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Effect of tibiotarsal joint inflammation on gene
expression and cross-sectional area in rat soleus muscle

Carolina Ramirez'?, Thiago L. Russo!, Gabriel Delfino?,
Sabrina M. Peviani!, Carolina Alcintara’, Tania F. Salvini®

ABSTRACT | Background: Joint inflammation is a common clinical problem in patients treated by physical therapists.
The hypothesis of this study is that joint inflammation induces molecular and structural changes in the soleus muscle,
which is composed mainly of slow-twitch muscle fibers. Objective: To study the effect of tibiotarsal joint inflammation
on muscle fiber cross-sectional area (CSA), gene expression levels (atrogin-1, MuRF1, MyoD, myostatin, pP38MAPK,
NF«B, TNF-alpha), and TNF-alpha protein in the soleus muscle. Method: Wistar rats were randomly divided into
3 periods (2, 7 and 15 days) and assigned to 4 groups (control, sham, inflammation, and immobilization). Results: In the
inflammation group at 2 days, MuRF1 and p38MAPK expression had increased, and NFkB mRNA levels had decreased.
At 7 days, myostatin expression had decreased. At 7 and 15 days, this group had muscle fiber CSA reduction. At 2 days,
the immobilization group showed increased atrogin-1, MuRF1, NFkB, MyoD, and p38MAPK expressions and reduced
muscle fiber CSA. At 7 and 15 days, myostatin mMRNA levels had increased, and the CSA had decreased. The sham
group showed increased p38MAPK and myostatin expressions at 2 and 7 days, respectively. No changes occurred in
TNF-alpha gene or protein expression. Conclusion: Acute joint inflammation induces gene expression related to the
proteolytic pathway without reduction in muscle fiber CSA. Chronic joint inflammation induced muscle atrophy without
up-regulation of important genes belonging to the proteolytic pathway. Thus, muscle adaptation may differ according
to the stage of joint inflammation, which suggests that the therapeutic modalities used by physical therapists at each
stage should also be different.
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Introduction

Joint inflammation is a musculoskeletal
impairment commonly observed in patients treated
by physical therapists, and it can have a significant
effect on the patients’ quality of life. Inflammation is
an innate system of cellular and humoral responses
following injuries, in which the body removes the
injurious stimuli and initiates the healing process'?.
In the musculoskeletal system, inflammation plays an
active role in the pathophysiology of disparate joint
conditions and chronic diseases treated by physical
therapists including traumatic joint injuries, such as
sprains, fractures, ligament injuries, and contusions*.

To better understand the acute and chronic
inflammatory process, animal models have been
used, such as intra-articular injection of carrageenan
in rats. Carrageenan is an agent derived from red
seaweed that causes inflammation and hyperalgesia

when injected into tissues but not when ingested or
applied topically®”. Previous studies have shown that
an intra-articular injection of carrageenan triggers an
acute inflammatory response within the first few days.
This response is converted to macrophage-dominated
chronic inflammation by the first week, and it lasts
through the 8" week®.

Studies using carrageenan have focused mainly
on the characterization of the inflammatory response
in the joint>®, and little attention has been given to
the possible effect that the joint inflammation could
have on tissues functionally related to the inflamed
joint, such as the skeletal muscle. A recent study
conducted in our laboratory found that chronic
inflammation of the tibiotarsal joint induced changes
in the inflammatory molecular pathways related to
regulation of mass leading to atrophy in the tibialis
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anterior, a muscle composed mainly of type Il
fibers’. Conversely, there are no studies that analyze
the possible effects of intra-articular injection of
carrageenan on slow-twitch muscles such as the
soleus, an anti-gravity muscle. It is relevant for
physical therapists to study this issue in order to
understand how the skeletal muscle adapts to joint
inflammation and to develop specific treatment
strategies accordingly.

The scientific literature has already described
the skeletal muscle as a highly plastic tissue
that is sensitive to different conditions of disuse,
such as immobilization, hindlimb unloading, and
denervation®®, and gene expression and protein
content regulations are the main events responsible
for inducing morphological and functional changes
in skeletal muscles. In humans, clinical studies have
described joint conditions that are accompanied
by inflammation®*? and that have been related to
significant muscle changes, such as atrophy.

