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Abstract

Physical exercise can induce various adaptation reactions in skeletal muscle tissue, such as sarcomere remodeling.
The latter involves degradation of damaged sarcomere components, as well as de novo protein synthesis and
sarcomere assembly. These processes are controlled by specific protease systems in parallel with molecular chaper-
ones that assist in folding of newly synthesized polypeptide chains and their incorporation into sarcomeres. Since
acute exercise induces oxidative stress and inflammation, leading to activation of the transcription factor NFkB
(nuclear factor kappa B), we speculated that this transcription factor might also play a role in the regulation of
long-term adaptation to regular exercise. Thus, we studied skeletal muscle adaptation to running exercise in a murine
model system, with and without parallel treatment with the NFkB-inhibitory, anti-oxidant and anti-inflammatory drug
pyrrolidine dithiocarbamate (PDTC). In control mice, 10 weeks of uphill (15° incline) treadmill running for 60 min
thrice a week at a final speed of 14 m/min had differential, but only minor effects on many genes encoding
molecular chaperones for sarcomere proteins, and/or factors involved in the degradation of the latter. Furthermore,
there were marked differences between individual muscles. PDTC treatment modulated gene expression patterns as
well, both in sedentary and exercising mice; however, most of these effects were also modest and there was little
effect of PDTC treatment on exercise-induced changes in gene expression. Taken together, our data suggest that
moderate-intensity treadmill running, with or without parallel PDTC treatment, had little effect on the expression of
genes encoding sarcomere components and sarcomere-associated factors in murine skeletal muscle tissue.

Keywords Mice - Treadmill running - Pyrrolidine dithiocarbamate (PDTC) - Skeletal muscle - Gene expression

Introduction cause-and-effect relationship between a specific exercise reg-
imen and the resulting changes within skeletal muscle tissue.

Physical exercise induces a broad variety of molecular and The sarcomere is the contractile unit of a muscle. Whereas

cellular adaptations in skeletal muscle tissue. Besides met-
abolic alterations, structural adaptations, specifically
within the sarcomeres, can occur (for review, see Seene
et al. 2009).

Understanding the molecular basis of this adaptation pro-
cess is crucial in order to obtain a better understanding of the
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its basic structure mainly consists of actin and fiber type-
specific myosin filaments, numerous proteins with specific
functions are attached to and interact with the sarcomere.
Specifically, a broad variety of proteins, the so-called
“molecular chaperones,” coordinate folding of actin and my-
osin proteins and their proper incorporation into the sarco-
mere. One example is the heat shock protein Hsp90a, which,
together with other factors such as the molecular chaperone
Unc45D, assists in folding of the myosin protein (for review,
see Crawford and Horowits 2011).

Other proteins, namely specific proteases, are involved in
the degradation of misfolded or destroyed proteins, e.g., after
eccentric exercise or in response to muscle injury. Important
protein-degrading systems in the context of the sarcomere are
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the components of the ubiquitin proteasome system (UPS)
and associated factors, such as the E3 ubiquitin ligases
MuRF1 and atrogin-1 or the proteases of the calpain family
(for review, see Bartoli and Richard 2005; Bell et al. 2016).

So far, little is known on the regulation of factors affecting
sarcomere reorganization in response to exercise. However,
single bouts of physical exercise can evoke oxidative stress
and an inflammatory response, followed by temporary activa-
tion of the inflammation-activated ubiquitous transcription
factor NFkB, despite the fact that in trained individuals, skel-
etal muscle NFkB activity appears to be unchanged or even
lower when compared to sedentary controls (reviewed by
Kramer and Goodyear 2007; Ji 2015, and references
therein). Moreover, a link between NFkB activation and the
degradation of sarcomere components has been well
established in the context of the cachexia syndrome, which
leads to severe muscle loss in a broad variety of chronic dis-
eases, such as CHF, COPD, and many tumor entities. Here, a
chronic, low-grade inflammatory situation induces the activa-
tion of skeletal muscle NF«kB, which triggers upregulation of
the UPS and other factors involved in the degradation of sar-
comeric proteins (for review, see Bowen et al. 2015). Against
this background, it is not surprising that at least acute physical
exercise can lead to upregulation of specific components of
the protein-degrading machinery, mainly the UPS, the E3
ubiquitin ligases MuRF1 and atrogin-1, and the calpains (for
review, see Murton et al. 2008; Pasiakos and Carbone 2014).
However, so far, it is not completely clear whether this is
NF«B dependent or not.

Altogether, against this background, it is tempting to spec-
ulate whether exercise-induced inflammation and NFkB acti-
vation might also be involved in long-term skeletal muscle
remodeling, specifically de novo folding of newly synthetized
sarcomere proteins and their incorporation into the sarcomeric
unit.

