blinded to the
treatment groups.

Cytochrome C Oxidase Activity

Cytochrome C Oxidase Activity was measured to determine changes in mitochondrial
content across all groups. Due to tissue availability, the Extensor Digitorum Longus (EDL)
muscle, a highly glycolytic muscle, was used. The whole EDL was homogenized in
extraction buffer (0.1 M KH2P04/Na2HP04, 2 mM EDTA, pH 7.2) and cytochrome-c
oxidase (COX) activity was determined by measuring the rate of oxidation of fully reduced
cytochrome ¢ at 550nm using Sigma Aldrich Kit (#CYTOCOX1) and spectrophotometer
(Eppendorf) as previously described (VanderVeen et al., 2018).

Respiratory Control Ratio

A randomly selected cohort of 4 mice from each treatment group were used for analysis of
mitochondrial function. Mitochondrial respiration was measured polarographically in a
respiration chamber (Hansatech Instruments) maintained at 37°C as previously described
(Hughey, Hittel, Johnsen, & Shearer, 2011; Kwon et al., 2015; Perry, Kane, Lanza, &
Neufer, 2013). A 7-10 mg piece of TA muscle was mechanically tweezed with forceps
under a dissecting microscope in ice-cold buffer X (60 mM K-MES, 35 mM KCI, 7.23 mM
K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 0.5 mM DTT, 20 mM taurine, 5.7 mM
ATP, 15 mM phosphocreatine, and 6.56 mM MgCI2, pH 7.1). The fiber bundle was then
incubated in 50uM saponin for 30 minutes and washed 3 times for 5 minutes in respiration
buffer (105mM K-MES, 3mM KCI, ImM EGTA, 10mM K2HPO4, 5mM MgCI2, 0.005mM
Glutamate, 0.002mM Malate, 0.05% BSA, 20mM Creatine, pH 7.1). Fiber bundles were
then placed into the oxygraph machine in 20mM creatine respiration buffer at 37 degrees
and provided with 5mM of pyruvate and 2mM of malate to measure complex | mediated
mitochondrial respiration (Saks et al., 1998; Walsh et al., 2001). Two minutes following
pyruvate and malate, 0.25mM of ADP was injected into the chamber to induce STATE 3
respiration for a duration of 5 minutes. 10ug/mL of Oligomycin was then injected to induce
steady state 4 respiration for a duration of 10 minutes. Respiratory Control Ratio (RCR) was
calculated by dividing state 3 by state 4 respirations.

Western blot analysis

Western blot analysis was performed as previously described (Fix et al., 2018). Briefly, the
proximal portion of the TA muscle was homogenized, and protein concentration was
determined using the Bradford standard curve method. Homogenates were fractionated on
SDS-polyacrylamide gels and transferred to PVDF membrane. After the membranes were
blocked, antibodies Total OXPHOS Cocktail (Abcam, Cambridge, United Kingdom), were
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incubated at dilutions of 1:5000 overnight at 4°C in 1% TBST milk. Anti-rabbit 1gG-
conjugated secondary antibodies (Cell Signaling Technology) were incubated with the
membranes at 1:5000 dilutions for 1 h in 1% TBST milk.

Enhanced chemiluminescence developed by autoradiography was used to visualize the
antibody-antigen interactions. Blots were analyzed by measuring the integrated optical
density (IOD) of each band with ImageJ software (NIH, Bethesda, MD, USA).

Statistical analysis

RESULTS

Values are presented as means plus / minus standard deviation (SD). A Bartlett’s test was
used to determine significantly different standard deviations (p<0.05). First, to understand
the effects of IL-6, a pre-planned t-test was performed between WT and WT+IL-6. Second,
to understand if 1L-6 directly affects skeletal muscle, a Two-Way ANOVA was performed. If
an interaction was observed a Tukey’s multiple comparisons test was performed. For
analysis of circulating IL-6 levels and skeletal muscle fatigue properties, a repeated
measures Two-Way ANOVA was performed. A power analysis was performed to determine
the sample size needed to observe statistical significance using a two-way ANOVA
(G*Power, Dusseldorf, Germany). Power (1-p) was set to 0.8 and error of probability (a)
was set at 0.05. Based on previously published results and our preliminary data, to achieve
significance for an estimated 15 + 5 % difference in skeletal muscle fatigability between
groups with an effect size of 2, a sample size of 13 is needed for each group. Based on our
preliminary results, to achieve a significant interaction in skeletal muscle respiration
between groups with an effect size of 3.6, a sample size of 4 is needed for each group. A
Pearson’s correlation was run to determine a relationship between several properties of
skeletal muscle function and key markers of muscle metabolic health. Significance was set at
p<0.05.