Muscle atrophy is a highly regulated and ordered
process resulting in reduced muscle fiber cross-
sectional area (CSA), protein content and force®!!,
increased fatigue and insulin resistance®, and the
transformation of type | fibers into type Il fibers®®.
In rats and humans, molecular changes have
been detected during muscle atrophy, including
up-regulation of two E3 ubiquitin ligases, i.e.
MAFbx (also known as atrogin-1) and Muscle Ring
Finger-1 (MuRF1)®16, Muscle fiber CSA reduction
is also followed by changes in the regulation of
genes related to muscle differentiation and growth
(MyoD)¥"*® mass regulation (myostatin)*® and pro-
inflammatory factors, such as p38 Mitogen-Activated
Protein Kinase (p38MAPK), Nuclear Factor kappa
B-dependent (NF«B), and Tumour Necrosis Factor-
alpha (TNF-alpha)®-22, According to a previous study,
the carrageenan injection increases TNF-alpha?,
a cytokine able to increase the gene expression of
MuRF1 and atrogin-1 in rat skeletal muscle?°24%
through the NFkB% and MAPK? pathways,
respectively.

Although inflammatory joint conditions
are common and clinical studies have shown
morphological and functional alterations in the
muscles related to injured joints!?2627, the molecular
mechanism related to the muscle adaptation to
joint inflammation has not been studied to date.
We hypothesized that joint inflammation induces
molecular and structural changes in the soleus muscle
related to the inflamed joint, i.e. the expression and

Tibiotarsal joint inflammation and soleus muscle adaptation

content of pro-inflammatory mediators that regulate
the expression of genes involved in the control of
muscle mass will increase, inducing muscle fiber
atrophy. These changes will start in the acute phase
of inflammation (at 2 days) and will be maintained
throughout the chronic phase of inflammation (7 and
15 days). In addition, the results will be due to joint
inflammation itself and not only to disuse of the
hindlimb or the capsular distension due to effusion.
Thus, the aim of this study was to evaluate the
effects of tibiotarsal joint inflammation induced by
carrageenan on the genes related to atrophy (atrogin-1
and MuRF1), differentiation and growth (MyoD),
mass regulation (myostatin), and pro-inflammatory
factors (p38MAPK, NFkB and TNF-alpha) and on
the expression of the TNF-alpha protein in the rat
soleus muscle. Possible changes in the muscle fiber
CSA were also assessed.

Method

Animal care and experimental groups

This study was conducted in accordance with
the National Guide for Care and Use of Laboratory
Animals and with the approval of the Ethics
Committee (no. 049/07) of Universidade Federal de
Sdo Carlos, SP, Brazil. Sixty Wistar rats (310+12 g)
were used. The animals were housed in plastic cages
in a room with controlled environmental conditions
and had free access to water and standard food.
The animals were randomly divided into three
experimental groups (2, 7, and 15 days) and then
randomly assigned to four groups (Control, Sham,
Inflammation, and Immobilization) within each
experimental period (Figure 1). The Sham group
was proposed to identify any influence of joint
effusion on muscle adaptation. The Immobilization
group was used as a parameter to investigate if the
results in the Inflammation group were caused by
the inflammatory process per se or if the hindlimb
movement restriction, due to pain, could exert
some influence on the results. The animals were
anesthetized with an intraperitoneal injection of
xylazine (12 mg/kg) and ketamine (95 mg/kg) for
all experimental procedures. The animals from the
Inflammation and Sham groups were injected with
1-carrageenan or saline solution, respectively, into
the right tibiotarsal joint. Joint inflammation was
induced with 0.03 ml of 3% (-carrageenan (Sigma
Chemical Company, St. Louis, USA) dissolved
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Wistar rats
N =60
[ |
2 days 7 days 15 days
N =] 20 N = 20 N = 20

Control (n =5)
Sham (n=5)

Inflammation (n = 5)

Immobilization (n = 5)

Figure 1. Distribution of experimental groups used in the study.

in saline solution (0.9% NacCl), as described by
Wang et al.2® and Omote et al.® In the immobilization
group the right tibiotarsal was immobilized according
to Coutinho et al.*® in a neutral position.