Thus, here, we analyzed skeletal muscle gene expression
patterns, specifically genes encoding sarcomere components
and sarcomere-associated factors, in response to a 10-week
uphill running protocol, with and without parallel treatment
with the NFkB inhibitor pyrrolidine dithiocarbamate (PDTC),
in mice. Our results show that in hindlimb muscles, this pro-
tocol had differential, but only moderate effects. Furthermore,
the effects appear to be very specific for individual muscles.

Experimental procedures

Animals

Male C57BL/6 (C57BL/6NCrl H-2") mice (n = 32) were pur-
chased from Charles River (Sulzfeld, Germany). They were

housed and fed according to federal guidelines and were
inspected by a veterinarian several times per week. Mice were
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randomly assigned to one of the four groups (sedentary, sed-
entary/PDTC, exercised, exercised/PDTC) (n=8 each). All
animal experiments were carried out in accordance with the
German animal protection law (Regierungspriasidium
Tiibingen, M9/14).

PDTC treatment

Dithiocarbamates are anti-oxidants and potent NFkB inhibi-
tors (Piette et al. 1997). PDTC specifically inhibits NFxB
binding to its DNA consensus sequence by blocking
ubiquitination and degradation of the NFkB inhibitor IkB,
thus preventing NFkB release and nuclear translocation (Liu
etal. 1999; Cuzzocrea et al. 2002; Schreck et al. 1992). PDTC
is a well-established NFkB inhibitor and has been used in a
broad variety of animal experiments for almost 20 years
(Németh et al. 1998; Cuzzocrea et al. 2002, 2003; Parodi et
al. 2005; Nai et al. 2006; Strait et al. 2008; Ma et al. 2008; Gu
et al. 2009; Zhang et al. 2009; Mariappan et al. 2010; Sharma
et al. 2011). In our study, PDTC was added to the drinking
water at a concentration of 0.04 mg/mL. Based on an average
drinking volume of approximately 6—8 mL/day/mouse
(Bachmanov et al. 2002), this corresponds to a dosage of
approximately 8—12 mg PDTC per day and kg body weight.
Water bottles were light-protected and the water was changed
every other day. PDTC treatment was started 4 days before the
start of the training experiment.

Treadmill running

Six to seven week-old male C57BL/6 mice were first famil-
iarized with the treadmill (Harvard Apparatus, Holliston, MA,
USA) within a period of 2 weeks. For this purpose, they were
initially allowed to explore the new surroundings for 3 x

10 min on three different days, with the treadmill switched
off. Subsequently, they were run for 1 h on Mondays,
Wednesdays, and Fridays every week, at an initial speed of
2 m/min and 0° incline, with gradually increasing speed and
incline (3 m/min and 5° per week), until animals ran at a final
speed of 14 m/min and 15° incline from the sixth week on-
wards. The training protocol was continued under these con-
ditions for another 5 weeks. Each training session included a
10-min “warm up” period, during which speed and incline
were gradually increased.

Skeletal muscle tissue preparation

Forty-eight hours after the last training session, mice were
sacrificed, skeletal muscle tissue was dissected, snap-frozen
in liquid nitrogen, and stored at —80 °C or in RNAlater®
(Thermo Fisher Scientific, Waltham, MA, USA) for RNA or
protein isolation.
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RNA isolation and qPCR

Muscle tissue was isolated and immediately stored in
RNALater (Ambion) according to the manufacturer’s instruc-
tions. RNA was isolated using the Fibrous Tissue Kit (Qiagen,
Hilden, Germany). RNA quantity and purity (260/280 ratio)
was assessed using a BioPhotometer (Eppendorf AG,
Hamburg, Germany). Of the total RNA, 500 ng was used
for reverse transcription using M-MLV reverse transcriptase
and random primers (Promega, Madison, WI, USA) in a total
volume of 20 uL. Briefly, RNA samples were denatured for
5 min at 70 °C, and after adding reverse transcriptase and
random primers, the mix was incubated at room temperature
for 10 min, followed by 60 min at 50 °C. Subsequently, the
enzyme was inactivated at 70 °C for 15 min, followed by
cooling down the sample on ice. Semi-quantitative real-time
PCR analysis was carried out using the C1000 Touch™"
Thermal Cycler system together with the Eva Green
Mastermix (Bio-Rad, Hercules, CA, USA). Three replicates
of each RNA sample were analyzed. For detection of different
transcripts, pre-designed (Qiagen QuantiTect Primer Assays)
and self-designed oligonucleotide primers (exon-intron-span-
ning; Table 1) were used. In each experiment, melting curve
analysis was routinely performed to verify that a single tran-
script was produced. Baseline correction and threshold setting
were performed using the automatic calculation of the CFX
Manager Software (Bio-Rad). Cq determination was per-
formed with the same software using the “single-threshold”
mode. Gene expression was normalized to the geometric
means (GEOM) of the reference genes TBP, GAPDH, and
HPRT using the gbase+ program (Biogazelle, Gent,
Belgium), employing multiple reference gene normalization
(geNorm algorithm). Relative gene expression was calculated
using the comparative CT (Z_AACT) method (Pfaffl 2001;
Bustin et al. 2009). Non-RT- and non-template controls were
run for all reactions.