The effect of IL-6 on body weight and muscle mass

The electroporation of the IL-6 plasmid into the quadriceps muscle was sufficient to increase
circulating IL-6 to the level previously reported in tumor-bearing mice (Carson & Baltgalvis,
2010), but remained below the levels observed with infection (Copeland et al., 2005).
Following electroporation treatment, IL-6 was increased in WT+IL-6 mice at one-week
(range 7.8-154.5 pg/mL) and two-weeks (range 15.6-371.0 pg/mL) compared to WT vector
controls (below the detection limit, 7.8 pg/mL; Table 1). Skeletal muscle specific gp130
knockout (KO) mice had increased circulating IL-6 levels at one-week (range 63.1-218.0
pg/mL) and two-weeks (KO+IL-6 range 99.1-204.5 pg/mL) when compared to KO vector
controls. Circulating IL-6 was affected by skeletal muscle gp130 loss. There was an
interaction for KO-1L-6 to have increased circulating IL-6 by 55.5 % and 88.0% compared
to WT+IL-6 at one and two-weeks, respectively (Table 1).

Body weight and muscle weight were not affected by elevated I1L-6; however, muscle weight
was increased in the KO (Table 1). There was a main effect of KO to increase hindlimb mass
3% regardless of IL-6 treatment; however, this difference was lost when hindlimb mass (mg)
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was normalized to body weight (g) (WT - 8.3 £ 0.1 mg/g, KO — 8.5 + 0.1 mg/g; p=0.98).
High circulating IL-6 has been previously shown to impair bone growth and development in
mice (De Benedetti et al., 2006). Tibia length was affected by IL-6; there was a main effect
of I1L-6 to reduce tibia length 1% regardless of genotype. Hindlimb mass corrected for tibia
length was not different across all groups. Spleen weight was affected by IL-6. There was a
main effect of IL-6 in increase spleen weight by 91% regardless of genotype.

The effect of IL-6 on muscle mitochondrial content and function

Mitochondrial function was assessed in a subset of mice from each treatment group with a
range of plasma IL-6 between 12.0 — 289.9 pg/mL (n=4 per group). Elevated IL-6 levels
disrupted complex 1 mediated mitochondrial respiration in the TA muscle (Figure 1). State 3
oxygen consumption was reduced by IL-6; however, muscle gp130 loss rescued the IL-6
suppression of state 3 respiration (Figure 1A). There was an interaction for WT+IL-6 to
have State 3 respiration reduced by 21.5%, 17.1%, and 16.1% compared to WT, KO, and
KO+IL-6, respectively. State 4 respiration was not affected by IL-6 treatment or genotype
(Figure 1B). The IL-6 suppression of State 3 respiration resulted in a reduction in muscle
respiratory control ratio (State 3/State 4, RCR; Figure 1C). There was an interaction for WT
+IL-6 to have RCR respiration reduced by 36.0%, 30.5%, and 36.7% compared to WT, KO,
and KO+IL-6, respectively.