At the end of the experimental period (2, 7, and
15 days), the right soleus muscle was dissected
and removed. The muscle was weighed and then
divided in half at the middle belly. The proximal
fragment was divided in half again, immediately
frozen in liquid nitrogen and stored at —-80°C (Forma
Scientific, Marietta, OH); the fragments were used
for the mRNA and protein expression analyses. Distal
fragments of the muscle were frozen in isopentane
in liquid nitrogen, stored at —86°C and used for
histological, immunofluorescence, and muscle
fiber CSA measurements. After muscle removal,
the animals were euthanized with an overdose of
anesthesia.

Muscle fiber CSA analysis

Histological cross-sections (10 um) from the
middle belly of each right soleus muscle were
obtained using a cryostat (Micron HE 505, Jena,
Germany), stained with Toluidine Blue/1% Borax
(TB), and analyzed by light microscopy (Axiolab,
Carl Zeiss, Jena, Germany) to evaluate the muscle
fiber CSA. Images were obtained with a light
microscope equipped with a digital camera (Sony
DSCs75, Tokyo, Japan). The CSAs of 100 randomly
chosen fibers were measured using Axiovision 3.0.6
SP4 software (Carl Zeiss, Jena, Germany). All of the
measurements were made by a blinded evaluator.

RNA isolation and analysis

A frozen fragment from each right soleus muscle
was homogenized, and the total RNA was isolated
using Trizol reagent (Invitrogen, Carlsbad, CA)
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— Control (n=5)
— Sham (n=5)
— Inflammation (n = 5)

— Immobilization (n = 5)

Control (n =5)
Sham (n=5)
Inflammation (n = 5)

Immobilization (n = 5)

according to the manufacturer’s recommendations.
The extracted RNA was dissolved in Tris-HCI
and ethylene-diamine-tetracetic acid (EDTA)
pH 7.6, and its concentration was quantified
spectrophotometrically. RNA purity was assessed
by determining the ratio of the absorbance at
260 nm to 280 nm (ratios were between 1.8 and
2.0). The integrity of the RNA was confirmed by
electrophoretic analysis of the 18S and 28S ribosomal
RNAs, which were stained with ethidium bromide
(Invitrogen, Carlsbad, CA).

Reverse transcription

One microgram of total RNA was used to
synthesize cDNA. The reverse transcription reaction
(RT) mixture contained 5x first-strand buffer,a ANTP
(Promega, Madison, WI) mixture with 0.2 mmol-L*
each of dATP, dCTP, dGTP,and 0.1 mol-L* of dTTP,
1 ul of oligo (dT) primer (Invitrogen, Carlsbad,
CA) and 200 U of M-MLV RT enzyme (Promega,
Madison, WI). The reverse transcription reaction was
incubated at 70°C for 10 min, 42°C for 60 min, and
95°C for 10 min before quick chilling on ice.

Analyses by real-time polymerase chain
reactions

RNA transcript levels for the different experimental
and control muscles were analyzed simultaneously,
and the reactions were performed twice with a
Lightcycler (Rotor Gene 3000, Cobertt Research,
San Francisco, USA) using SYBR green fluorescent
dye detection (Applied Biosystems, Foster City,
CA) and 180 nM of each primer in a final volume
of 50 pl. The cycling conditions for the target genes
have been previously described®!%, Data were
analyzed using the comparative cycle threshold (Ct)
method described by the manufacturer; GAPDH was
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Figure 2. Gene expression of atrogin-1 (A), MuRF1 (B), p38MAPK (C), NF«B (D), MyoD (E), and myostatin (F) in the soleus muscle
of the sham, inflammation, and immobilization groups at 2, 7, and 15 days. *p <0.05 vs. control. Data are expressed as mean+SD.

the control gene. In Figure 2, the control levels are
arbitrarily set to 1. Negative controls contained RNA
but no M-MLV RT, ensuring that the PCR product
was not a result of amplified genomic DNA. A blank
control that only contained water, primers, and SYBR
green was also performed.