Generation of protein extracts and western blotting

Whole-cell protein lysates from muscle tissue were generated
as follows: snap-frozen muscle tissue was homogenized in
200 pL RIPA lysis buffer (Merck, Darmstadt, Germany) con-
taining protease inhibitors (Pefabloc®, Roth, Karlsruhe,
Germany) using a Beadbug homogenizer (Biozym, Hessisch
Oldendorf, Germany). Alternatively, to detect only cytosolic
Smyd]1, a Triton X-100-containing lysis buffer (50 mM
HEPES pH 7.4, 150 mM NaCl, 10 mM NaF, 1 mM
Na3;VO,, 5 mM EDTA, 0.5% Triton X-100) was employed.
Subsequently, samples were incubated on ice for 10 min.
Samples were then sonicated on ice for five 5 s intervals,
and after centrifugation, supernatants were collected. Protein
concentration was determined using the BCA Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Samples were

separated by SDS-PAGE according to Laemmli (Laemmli
1970) and subsequently transferred onto PVDF membranes
(Bio-Rad). Membranes were blocked in 10% skim milk in
1x PBS (Roth, Karlsruhe, Germany) and incubated with anti-
bodies as described (Adams et al. 2007 for a list of antibodies,
see Table 2). Incubation with a mouse anti-GAPDH antibody
(R&D Systems, Minneapolis, USA) and/or a rabbit anti-o-
tubulin antibody (Cell Signaling, Danvers, MA, USA) served
as a loading control. For detection, horseradish peroxidase-
coupled anti-rabbit or anti-mouse secondary antibodies
(Dianova, Hamburg, Germany) and the Amersham ECL de-
tection system (GE Healthcare, Freiburg, Germany) were
employed.

Statistical analysis

Statistical analyses were performed using gbase+ statistical
software (Biogazelle, Gent, Belgium). Data were analyzed
by Mann-Whitney U test and REST 2009 software (Pfaffl
2001). Data were considered significant with p values of less
than 0.05. All data are presented as means +SD. “n” repre-
sents the number of animals in each group.

Results
Treadmill running and PDTC treatment

Treadmill running was well tolerated by all animals. Most
mice complied easily; however, the majority did not run con-
tinuously at all times, but mostly did short interval sprints and
then made themselves backslide for a few seconds.
Furthermore, animals that received PDTC appeared healthy
and active and were phenotypically indistinguishable from
controls, suggesting that long-term PDTC treatment at a dos-
age of approximately 10 mg/kg/day was not harmful.

PDTC-mediated inhibition of NFkB activity in skeletal
muscle tissue

To test whether PDTC was efficient in blocking NF«B activ-
ity, IkBo concentrations were assessed in M. tibialis anterior
(TA) muscle tissue derived from all four animal groups.
Determination of IkBe levels is an indirect method to evalu-
ate NFkB activity, since there is an inverse correlation be-
tween these two parameters (for review, see Karin 1999). As
shown in Fig. 1a, b, treadmill running had no effect on steady
state IkBo levels in skeletal muscle tissue. By contrast, we
found higher IkBa levels in PDTC-treated mice, both
exercised and sedentary, in comparison to the respective
non-PDTC-treated controls. These data suggest that PDTC
was efficient in blocking NFkB activity throughout a 10-
week training period, without major adverse effects.
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Table 1 Primers used for gPCR