Mitochondrial content, measured by COX activity was reduced by IL-6 in the EDL muscle,
and the IL-6 suppression of COX activity was rescued by muscle gp130 loss (Figure 2A).
There was an interaction for WT+IL-6 to have reduced COX activity (n=8 for each group)
by 42.2%, 43.4%, and 38.7% compared to WT, KO, and KO+IL-6, respectively. The
expression of TA muscle mitochondrial complex proteins was reduced by I1L-6 (Figure 2C).
There were significant interactions found between the IL-6 treatment and mouse genotype
for the expression of mitochondrial complexes I, 11, 1l and IV. Complex | expression was
reduced by 27.2% and 29.7% in WT+IL-6 compared to WT and KO+IL-6, respectively.
Complex Il expression was reduced 49.6%, 44%, and 49.8% in WT+IL-6 compared to WT,
KO, and KO+IL-6, respectively. Complex Il expression was reduced by 26.8% in WT+IL-6
compared to KO+1L-6. Complex IV was reduced by 39.4% in WT+IL-6 compared to WT.
Complex V was not affected by either the IL-6 treatment or genotype.

The effect of IL-6 on skeletal muscle force production

Absolute muscle force was not affected by either the IL-6 treatment or muscle gp130 loss.
There was no effect of IL-6 on muscle force production across the range of frequencies (10—
200 Hz) tested in WT controls (Figure 3A). IL-6 reduced absolute force at 80hz by 13.1% in
the KO (Figure 3B). Maximal tetanic force (P,; Table 2) was not altered by either the IL-6
treatment or muscle gp130 loss. Analysis of specific tension (sPy) showed no effect of I1L-6
on force production across a range of frequencies (10-200 Hz) in either the WT (Figure 3C)
or KO (Figure 3D). Specific tetanic force (sP,) was reduced by muscle gp130 loss (Table 2).
There was a main effect of KO to reduce 3P, by 8.7% regardless of IL-6 treatment. Muscle
twitch characteristics were not affected by I1L-6 (Table 2); however, there was a main effect
of KO to have 1/2 RT reduced by 13.4% and TPT reduced by 5.6%. Additionally, there was

Exp Physiol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanderVeen et al. Page 9

a main effect of KO to have +dP/dt increased by 10.9% (Table 2). Fiber-type frequency (i.e.
type Ila, type Ilb or type I1x) was not affected by IL-6 or muscle gp130 loss (Table 3).

The effect of IL-6 on skeletal muscle fatigability

Skeletal muscle fatigue was increased by the I1L-6 treatment. Following 5 minutes of
submaximal contraction maximal tetanic force was reduced 7% in WT+IL-6 compared to
WT (pre-planned t-test; Figure 4C). Skeletal muscle fatigability was increased by the IL-6
treatment, and muscle gp130 loss rescued the IL-6 induction of fatigue (Figure 4D). There
was an interaction for WT+IL-6 to have reduced relative force throughout 55-90 seconds of
the contraction period compared to WT and KO+IL-6 (Figure 4 A, B). There was also an
interaction for WT+IL-6 to have relative force reduced by 18.5% and 18.0% at 90 seconds
of contraction compared to WT and KO+IL-6, respectively (Figure 4D).

DISCUSSION

IL-6 has an established role in exercise- and disease-induced changes to systemic and
skeletal muscle metabolism (Febbraio et al., 2004; Febbraio & Pedersen, 2002; Lightfoot &
Cooper, 2016; Wolf, Rose-John, & Garbers, 2014). Although elevating circulating 1L-6 for
two weeks through overexpression of an IL-6 plasmid has been shown to accelerate cachexia
in tumor-bearing mice and disrupt muscle metabolism in tumor-free mice (Carson &
Baltgalvis, 2010; Puppa et al., 2012; White et al., 2012), whether IL-6 disrupts skeletal
muscle mitochondrial function and muscle fatigability has not been measured. The current
study investigated if chronically elevated systemic IL-6 was sufficient to disrupt skeletal
muscle force, fatigue, and mitochondrial content and function in a muscle with primarily
type I fibers directly through muscle skeletal muscle gp130 signaling. Our results
demonstrate that 2 weeks of elevated circulating 1L-6 accelerated submaximal contraction-
induced skeletal muscle fatigue of the TA muscle. Conversely, IL-6 was unable to induced
submaximal fatigue in skeletal muscle specific gp130 KO mice suggesting that IL-6-induced
fatigue occurred through direct skeletal muscle gp130 activation. Additionally, our results
demonstrate that 2 weeks of elevated IL-6 was sufficient to disrupt skeletal muscle
mitochondrial function and decrease mitochondrial content through gp130-dependent
signaling, mirroring the submaximal fatigue findings.