Oligonucleotide primers

Oligonucleotide primers were designed for
GAPDH (GenBank, AF106860), atrogin-1 (Gen-
Bank AF441120), and myostatin (GenBank
AF019624) using the Primer Express Software
2.0 (Applied Biosystems, Foster City, California).
Primers have been previously described for MuRF1,3
MyoD,*” p38MAPKZ?, and NFkB®. The primers used
for the amplification of products were as follows:

GADPH Fw-GATGCTGGTGCTGAGTATGTCG,
RV-GTGGTGCAGGATGCATTGCTGA,;

atrogin-1 FW—TACTAAGGAGCGCCATGGATACT,
Rv-GTTGAATCTTCTGGATCCAGGAT;

MuRF1 Fw-TGTCTGGAGGTCGTTTCCG,
Rv-ATGCCGGTCCATGATCACTT;

myostatin FW—CTACCACGGAAACAATCATTACCA,
RV-AGCAACATTTGGGCTTTCCAT,

MyoD Fw-GGAGACATCCTCAAGCGATGC,
Rv-AGCACCTGGTAAATCGGATTG;

p38MAPK FW-AGCTGAACAAGACAATCTGGGA,
Rv-CATAGGCGCCA-GAGCCC;

NFkB FW-CATTGAGGTGTATTTCACGG,
Rv-GGCAAGTGGCCATTGTGTTC.
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Western blot analysis

Protein was extracted from muscles in a lysis
buffer (50 mM Tris-HCI pH 7.4, 1% w/v Triton
X-100, 0.25% sodium deoxycholate, 150 mM
sodium chloride, 1 mM phenyl methylsulfonyl
fluoride, 1 pg/ml aprotinin, 1 ug/ml leupeptin,
1 mM sodium orthovanadate, and 1 mM sodium
fluoride). Equal amounts of protein (80 pg) from
each muscle lysate were separated by sodium
dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a nitrocellulose
membrane. Membranes were stained with Ponceau
S to confirm protein transfer and then rinsed with
TBST. Membranes were blotted with antibodies
against TNF-alpha (1:300, Santa Cruz Biotechnology,
sc-80383). After incubation, membranes were rinsed
in TBST and incubated with a secondary antibody
against goat immunoglobulin G (KPL, 14-13-06;
1:2000, 0.1% nonfat dried milk in TBST). Detection
of the labeled protein was done using the enhanced
chemiluminescence system (ECL, Amersham, UK).

Statistical analysis

Shapiro-Wilk’s and Levene’s tests were applied to
evaluate the normality and homogeneity, respectively,
of the results. One-way analysis of variance
(ANOVA), followed by Tukey’s test, was performed
to compare the groups. Non-parametric data were
analyzed using a Kruskal-Wallis test followed by
a Newman-Keuls test. For all tests, p<0.05 was
considered statistically significant.

Results

Muscle fiber CSA

The muscle fiber CSA decreased in the
immobilization group at 2, 7, and 15 days compared
with the control (p<0.05; Table 1). The inflammation

group displayed muscle fiber CSA reduction at 7
and 15 days compared with the control (p<0.01). No
changes were detected in the sham group (Table 1).

Gene expression

Atrogin-1. At 2 days, atrogin-1 increased (3.6-
fold) only in the immobilization group compared with
the control (p<0.05). At 7 and 15 days, this gene was
expressed at basal levels in all groups (Figure 2A).

MuRF1. MuRF1 mRNA levels increased in the
inflammation (2.3-fold) and immobilization groups
(7.6-fold) at 2 days compared with the control
(p<0.001). At 7 and 15 days, this overexpression
returned to basal levels in both groups (Figure 2B).

p38MAPK. p38MAPK was overexpressed at 2
days in the sham (2.7-fold), inflammation (6.2-fold),
and immobilization (11.3-fold) groups compared
with the control (p<0.05; Figure 2C). After 7 and 15
days, the gene expression returned to basal levels in
all groups (Figure 2C).

NF«B. At 2 days, this gene showed decreased
expression in the inflammation group (0.08-fold) and
increased expression in the immobilization group
(1.5-fold) compared with the control (p<0.05). At
7 and 15 days, expression was at basal levels in all
groups (Figure 2D).

MyoD. MyoD was strongly upregulated only in
the immobilization group (15-fold) at 2 days; the
expression returned to basal levels at 7 and 15 days
(Figure 2E).