analysis Primer Forward Reverse
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
HPRT AGTACAGCCCCAAAATGGTTAAG CACAAACGTGATTCAAATCCCTG
TBP AAGAGAGCCACGGACAACTGC CTTCACATCACAGCTCCCCAC
PGC-1ax GCTCATTGTTGTACTGGTTGGATATG ~ CGTAGGCCCAGGTACGACAG
Myoglobin CCCTGGAGGGTTGAGCACGGT AGGCCACCTGGTCCTGAAGGG
SDHD TCATGGGGACACCCTGCCGA TCCACAGCATGGCAACCGCTC
CS GCCCAGCAGCTGTAGGATGACC GGGGCCTGTCCCTGGCGTA
MyH7 (Myosin Ib) CCTTGGCACCAATGTCCCGGCTC GAAGCGCAATGCAGAGTCGGTG
MyH2 (Myosin Ila) ~ATGAGCTCCGACGCCGAG TCTGTTAGCATGAACTGGTAGGCG
MyHI1 (Myosin IIx) ~ GCTTCAAGTTTGGACCCACG ACTTCCGGAGGTAAGGAGCA
MyH4 (Myosin IIb) ~ GTGATTTCTCCTGTCACCTCTC GGAGGACCGCAAGAACGTGCTGA
Actgl TTCCTTCCTGGGCATGGAGT GGCATACAGGTCTTTGCGGA
Murfl GCAGCTCATCAAGAGCATTGT CCAAAGTCAATGGCCCTCAA
Atrogin-1 GTGAGGACCGGCTACTGTGG CAATCCAGCTGCCCTTTGTC
Traf6 GCGAGAGATTCTTTCCCTGACG TTGGCACTGGGGACAATTCAC
Calpain 1 CTGGAGGCTGCAGGAACTAC CTCCCGGTTGTCATAGTCGT
Calpain 3 CGAGAAACGAGGGGAAACCC ACAGATCTCCATGTCGTCGC
Calpastatin TGGTGGTACAAGACGCATGTTA ACATGTGGTCTGGAAGGCTG
MARCKS CCAGTTCTCCAAGACCGCAG CATTCTCCTGCCCATTTGCTTTG
Hsp70 AGTCCGACATGAAGCACTGG ATCTCCTCCGGGAAGAA
Hsp90aa TGTTCATTCAGCCACGATGC AACTGGGCAATTTCTGCCTG
Hsp90ab CAGACCATGGTGAGCCCATT CACCACTTCCTTGACCCTCC
Stubl CCCTGATAAGAGCCCGAGTG ACAAGTGGGTTCCGAGTGATG
UFD2 GTCACCAGACCGCAATCTCA GGCTCCCAAACTAGACAACGA
CryaB ACGTGAAGCACTTCTCTCCG ATGTTCGTCCTGGCGTTCTT
TCP1 TTAAACGGTCTCAGAGCGGA GCAGCCATAACATTCTGGGA
FKBP8 GCTGGGAGACTGCGATGTTA TGTATGGGCTCCTGCCCT
skNAC ACAGCCTCAGGCTGAGACAG TTTGAAGTTCCTTTTGCCCAG
Smyd1 GCATCTTCCCCAACCTGGGCCT GGGCCCGGAGCTCAATCCTCAT

List of all primers employed for semi-quantitative RT-PCR analysis in this study. Commercially designed primers
(Qiagen QuantiTect Primer Assays): Titin, Nedd4, Mical, MyoD1, and Cmya4

However, it should be pointed out that the effects on IkBo
levels were not as pronounced in some of the other muscle
types: specifically, there was no effect in M. soleus (S).
Interestingly, we also found a trend towards elevated expres-
sion of the gene encoding the myogenic transcription factor
MyoDI, which is known to be inhibited by NF-«B (Guttridge
et al. 2000), in both M. quadriceps (Q) and M. gastrocnemius
(G) after PDTC treatment, indicating that PDTC had indeed
been efficient in reducing NF-kB-dependent effects on gene
expression (Fig. 1c). However, due to the high inter-individual
variability, these findings did not reach statistical significance.

Metabolism-associated genes
Next, we analyzed expression of metabolism-associated genes
in samples derived from two different types of muscles (Q and

Q) of all four animal groups. As expected, induction of the
gene encoding the “oxidative” transcriptional modulator
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PGC-1a was observed in both Q and G of exercised animals
(Fig. 2a); however, only the data obtained for G reached sta-
tistical significance. In both muscles, PDTC treatment blocked
Pgc-1a induction by exercise. A similar trend was also ob-
served for the gene encoding the oxygen storage protein myo-
globin; however, PDTC effects were not consistent in this case
(Fig. 2b). The Sdhd gene, encoding subunit D of the succinate
dehydrogenase complex, and the Cs gene, encoding citrate
synthase, were also moderately induced by exercise in G (sig-
nificance only for CS), Sdhd also in Q, effects which could not
be observed in PDTC-treated animals (Fig. 2c, d). Finally,
there was no major exercise-induced regulation of the genes
encoding the “glycolytic” and "oxidative" lactate dehydroge-
nase isoforms (LDHA and LDHB), the Glutl and Glut4 genes;
the Ucp3 gene, encoding uncoupling protein 3, a factor known
to be upregulated in response to exercise; or the Foxol, sirtuin,
Mef2c, and Nr4a3 genes, all encoding proteins involved in
metabolic regulation in muscle cells (data not shown).
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Table 2 Antibodies used in this study

Primary antibodies

GAPDH R&D System MAB5718
«-Tubulin Cell signaling #2125
3-Actin Cell signaling #4967
IkBx Santa Cruz sc-847

Murfl ECM Bioscience MP3401
Atrogin-1 ECM Bioscience AP2041
Trafo Santa Cruz sc-7221
Unc45b Abcam ab 178813
CryaB Abcam ab13497