While chronic inflammation is a nonspecific immune response, cytokines are inflammatory
mediators that have been implicated in the progression of several diseases and associated
comorbidities (Deans & Wigmore, 2005; Fearon, Glass, & Guttridge, 2012; Lightfoot &
Cooper, 2016; Zhou, Liu, Liang, Li, & Song, 2016). In addition to tumor growth and
development, elevated circulating I1L-6 has been linked to disrupted protein turnover
associated with cancer-induced muscle wasting (Carson & Baltgalvis, 2010; Cron, Allen, &
Febbraio, 2016; Narsale & Carson, 2014). IL-6 has been shown to regulate skeletal muscle
metabolism through the activation of GLUT4 translocation and accelerated lipolysis (Cron et
al., 2016). We have previously reported that IL-6 can reduce mitochondrial content in both
tumor-free and tumor-bearing mice (Puppa et al., 2012). The current study extends these
findings demonstrating that elevated circulating IL-6 accelerates submaximal contraction-
induced skeletal muscle fatigue in a muscle with predominately type Il fibers. A potential
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mechanism for IL-6 regulation of fatigue is through the disruption of skeletal muscle
metabolic homeostasis. Chronic activation of muscle AMPK and suppressed mitochondrial
biogenesis can occur during cancer-induced muscle wasting (White et al., 2013; White et al.,
2012). Here we report that elevated circulating I1L-6 is sufficient to reduce TA muscle RCR,
which is a strong indicator of mitochondrial function (Hughey et al., 2011; Pettersen et al.,
2017; Saks et al., 1998). Additionally, we found that IL-6 reduced COX activity in the EDL
suggesting a reduction in mitochondrial content in a muscle with predominately type Il
fibers. A recent study reported that weight stable and cachectic (>5% body weight loss)
cancer patients with elevated IL-6, had reduced nuclear factor erythroid 2-related factor 2
(Nrf2) expression associated with reduced antioxidant production (Brzeszczynska et al.,
2016). Furthermore, loss of Nrf2 alone was sufficient to reduce gastrocnemius force
production during a submaximal contraction-induced fatigue protocol (Crilly et al., 2016).

Signaling through the skeletal muscle gp130 receptor has been an active area of investigation
in disease-induced muscle wasting (Mihara M, 2012; Miller et al., 2016; Puppa et al., 2014).
In this regard, constitutively activated STAT3, a direct downstream gp130 target, can inhibit
myotube growth /n vitro and induce muscle mass loss in vivo (Bonetto A, 2012). In addition,
increased STAT3 signaling can regulate mitochondrial respiration by disrupting the electron
transport chain and increasing reactive oxygen species production (Carson et al., 2016;
Wegrzyn et al., 2009). We recently found that skeletal muscle gp130 signaling can regulate
protein expression related to basal mitochondria dynamics without affecting skeletal muscle
fatigability (Fix et al., 2018). We extend these findings to demonstrate that the IL-6
disruption of submaximal contraction-induced skeletal muscle fatigue and mitochondrial
content and function are regulated through muscle gp130 signaling. Therefore, determining
whether chronically elevated I1L-6 directly effects skeletal muscle mitochondrial function via
modulating STAT3 signaling is an intriguing area of future investigation. Additionally, since
both mitochondrial content and function were reduced by IL-6, whether the observed
reduction in respiration was simply due to a loss of mitochondrial content could not be
determined. In order to determine if IL-6 directly reduced an individual mitochondrion’s
oxygen consumption, future studies measuring respiration in isolated mitochondria is needed
(Perry et al., 2013).