Myostatin. There was no change in myostatin
expression levels in any group at 2 days. At 7 days,
there was decreased myostatin expression in the
inflammation (0.4-fold) and sham (0.2-fold) groups,
and at 15 days, the expression returned to basal levels
in both groups (Figure 2F). In the immobilization
group, myostatin expression increased (1.9-fold)
at 7 days and 15 days (1.9-fold) compared with the
control (p<0.05; Figure 2F).

Table 1. Muscle fiber cross-sectional area (um?) in the soleus muscle at 2, 7, and 15 days.

Group 2 days (n=20)
Control (n=5) 1925+94.5
Sham (n=5) 1878+270.8
Inflammation (n=5) 1974+320.3
Immobilization (n=5) 1358+110.1*

7 days (n=20) 15 days (n=20)

2063+140.3 1990+350.2

1863+373.3 1652+130.7
904+162.6* 1362+250.5*

1087+150.6* 1323+280.1*

Data are expressed as mean+SD. * p<0.05 vs. control.
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(C) Immunofluorescence image of TNF-alpha for the control,
sham, inflammation, and immobilization groups at 2, 7, and 15
days. The white arrows indicate endomysium immunoreactivity to
TNF-alpha that was observed in all experimental groups.

TNF-alpha

Protein and gene expression of TNF-alpha was not
altered in any group at any time point (Figure 3A and
3B), which was confirmed by the qualitative analyses
of immunofluorescence staining (Figure 3C).

Discussion

Muscle response to joint inflammation

Our study provides new information regarding the
adaptation of slow-twitch muscle in response to joint

Tibiotarsal joint inflammation and soleus muscle adaptation

inflammation. It has already been demonstrated that
intra-articular injection of carrageenan triggers an
acute inflammatory process during the first few days.
Then, this response is converted to a macrophage-
dominated chronic inflammation response by the first
week, and it lasts through the 8th week®. Thus, in the
present study, day 2 after carrageenan injection was
considered the acute phase of inflammation, and both
day 7 and 15 represented the chronic phase.

At 2 days, we observed that the joint inflammation
altered the expression of MuRF1, an atrogene
involved in the protein degradation pathway.
However, this change was not sufficient to induce
muscle atrophy. Probably the initial up-regulation
of MuRF1 is related to the late onset muscle fiber
atrophy observed on days 7 and 15 in the inflamed
groups. Conversely, atrogin-1 on soleus muscle did
not change its expression due to inflammation joint.
Furthermore, the present results did not corroborate
previous studies that showed a direct relationship
between p38MAPK and atrogin-124, once the
increased levels of p38MAPK observed on day 2 were
not reflected into high levels of atrogin-1.

A previous study by our group showed a significant
up-regulation of atrogin-1, MuRF1, and myostatin
on fast-twitch muscle (tibialis anterior) at 2 days
after carrageenan injection’. This pattern was quite
different from that observed in the present study and
suggests distinct molecular programs for muscle
adaptation to inflammation in fast- and slow-twitch
muscles.

In our study, the muscle fiber CSA was reduced
during chronic joint inflammation (at 7 and 15 days),
however the expression of two important genes
that are involved in muscle-specific ubiquitination,
atrogin-1 and MuRF1, was not increased. The atrophy
detected in the soleus muscle at 7 and 15 days in the
inflammation group suggests that this response was
regulated not only by atrogin-1 and MuRF1, but also
through other mediators. Probably, pathways related
to translational regulation and the apoptotic process
could be involved in the soleus muscle adaptation.
According to Oishi et al.*, the apoptotic response
could be a key factor that induces atrophy in the
soleus muscle.

The same pattern was observed for the expression
of NFkB, p38MAPK, and TNF-alpha, which
are other important mediators of muscle protein
degradation®25%, In addition, neither TNF-alpha
mMRNA nor its protein content was altered in the
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inflammation group. TNF-alpha is a cytokine
associated with muscle atrophy; it increases muscle
proteolysis and inhibits skeletal muscle protein
synthesis by altering the initiation of translation?>,
Therefore, our results indicate that sensitive markers
of muscle atrophy analyzed in our study, at these time
points, were not involved in the atrophy of the soleus
muscle due to joint inflammation. Probably other pro-
inflammatory factors such as IL-1p, IL-6, TGF-  and
TWEAK could be involved in the atrophic process.
Furthermore, calpains, apoptosis, and autophagic
pathways should also be investigated in slow-twitch
muscles in future studies of joint inflammation.