Smyd1 Abcam ab181372
Secondary antibodies

Dianova 115-035-071
Dianova 111-035-045

Goat anti-mouse
Goat anti-rabbit

Expression of genes encoding MyHC isoforms

Next, we studied potential effects of training and/or NFkB
inhibition on the expression of genes encoding fiber type-
specific MyHC isoforms. As shown in Fig. 3a, in TA,

MyH?7, encoding the “slow oxidative” MyHC1, was slightly,
but not significantly, enhanced in exercised animals. In Q and
G, by contrast, expression of this gene was consistently, but
also not significantly, downregulated. Furthermore, in Q, G,
and TA of exercised animals, we found a modest and non-
significant induction of MyH?2, encoding the “fast oxidative”
MyHC2A (Fig. 3b). Similarly, MyHI, encoding the fast
MyHC2X, was slightly upregulated by exercise in G and TA
(Fig. 3c). In all muscle types, exercise had little effect on
expression of the gene encoding the rodent-specific “very
fast glycolytic” MyHC2B (MyH4) (Fig. 3d). Parallel
PDTC treatment modestly modulated expression of all
MyH genes in all muscle types; however, there was no
consistent pattern (Fig. 3a—d). Taken together, these data
indicate that there were moderate, but no major effects on
the expression of fiber type-specific MyH genes in the
analyzed muscle tissues.

Other structural sarcomere proteins Sarcomeric rearrange-
ments are crucial for training adaptation in response to phys-
ical exercise. Thus, we analyzed expression of a broad variety
of genes encoding either sarcomere proteins or molecular
chaperones assisting in their proper folding, trafficking, and
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Fig. 1 IkBa concentrations in individual skeletal muscles. a
Representative Western blot analysis of IkBx concentrations in the M.
tibialis anterior of sedentary and trained, PDTC-treated and control mice
as indicated. GAPDH levels were analyzed as a control for equal loading
and served as a standard for normalization of quantification. b

Densitometric quantification of IkB levels. Data are displayed as means

MyoD1 in Q and G. Data are displayed as geometric means (GEOM) +
SD (n=28)
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(d) as indicated. Data are displayed as geometric means (GEOM) + SD,(*p < 0.05, *#p < 0.01, **¥*p <0.001; n=8)

incorporation into sarcomeric structures. As shown in Fig. 4,  regulation of the genes encoding all three myomesin proteins,
we found little effect of training on the expression of genes stabilizers of the sarcomere that interact with titin and are
encoding the sarcomere molecular spring titin or actinin yl,a  supposed to link M band structures and the intermediate fila-
protein of Z discs and costameres. In addition, we found little =~ ment cytoskeleton, in response to training (data not shown).
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Fig.3 Expression analysis of genes encoding different myosin heavy chain isoforms. qPCR analysis of the genes encoding myosin Ib (a), Ila (b), IIx (c¢),
and IIb (d) as indicated. Data are displayed as geometric means (GEOM) £+ SD (*p < 0.05; n=8)

E3 ubiquitin ligases involved in the degradation
of sarcomeric proteins

Skeletal muscle adaptation to exercise is associated with turn-
over of sarcomere proteins. Specifically, damaged sarcomere
proteins become degraded, and new proteins become synthe-
sized and incorporated into sarcomeric structures. Thus, we
analyzed expression of genes encoding different players in-
volved in this process. First, we determined expression of the
genes encoding the key E3 ubiquitin ligases MuRF1 and
atrogin-1, both of which have been implicated in the degrada-
tion of sarcomere proteins during skeletal muscle atrophy, but
also in exercise adaptation. As shown in Fig. 5a, there were
only minor exercise-induced changes in MuRFI expression in
all analyzed muscle types, both at the messenger RNA
(mRNA) and at the protein level. In addition, as shown in
Fig. 5b, Atrogin-1 expression was slightly, but not significant-
ly, downregulated in most muscle types of exercised mice,
both at the mRNA and at the protein level. Interestingly, ex-
pression of the Traf6 gene, which encodes an E3 ubiquitin
ligase involved in cachectic decay of skeletal muscle tissue
(Paul et al. 2010), was slightly, but not significantly, repressed

by training in all of the analyzed hindlimb muscles, but only at
the protein, hardly at the mRNA level (Fig. 5c). In addition,
the Nedd4 gene, which encodes the E3 ubiquitin ligase
Nedd4, appeared to be slightly, but not significantly, down-
regulated by exercise at least in Q (Fig. 5d). Parallel treatment
with PDTC had variable and non-consistent effects on the
expression of all four genes (Fig. Sa—d).