IL-6 can also regulate the muscle macro- and microenvironment. IL-6 directly regulates
fibroblast proliferation, liver glucose metabolism, lipolysis, and immune cell function (Choi,
Kang, Yang, & Pyun, 1994; Cron et al., 2016; Febbraio et al., 2004; Lightfoot & Cooper,
2016; Narsale & Carson, 2014; Pedersen et al., 2003; Sundararaj et al., 2009). While the
IL-6r is predominately expressed in hepatocytes, megakaryocytes, and leukocytes, the signal
transducing gp130 B-subunit is detectable in every cell type (Wolf et al., 2014). There is an
established liver-skeletal muscle metabolic cross-talk involving lactate recycling and glucose
availability which can alter muscle fatigue properties indirectly (Rui, 2014). Similar studies
examining systemic IL-6 overexpression showed IL-6 induced hepatic insulin resistance
while having no effect on skeletal muscle insulin sensitivity (Glund & Krook, 2008). IL-6
has an established role in several pathophysiological and physiological phenomena;
however, it’s role in cancer and skeletal muscle wasting is quite contentious. While several
clinical studies have identified a direct relationship between circulating IL-6 and weight loss
in cancer patients, others show either no change in circulating IL-6 with malignancy or no

Exp Physiol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanderVeen et al.

Page 11

relationship to weight loss (Barber, Fearon, & Ross, 1999; Iwase, Murakami, Saito, &
Nakagawa, 2004; Martin et al., 1999). These discrepancies have been recapitulated in
preclinical investigations suggesting that the role of IL-6 in cachexia progression is
dependent on tumor type. The results of the current study found that 2 weeks of systemic
IL-6 overexpression had no effect on muscle mass or body weight, though regardless of
treatment gp130 loss resulted in increased muscle mass. The range of IL-6 levels in the
experimental groups in the current study (range 15.6-371.0 pg/mL) are similar to previously
published values in tumor-bearing mice (Baltgalvis et al., 2008; Strassmann, Fong, Kenney,
& Jacob, 1992; VanderVeen et al., 2018) as well as comparable to cancer patients (Iwase et
al., 2004; Martin et al., 1999), but remain below the levels observed with severe infection
(Copeland et al., 2005). IL-6 can regulate basal muscle protein synthesis and suppress the
acute induction of protein synthesis by eccentric contraction (Gao et al., 2017; Hardee,
Counts, et al., 2018); however, we observed no changes in muscle strength or contraction
rates with IL-6 overexpression. Interestingly skeletal muscle lacking gp130 showed reduced
specific tension, 1/2 RT, and TPT with no apparent effect on muscle fatigability which is
similar to TNF-a overexpression (Reid et al., 2002). IL-6 also increased submaximal
contraction-induced fatigue, which was not dependent on fiber type distribution or mass
changes. Our results found that muscle fatigability, force, and mass can be regulated
independently, which points to muscle weakness and fatigue with chronic disease having
distinct etiologies.

Aging and several chronic inflammatory diseases have been associated with preferential
atrophy of type Il muscle fibers in both humans and animal models (Carson et al., 2016;
Lexell, 1995; Wang & Pessin, 2013). Our lab previously showed that the tibialis anterior
(TA), which has primarily type 11B muscle fibers (Bloemberg & Quadrilatero, 2012), had
reduced force and increased muscle fatigability in tumor-bearing mice associated with
increased STAT3 and SOCS3 activation (Murphy, Chee, Trieu, Naim, & Lynch, 2012;
VanderVeen et al., 2018). While more work is needed to understand the fiber-type specificity
of IL-6, COXIV and Cytochrome C protein expression in the murine quadriceps muscle was
susceptible to IL-6 (Puppa et al., 2012), but was unchanged in the gastrocnemius (White et
al., 2011). Additionally, gp130 protein expression was greater in the TA compared to the
soleus and gastrocnemius (Puppa et al., 2014). Muscle dysfunction with cachexia has been
identified in both type I/11A and type [1X/B predominate muscles; however, type I/11A fibers
have been suggested to be protected against the early stages of inflammation induced
wasting (Roberts, Ahn, et al., 2013; Roberts, Frye, Ahn, Ferreira, & Judge, 2013; Wang &
Pessin, 2013). Additional work is needed to understand the IL-6 sensitivity of oxidative
muscles since the results of the current study were limited to analysis of muscles that are
predominately type I1B (TA and EDL).