In our study, myostatin expression and the
muscle fiber CSA at 7 days were reduced in the
inflammation group. In humans, a reduction in
myostatin expression associated with muscle
hypertrophy has been observed®. Caron et al.*°
identified that skeletal muscle atrophy could be
associated with the up-regulation of myostatin.
Interestingly, the gene expression of NF«B at 2 days
in the inflammation group was also unexpectedly
reduced in our study. A previous study also reported
areduction in this pro-inflammatory factor in muscle
disuse due to immobilization?', but the significance of
this reduction has not been clarified in the literature to
date. Regarding these unexpected findings involving
myostatin and NFKB expressions, a previous study
showed a relationship between myostatin, TNF-a,
and NFkB*. The authors described that both TNF-o
and NFkB can upregulate myostatin via reactive
oxygen species (ROS) induction in muscle cells,
providing evidence of the catabolic signaling pathway
during muscle atrophy*t. Conversely, as no difference
in the amount of TNF-a. protein was observed in the
present study, the reduction in NFkB expression at
2 days probably downregulated the expression of
myostatin at 7 days. This temporal pattern observed
in these two genes could be related to the time point
observed in the present study. The peak expression
of MuRF-1 observed at 2 days could be preceded
by an increase in myostatin and NFkB expressions.
Furthermore, the downregulation of both myostatin
and NFkB are probably related to normal levels of
atrogene expression at 7 and 15 days. Together, these
results call for new studies to investigate these factors
immediately after inflammation, e.g. a few hours after
joint injury, to support or refute these hypotheses.

® 250 Braz] Phys Ther. 2013 May-June; 17(3):244-254

These results have some limitations, however
they also provide new insights into clinical practice.
Regarding limitations, in order to clarify the
mechanisms involved in the muscle atrophy observed
at 7 and 15 days, it is necessary to investigate other
molecular pathways related to inflammation, protein
synthesis, apoptosis, and other pathways related to
atrophy, such as calpains and the autophagic system.
Regarding clinical practice, the results showed that,
during joint inflammation, slow-twitch muscles
responded differently than fast-twitch muscles’,
therefore the rehabilitation team should focus on
controlling the acute joint inflammation to prevent
deleterious effects due to chronic inflammation
on muscles functionally related to the affected
joint. Therapeutic resources commonly prescribed
by physical therapists, such as cryotherapy, low-
level laser therapy, ultrasound, and electrical
stimulation, should be recommended to control joint
inflammation, however more investigation about their
effects is also necessary. On the other hand, it seems
that slow-twitch muscles are more sensitive to atrophy
at chronic phases of joint inflammation compared
to fast-twitch muscles’. Special attention should be
given to these affected muscles, for example, through
protocols of resistance training for recovery.

Muscle response to immobilization

The immobilization group was used as a
parameter to investigate if the results obtained in the
inflammation group were caused by an inflammatory
process or if the hindlimb movement restriction,
due to the pain, could exert some influence on the
results. As observed in Figure 2, gene expression in
the inflammation group was very distinct from that
found in the immobilization group, thus confirming
our initial hypothesis that muscle adaptation occurred
due to inflammation and not to immaobilization. The
first 2 days of joint inflammation correspond to
the period when limb restriction was more evident
due to pain, although molecular and morphological
findings were very distinct from the immobilization
group, confirming that inflammation itself was the
most important factor in these changes to the soleus
muscle.

The immobilization group showed a classical
pattern of atrophy. At 2 days, the muscle fiber CSA
reduction was detected in combination with the
elevated gene expression levels of atrogin-1, MuRF1,



p38MAPK, and NF«B. This response confirms the
pivotal role of the ubiquitin-proteasome pathway
and of protein degradation in the early stage of
atrophy in muscles that have been subjected to
immobilization!®'41, The up-regulation of those
genes could be influenced by the elevated oxidative
stress following immobilization®42, The up-
regulation of MyoD at 2 days in the immobilization
group could be related to a possible change from
type I to type Il fibers, as reported during the atrophic
process in slow-twitch muscles?,

At 7 and 15 days after immobilization, there
was no increased expression of those genes related
to the proteolytic pathway, although the muscle
fiber CSA remained reduced (Table 1). According
to Calura et al.*, protein degradation is an early
response to the stimulus that induces atrophy. This
response is subsequently masked and likely occurs
through the biological process of muscle adaptation
to atrophy. In our study, important genes related to
the protein degradation were activated prior to day
7; and at 7 and 15 days of immobilization, other
molecular mediators could be responsible for the
muscle atrophy detected.