Calpain system

Next, we analyzed expression of genes encoding components
of the calpain protease system, which is also involved in the
degradation of sarcomere proteins. As shown in Fig. 6, even
though there was a consistent trend towards downregulation
with exercise in most cases, independently of whether animals
received parallel PDTC treatment or not, we found no major
effects on the expression of the calpain 1 and calpain 3 genes,
the gene encoding the calpain inhibitor calpastatin, or the
calpain substrate MARCKS, which, when accumulated,
blocks myoblast migration and fusion, in any of the analyzed
skeletal muscles.
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Sarcomere-associated molecular chaperones

Next, we analyzed the regulation of genes encoding
sarcomere-associated molecular chaperones. As shown in
Fig. 7a, in Q and G, we found moderately, but not significant-
ly, decreased expression levels of Hsp70 with exercise; in Q,
this was also visible for Hsp90aa (Fig. 7b). The described
effects were no longer detectable or even reverted under par-
allel PDTC treatment. By contrast, as expected, no regulation
could be observed for the constitutively expressed Hsp90ab
gene (Fig. 7c). Interestingly, the gene encoding the Hsp70/90
co-chaperone and E3 ligase Stubl/CHIP was significantly
downregulated in response to exercise in both G and TA, with
variable effects of PDTC treatment (Fig. 7d). The Unc45b
gene, encoding a myosin chaperone and Hsp90 co-chaperone,
was hardly regulated by exercise, both at the mRNA and at the
protein level (Figs. 7e and 8a). Similar results were obtained
for the gene encoding the Unc45b E4 multiubiquitinylation
factor UFD2, which was only slightly, but not significantly,
downregulated by exercise in G (Fig. 7f). The CryaB gene,
encoding a chaperone important for myosin integrity, was also
moderately, but not significantly, downregulated in response
to exercise in all of the analyzed muscles; for Q, however, this
effect could not be observed at the protein level (Figs. 7g and
8b). Again, PDTC treatment exerted variable and non-
consistent effects on the expression of all genes. The T7CP!
gene, encoding a further myosin-associated chaperone, was
also slightly downregulated by exercise at least in Q (Fig.
7h). Downregulation by exercise, particularly in Q and G,
was also observed for the FKBPS gene (Fig. 7i), encoding a
peptidyl-prolyl cis-trans isomerase (PPi) and molecular chap-
erone. All of these results, however, did not reach statistical
significance. Interestingly, whereas we did not observe major
regulation of the skNAC (skeletal muscle-specific variant of
the alpha subunit of nascent polypeptide-associated complex)
or Smydl (SET and MYND domain-containing protein 1)
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genes, encoding the two subunits of a putative molecular
chaperone for sarcomere proteins, at the mRNA level (Fig.
7j, k), neither by exercise nor by PDTC treatment, we ob-
served a strong increase in Smyd!1 protein levels in the sarco-
plasm of PDTC-treated animals, both sedentary and exercised
(Fig. 8c, left panels), in all analyzed muscles except TA. This
effect was no longer visible when we also lysed the cells’
nuclei (Fig. 8c, right panels), suggesting that PDTC treatment
might alter subcellular distribution of the Smyd1 protein.

Discussion

Our goal was to study the adaptive response of different mu-
rine hindlimb skeletal muscle types to a 10-week running
exercise program, with a specific focus on genes encoding
sarcomere or sarcomere-associated proteins. To test for a po-
tential effect of the NFkB pathway on expression of the re-
spective genes, a subset of animals was also treated with the
NFkB inhibitor PDTC.

Despite contrary literature data (Németh et al. 1998;
Cuzzocrea et al. 2002; Nai et al. 2006; Ma et al. 2008; Strait
et al. 2008; Sharma et al. 2011), in our hands, single i.p.
application of PDTC doses of 80—100 mg/kg in a parallel
mouse cohort had led to severe and immediate neurological
symptoms, warranting euthanasia. Against this background,
when planning our 10-week training experiment, we applied
a lower final PDTC dose. Throughout the experiment, all an-
imals appeared healthy and were phenotypically indistin-
guishable from controls, suggesting that continuous PDTC
application up to approximately 10 mg/kg/day is well tolerat-
ed by young male C57BL/6 mice.

When analyzing IkBx concentrations in different skeletal
muscle tissues by Western blot, we found elevated levels in
some individual muscles after PDTC treatment, indicating ef-
ficient inhibition of NFkB signaling. Exercise, by contrast,
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<« Fig.5 E3ubiquitin ligases. qPCR analysis of the genes encoding MuRF1
(a), atrogin-1 (b), Traf6 (c), and Nedd4 (d). In a—¢, Western blot analysis
was also carried out to detect the respective factors at the protein level.
Data are displayed as geometric means (GEOM) £+ SD (*p < 0.05, **p <
0.01, ***p <0.001; n=8 (n=4 for TA and MuRF1))

had no effect. However, strong IkBo induction was not visible
in all muscle types. This might be due to low sensitivity of the
IkBo Western blot. However, a NFkB p65-specific ELISA
assay did not yield more prominent effects (data not shown).
Alternatively, compensatory effects are a possibility.
Furthermore, it is probable that absolute NFkB activity is
already quite low in muscle tissue of resting, healthy mice,
so that PDTC treatment induced little change. However, it is
well possible that throughout the 10-week exercise regimen,
individual training sessions might have temporarily induced
NFkB activity, and that inhibiting this induction might have

affected skeletal muscle adaptation to training. Nevertheless,
of course, it is also feasible that higher PDTC doses, which, as
explained in the preceding paragraph, could not be applied,
might have induced more prominent effects on IkBo levels.