We report that chronically elevated IL-6 increased skeletal muscle fatigability and disrupted
aspects of oxidative metabolism independent of fiber-type and mass changes. IL-6
accelerated submaximal fatigue and reduced mitochondrial content and function through
muscle gp130 signaling. While the effect of TNF-a on skeletal muscle function has been
extensively characterized, to the best of our knowledge this is the first study investigating if
IL-6 is sufficient to regulate skeletal muscle fatigue and muscle mitochondrial content and
function. Future studies are warranted to establish the mechanisms regulating IL-6 induced
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maximal contraction-induced fatigability and disrupted mitochondrial quality control which
contribute to submaximal contraction-induced fatigue.
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NEW FINDINGS
What isthe central question of thisstudy?

Interleukin-6 has been associated with muscle mass and metabolism with both
physiological and pathological conditions. A causal role for IL-6 to induce fatigue and
disrupt mitochondrial function has not been determined.

What isthe main finding and itsimportance?

We demonstrate that chronically elevated IL-6 increased skeletal muscle fatigability and
disrupted mitochondrial content and function independent of fiber-type and mass
changes.
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Figure 1.
The effect of IL-6 on skeletal muscle mitochondrial function. Tibialis anterior (TA)

respiratory control ratio (n=4 per group). Values are means plus / minus standard deviation

. Vector
DIL-G

K O

(SD). A) 0.25mM of ADP was injected into the chamber to induce STATE 3 respiration for a

duration of 5 minutes. B) 10ug/mL of Oligomycin was injected to induce steady STATE 4
respiration for a duration of 10 minutes. C) Respiratory Control Ratio (RCR) was calculated
by dividing STATE 3 by STATE 4 respirations. & Significantly different from all groups.
Significance was set at p<0.05. Two-Way ANOVA.
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Figure 2.
The effect of IL-6 on muscle mitochondrial content. A) Extensor digitorum longus (EDL)

COX activity (WT n=14, WT+IL-6 n=15, KO n=12, KO+IL-6 n=11). B) Relative
mitochondrial protein expression of Complexes 1-5 in the TA (n=6 per group).
Representative western blot images are shown to the right of the graph. Values are means
plus / minus standard deviation (SD). C57BL/6 (WT). Skeletal muscle gp130 knockout
(KO). Interleukin-6 (IL-6). $Significantly different from WT and KO + IL-6. &Significantly
different from all groups. %Significantly different from KO + IL-6. ~Significantly different
from WT. Significance was set at p<0.05. Two-Way ANOVA.
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The effect of 1L-6 on skeletal muscle force production. A) Absolute force-frequency curve
of the TA in WT and WT+IL-6 in millinewtons (mN). B) Absolute force-frequency curve of
the TA in KO and KO+IL-6 in mN. C) Specific force-frequency curve of the TA in WT and
WT+IL-6 in kilonewtons/meters? (kN/m?). D) Specific force-frequency curve of the TA in
KO and KO+IL-6 in kN/m2. E) Relative force-frequency curve of the TA in WT and WT
+IL-6 (% of maximal force). B) Relative force-frequency curve of the TA in KO and KO
+IL-6 (% of maximal force). WT n=14, WT+IL-6 n=15, KO n=12, KO+IL-6 n=11. Values

Exp Physiol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vander\Veen et al.

Page 22

are means plus / minus standard deviation (SD). C57BL/6 (WT). Skeletal muscle gp130
knockout (KO). Interleukin-6 (IL-6). %Significantly different from KO + IL-6. Significance
was set at p<0.05. Pre-planned t-test.
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Figure 4.
The effect of IL-6 on submaximal contraction-induced skeletal muscle fatigability. TA

muscle’s fatigability during a 5-minute submaximal (50 Hz) fatigue test. A) Relative (% of
Initial) force-time tracing of the TA muscle’s fatigability during a 5-minute submaximal (50
Hz) fatigue test from WT and WT + IL-6 mice. B) Relative (% of Initial) force-time tracing
of the TA muscle’s fatigability during a 5-minute submaximal (50 Hz) fatigue test from KO
and KO + IL-6 mice. C) Relative (% of maximal tetanic force) force after the 5-minute
submaximal contraction-induced fatigue test in all mice. D) Relative (% of Initial) force
after 90 seconds of a submaximal (50 Hz) fatigue test in all mice. WT n=14, WT+IL-6
n=15, KO n=12, KO+IL-6 n=11. Values are means plus / minus standard deviation (SD).
C57BL/6 (WT). Skeletal muscle specific gp130 knockout (KO). $Significantly different
from WT and KO+IL-6. Significance was set at p<0.05.
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Table 1.
Animal Characteristics
WT KO
Control IL-6 Control IL-6
n 14 15 12 11
Boady Weights (q)