A potential mechanism involved in the response
described in the immobilization group at 7 and
15 days could be a decrease in protein synthesis.
Previous studies have shown that the rates of
protein synthesis in the soleus muscle decrease after
unloading and denervation*. These results differ from
those observed in the fast-twitch muscle, in which
denervation-induced atrophy is characterized by an
increase in protein synthesis; this implies an even
greater contribution of protein degradation to type Il
muscle fiber atrophy*4’. Future studies to analyze the
regulation of protein synthesis during immobilization
are necessary.

Myostatin expression was up-regulated at 7 and
15 days in the immobilization group. It has been
observed that, in the presence of an atrophic stimulus
such as immobilization, an increase in myostatin
expression is accompanied by a decrease in MyoD
expression®, Thus, our results suggest that the
increased myostatin expression could induce muscle
atrophy and elicit the down-regulation of muscle-
specific genes, such as MyoD.

Muscle response to joint effusion

The injection of any substance into the joint
space can generate joint effusion. It has already been

Tibiotarsal joint inflammation and soleus muscle adaptation

described in the literature that capsular distension
changes the proprioceptive outputs to muscles
functionally related to that joint. Thus, we believe
that capsular distension caused by the volume of
carrageenan injected could be a source of bias.
The results of the inflammation group were quite
different from those observed in the sham group,
and this supports the premise that the results in the
inflammation group were due to the inflammatory
process itself. The changes in gene expression in
the sham group indicate that joint effusion is able
to generate molecular alterations in the muscle that
are functionally related to the injured joint, although
without any muscle fiber atrophy.

A mechanism by which this muscle response
could be mediated is the arthrogenic muscle response
(AMR). AMR is generated by elevated tension inside
the joint capsule, which increases or decreases the
extent of the H-reflex in muscles that are functionally
related to the affected joint; this process can occur
even without an associated joint injury“. H-reflex
inhibition in joint effusion could result in the
inhibition of the alpha motoneuron pool in the agonist
muscle, and alpha motoneuron facilitation has been
observed in the antagonist muscle group®. Thus, in
our study, the tibiotarsal joint effusion could have
caused activation in the soleus motor units and, in
this manner, stimulated the detected gene expression.
However, future studies should investigate this
hypothesis using EMG and H-reflex measurements.

This study had some limitations. For example,
other molecular pathways involved with muscle
atrophy such as calpains, autophagic system, and
inflammatory cytokines (IL-1p, IL-6 and IL-8),
hypertrophy (IGF-1/1P13/Akt), and apoptosis
should be assessed in future studies to elucidate
the mechanisms involved in the muscle response
observed in the soleus muscle. Furthermore,
electrophysiological studies could contribute to
evaluate the changes in the pattern of motor unit
recruitment in muscles functionally related to the
affected joint.

In conclusion, our study showed that acute joint
inflammation induced the expression of some genes
related to the proteolytic pathway without reducing
the muscle fiber CSA. Conversely, chronic joint
inflammation generated muscle atrophy without
up-regulating the genes involved in the proteolytic
pathway, such as atrogin-1, MuRF1, NF«B,
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p38MAPK, and TNF-alpha. This pattern was similar
to that observed at 7 and 15 days of immobilization.
This result shows that, in the soleus, muscle atrophy
due to joint inflammation and immobilization after 7
days could be mediated by ubiquitin ligases different
from the atrogin-1 and MuRF1, or could be mediated
by other molecular pathways not analyzed in our
study. Although this study was conducted with rats,
it has clinical relevance and indicates that muscle
adaptation can vary according to the stage of the
inflammatory process. It also suggests the importance
of controlling the acute joint inflammatory response
through therapeutic interventions including skeletal
muscle activation to prevent the noxious effects
caused by chronic joint inflammation on the muscle
that is functionally related to the inflamed joint.
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