Furthermore, in general, when analyzing the results of
PDTC treatment, it is important to keep in mind that these
effects are not necessarily based on NFkB inhibition (alone).
While PDTC might function as an inhibitor of IkB ubiquitin
ligase activity (Hayakawa et al. 2003), and might also block
NFkB activity indirectly by acting as an anti-oxidant (Piette et
al. 1997), effects of this thiol-containing compound might also
be the result of its acting on multiple other signaling pathways
dependent on reactive oxygen species (ROS) action, not only
the NFkB cascade.

Expression of metabolism-associated genes was moderate-
ly and mostly non-significantly affected by both exercise and
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displayed as geometric means (GEOM)=SD (n=8 (n=4 for Q in ¢, n=4/3 for G in a—¢))
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PDTC treatment. Specifically, we found modest induction of
genes associated with oxidative metabolic pathways, such as
Pgc-1o, Myoglobin, Sdhd, and CS, suggesting adaptive reac-
tions towards a more oxidative muscle phenotype at least to a
certain degree. PDTC application, however, had inconsistent
effects on the expression of these genes, and no general pat-
tern could be identified. Finally, there was no significant
exercise-induced regulation of the genes encoding the glyco-
lytic and oxidative lactate dehydrogenase isoforms (LDHA
and LDHB), the Glut! and Glut4 genes, the Ucp3 gene,
encoding uncoupling protein 3, a factor involved in fatty acid
shuttling, suggesting that our exercise protocol did not en-
hance expression of all genes associated with a rather oxida-
tive metabolism (or repress all glycolytic genes). Interestingly,
consistent with our data, Peterson et al. (2008) could demon-
strate that despite differences with regard to basal expression
levels in individual muscles, a 9-week running exercise regi-
men did not induce Ucp3 expression in rats.

When studying expression of the genes encoding different
fiber type-specific MyHC isoforms, we found moderate and
mostly non-significant changes, but no consistent pattern.
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N
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For the factors shown in e, g, k, Western blot analysis was also carried out
as indicated. Data are displayed as geometric means (GEOM) £ SD (*p <
0.05, **¥p <0.01; n=38)

Remarkably, there was rather a tendency towards downregu-
lation and not upregulation of MyH7, encoding the “slow”
MyHC type 1 protein, with exercise, indicating that our regi-
men of 10 weeks of treadmill running did not induce a shift
towards “slower” myosin isoforms in the muscles analyzed.
This might be due to the fact that either the “endurance”
component was not pronounced enough or to the fact that
the potential to induce fiber type switches, as indicated by
shifted patterns of isoform-specific MyH gene expression, in
the adult murine muscle is quite limited.

Similarly, there were no consistent changes in expression
of different genes encoding structural sarcomere or
sarcomere-associated proteins, such as the elastic spring pro-
tein titin or actinin y1, a protein of Z discs and costameres,
indicating that expression of genes encoding structural sarco-
mere components might not be altered in the trained skeletal
muscle.

There was a tendency towards downregulation of genes
encoding E3 ubiquitin ligases involved in the degradation of
sarcomeric proteins with exercise, namely, Afrogin-1. This is
consistent with previous results. Whereas a single bout of

@ Springer



1052

A. Schmitt et al.

A Unc45b
M. gastrocnemius
5 M. quadriceps 5
g2 Q P sed T sed
s 2
23 N - 3 -
: L :
et pro—
Uncdsd = UncdSd - ."
W - - —— U o ——
sed ex sed ex sed ex sed ex
water POTC water POTC
M. tibialis anterior M. soleus
g s sed E sed
34 - £ -
3, £
3 -
Uncasd F _— - - Uncaso SRS Sy ==
GAPDH GAPOH
e *e LY —
sed ex sed ex sed ex sed ex
water POTC water POTC
C Smyd1
1 M. quadriceps s4d
: p . . :: M. gastrocnemius
3 sed
¢ |
-
‘
: |
|
Smyd1 — smydl - =
GAPOH GAPOH ~
=l czam k=] ==L
sed ex sed ex sed ex sed ex
water POTC water PDTC
M. tibiaks anterior ’ M. soleus
= = 14
e sed % . sed
B 3 n-
E :
é
g os
3 3
3 ]
g oa
3 |
Sovydd e S Smyd - - abes
S o o CAPOH ol o -
sed ex sed ex sed ex sed ex
water PDTC water POTC

rel.to ctrl

optical dens.