Pre 233+15 23419 247+2.0 240+£1.7
Mid 24015 234+14 249+2.0 241+13
Post 249+20 240+21 251+13 243+1.7

Plasma IL-6 (pg/mL)
Pre
Mid
Post

Tissues at Sacrifice
Hindlimb (mg)

Hindlimb/Tibia
(mg/mm)

Tibia Length (mm)
Epididymal Fat (mg)
Spleen (mg)

207 +14 200+ 14

12.2+0.7 12.0+0.7

17.0+£0.3 16.8 + 02#

362+139 313+96

7112 122 + 26#

- 98 + 55&

- 141 £31%

214211@ 206 + 14@
127406  123+08

16.8+£0.2 16.7 + 0_2#

308+52  290+85
93£68 199+ 92#

Page 24

Values are means + SD. Male C57BL/6 (WT) mice. Male skeletal muscle specific gp130 knockout (KO) mice. Age in weeks (wks). Body weight in
grams (g). Plasma interleukin-6 (IL-6) in picograms/milliliters (pg/mL). All vector controls and pre-1L-6 levels fell below the detection limit and
therefore weren’t reported. Combined weight of the soleus, plantaris, gastrocnemius, and tibialis anterior (hindlimb) in milligrams (mg). Tibia
length in millimeters (mm). Epididymal fat pad weight in milligrams. Spleen weight in milligrams. Significance set at p<0.05 (Two-Way ANOVA).

#Significant main effect of IL-6.

@Significant main effect of KO. & Significantly different from all groups.

*
WT-IL-6 significant interaction from all groups.

&

KO-IL-6 significant interaction from all groups.
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Table 2.
Contractile Properties
WT KO
Control IL-6 Control IL-6
TA Weight (mg) 484+3.1 46.0+3.4 498+32@ 488+36@
Twitch Properties
12RT 8.7+16 9.0£15 774120 78+1.7@
TPT  157+14 16.2+ 1.4 148+08@ 151+11@
Force Production
Py 1,655 + 155 1,585 + 136 1,628 + 152 1,563 + 100
Po 302+ 25 300 + 22 276 + 24@ 273 + 14@
Contraction Rates

+dP/dt 23,233 +£1675 22,222+3421 25652+ 2824@ 24,709 + 2020@
—dP/dt 20,221 +3222 18,664 + 3253 19,069 + 3437 20,045 + 1740

Values are means + SD. Male C57BL/6 (WT n=14, WT+IL-6 n=15) mice. Male skeletal muscle specific gp130 knockout (KO n=12, KO+IL-6
n=11) mice. Tibialis anterior (TA) weight in milligrams (mg). 1/2 Relaxation time (RT) in milliseconds. Time to peak twitch (TPT) in milliseconds.

Maximal tetanic force (Pg) in millinewtons. Specific tetanic force (sPg) in kilonewtons/meter2. Rate of contraction at 200 Hz (+dP/dt). Rate of
Relaxation at 200 Hz (-dP/dt). Significance set at p<0.05 (Two-Way ANOVA).

@Significant main effect of KO.
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Fiber-type Distribution

Table 3.

WT

KO

Control IL-6

Control IL-6

Typella 109+47 112+68
Typellb 384+7.1 406+43
Typellx 507+85 48254

95+6.5 6.8+3.1
38.9+7.7 35.4+9.2
51.8+134 58.0+11.3

Values are % means + SD. C57BL/6 (WT). Skeletal muscle specific gp130 knockout (KO). n=5 for each group
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