B CryaB
. a > M. gastrocnemius
N M. quadnceps sed _ sed
< S 1
s o 8 13 e
s, n 2 1 u
| I i
Cryab ——— - A - -
G - e 470 o g
sed ex sed ex sed ex sed ex
water POTC water PDTC
M. tibiaks anterior ’ M. soleus
sed E ‘ e
N - 3 N -
% oa
§ o
l . : .
8
— - . "
cryab — L - e
GAPOH oy - -— GAPDH o e D
sed ex sed ex sed ex sed ex
water PDTC water PDTC
= A tibk o T N
g M. tibialis anterior sod 3 M. gastrocnemius sod
2 4
N 3 N-
3 $
2 3
: H = :
Smydl S e - Seydl o — 1T Y
cwon DD o caron (- -
sed ex sed ex sed ex sed ex

water PDTC water POTC
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exercise, both endurance- or resistance-oriented, in most, but
not all, cases increases expression of the so-called “atrogenes”
in skeletal muscles (Yang et al. 2006; Louis et al. 2007; Raue
et al. 2007; Harber et al. 2009; Pasiakos et al. 2010; Dalbo et
al. 2011; Fernandez-Gonzalo et al. 2013), long-term exercise
training appears to lower their expression (Zanchi et al. 2009),
suggesting that trained individuals might show a lower net rate
of sarcomere protein degradation. However, these results did
also not reach statistical significance.

Despite the known role of the calpain system in exercise-
induced skeletal muscle remodeling (for review, see Murphy
2010; Pasiakos and Carbone 2014), we did not find significant
changes with regard to the expression of genes encoding dif-
ferent calpains or their regulators. Again, however, there was a
consistent trend towards downregulation of these genes with
exercise, indicating that trained skeletal muscle tissue might
be characterized by a less active calpain system. The fact that
parallel PDTC treatment did not alter these effects indicates
that they might not be NF«B dependent.
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The effects of exercise on the expression of genes encoding
sarcomere-associated molecular chaperones were also minor,
mostly non-significant, variable, and very much dependent on
the type of muscle analyzed, indicating that there is no major
difference between “steady state” levels of skeletal muscle
remodeling between trained and untrained individuals.
Furthermore, in response to PDTC treatment, there was no
consistent pattern of gene regulation, suggesting that basal
levels of skeletal muscle remodeling, both in trained and in
untrained individuals, are not highly dependent on NF«B ac-
tivity. Interestingly, our data suggest that in all muscles except
TA, PDTC might induce translocation of the Smyd1 protein to
the sarcoplasm, where it might associate with the sarcomere
(for review, see Du et al. 2014).

Against the background that in summary, we observed only
modest changes in gene expression in response to our 10-
week treadmill running protocol, it appears likely that the
type, frequency, duration, or intensity of exercise (14.4 m/
min, three times a week for 60 min over a period of 10 weeks)
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were too low to induce major effects in our cohort of young,
healthy mice. Despite the fact that several studies on mouse
treadmill running employed similar conditions (Rosa et al.
2005; Brooks et al. 2008; Glaser et al. 2010; Baker et al.
2011), Allen et al. (2001) and De Bono et al. (2006) could
demonstrate in “voluntary wheel running” experiments that
mice can reach velocities of 25-50 m/min without any prob-
lems and voluntarily run distances of 5—15 km/day. In addition,
it is likely that even without a wheel supplied, the “sedentary”
mice might already show a high degree of activity, thereby
leveling out potential differences between “ex” and “sed”
mice. Indeed, in our study, while treadmill running was well
tolerated by all mice, only a few of them ran continuously at
the adjusted pace at most times, whereas most animals
switched between sprinting and backsliding/resting to some
extent. This heterogeneity in running behavior might also ex-
plain part of the high variation found in some of our data.

Alternatively, it is possible that skeletal muscle plasticity
with regard to endurance exercise in the murine system is
limited—in other words, it is well possible that, for instance,
the range within which expression patterns of genes encoding
myosin isoforms and therefore metabolic characteristics and
fiber types can be altered is quite narrow in mice.

Thus, due to behavioral as well as physiological aspects,
mice might not be an ideal model system to perform endur-
ance exercise training studies.

Taken together, our results indicate that 10 weeks of regular
treadmill running (three times a week, 60 min each, with a
maximum speed of 14.4 m/min reached after 5 weeks) induce
only minor changes with regard to the expression of genes
known to be involved in skeletal muscle plasticity.
Furthermore, these changes were very much dependent on
the type of muscle analyzed. Finally, whereas PDTC alone
exerted persistent and in some cases profound effects on skel-
etal muscle gene expression patterns, there was little effect of
this factor on exercise-induced changes in gene expression.
Future research should determine the physiological signifi-
cance of these subtle changes, as well as if and how they are
dependent on the type, duration, and intensity of the chosen
exercise regimen and on PDTC dosage.
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