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 ROS cause the oxidation of membrane phospho-
lipids, proteins and DNA [8]; their toxic effects can 
be prevented by scavenging enzymes such as superoxide 
dismutase (SOD1 and SOD2), Glutathione Peroxi-
dase 1 (GPX1) or Glutathione S-Transferase MU 1 
(GSTM1), as well as by other non-enzymatic anti-
oxidants. However, when the production of ROS 
exceeds the capacity of anti-oxidant defences, oxida-
tive stress might have a harmful effect on 
the functional and structural integrity of biological 
tissue. 

 Muscle atrophy was associated to alteration in 
innervation of skeletal muscle. Innervation is an 
important trophic and regulatory factor controlling 
the structural and functional integrity of skeletal 
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 Abstract
Following experimental hind limb denervation in rats, this study demonstrates that oxidative stress occurs and advances an 
hypothesis about its origin. In fact: (i) ROS are formed; (ii) membrane lipids are oxidized; (iii) oxidized ion channels and 
pumps may lead to increased [Ca 2  � ] i ; all the above mentioned events increase with denervation time. In the denervated 
muscle, (iv) mRNA abundance of cytoprotective and anti-oxidant proteins (Hsp70, Hsp27, Sod1, Catalase, Gpx1, Gpx4, 
Gstm1), as well as (v) SOD1 enzymatic activity and HSP70i protein increase; (vi) an unbalance in mitochondrial OXPHOS 
enzymes occurs, presumably leading to excess mitochondrial ROS production; (vii) increased cPLA2 α  expression (mRNA) 
and activation (increased [Ca 2  � ] i ) may lead to increased hydroperoxides release. Since anti-oxidant defences appear inad-
equate to counterbalance increased ROS production with increased denervation time, an anti-oxidant therapeutic strategy 
seems to be advisable in the many medical conditions where the nerve-muscle connection is impaired.  

  Keywords:   Skeletal muscle  ,   denervation  ,   oxidative stress  ,   mitochondria     

Introduction 

 Muscle atrophy may result from a wide range of 
conditions including cancer, neurodegenerative 
diseases, traumas and ageing [1 – 4]. 

 Several evidences suggest that Reactive Oxygen Spe-
cies (ROS) and mitochondrial dysfunction play an 
important role in muscle atrophy. ROS production is 
increased in muscle mitochondria and is correlated 
with muscle atrophy during ageing [5]. Sod1 –  /  –  mice 
showed an increase in oxidative damage levels and an 
age-dependent loss of muscle mass [5,6]. Further-
more, both transgenic Sod1 G93A  (expressing a mutant 
form of Sod1 gene) and Sod1 H46RH48Q (a metal-
defi cient mutant) mouse models of ALS showed an 
increase in oxidative stress and muscle atrophy [6,7]. 

      Correspondence: Professor Marina Marini, Department of Histology, Embryology, and Applied Biology, University of Bologna, Via 
Belmeloro, 8, 40126 Bologna, Italy. Tel: ( � 39)0512094116. Fax: ( � 39)0512094110. Email: marina.marini@unibo.it    
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muscles. The loss of innervation (denervation), fol-
lowing traumas, genetic and degenerative diseases or 
ageing results in a decline of muscle mass and force 
and in a rapid loss of its functional capacity [9 – 11]. 

 It was demonstrated that an increase in ROS pro-
duction takes place in muscle mitochondria isolated 
from hind limb muscle following surgical sciatic nerve 
transection [6]. In the skeletal muscle, oxidative dam-
ages might affect the Ryanodine-type Ca 2  �  release 
channel (RyR1) which, together with other Ca 2  �  
handling systems, controls the intracellular Ca 2  �  con-
centration and consequently the skeletal muscle con-
tractile function. The activity of RyR1 channel is 
dramatically affected by redox modifi cations of critical 
thiols and an extensive oxidation leads to an irrevers-
ible inactivation of RyR1 channels [12]. Also other 
ionic channels and pumps of the sarcolemma and of 
SR may be affected by oxidative stress, thus decreasing 
their ability to handle the ionic changes that regulate 
muscle contractility. It should also be mentioned that 
increased cellular ROS may also play a role in muscle 
atrophy through signalling, by modulating NF- κ B 
[13] or TNF- α  [14] infl ammatory pathways, which in 
turn leads to the upregulation of Atrogin-1/MAFbx 
and the 26S proteasome system [15]. 

 To study the effects of denervation, which occur in 
several years in humans, we used a rat model in which 
these events take place in a short space of time (weeks 
or months). In this paper we explore more in detail 
the molecular mechanisms of oxidative stress during 
denervation. Rat Tibialis Anterior skeletal muscle, fol-
lowing surgical sciatic nerve transection, was isolated 
after 15 days or 3 months from surgery. ROS produc-
tion, lipid peroxidation, ionic channel and pump 
activities were assessed in intact and denervated mus-
cles. Anti-oxidant capacity was evaluated studying the 
differential expression of anti-oxidant and stress-
related genes and the SOD1 and SOD2 activity. The 
expression of different enzymes involved in oxidative 
phosphorylation was evaluated on the basis of the fact 
that the mitochondrial electron transport chain is 
considered the most relevant site for ROS formation. 
The present paper is aimed at a better understanding 
of the molecular pathway of denervation, in order to 
improve the current knowledge and the effectiveness 
of therapeutic interventions.   

 Materials and methods  

 Animals and muscle denervation 

 Two month old female Sprague-Dawley rats were 
used for all denervation experiments. The animals 
were maintained under specifi c pathogen-free condi-
tions, housed in individual cages and fed  ad libitum . 
The sciatic nerve of hind limbs was cut at the level of 
trochanter,  ∼ 1 cm nerve was removed and the periph-
eral stump was tied. The proximal stump was also tied 

and sutured into a superfi cial muscle to reduce chance 
of reinnervation and obtain permanent denervation 
of the hind legs. The animals rapidly recovered and 
showed moderate impairment of locomotion. Fifteen 
days or 3 months post-denervation rats were killed 
and the Tibialis Anterior muscles (TA) of both limbs 
were aseptically isolated and immediately frozen in 
liquid nitrogen. Muscles were then stored at  − 80 ° C 
until use. Each experimental group was made up of 
four rats, which were bilaterally denervated; the con-
trol group was made up of four Sprague-Dawley 
female rats which did not undergo surgery. TA from 
left limbs was used for the study of lipid peroxidation 
and ion channel activities, whereas TA from right 
limbs was used for the other evaluations. All experi-
ments were carried out with the approval of Padua 
University Ethic Committee.   

 ROS production, lipid peroxidation and ion channel 
activities  

 ROS production.   ROS production was determined 
using a fl uorescent based-method as previously 
described by Degli Esposti [16]. The method ex-
ploits the oxidation by ROS of the fl uorogenic probe 
dichlorodihydrofl uorescein (H 2 DCF, Sigma-Aldrich, 
St. Louis, MO), to a fl uorescent product (DCF), 
which can be measured fl uorimetrically. H 2 DCF is 
preferentially oxidized by H 2 O 2 , but also by organic 
hydroperoxides, such as lipid hydroperoxides [17]. 

 In brief, frozen tissue was homogenized in a lysis 
buffer containing 10 mM TRIS-HCl, 50 mM KCl, 
1 mM EDTA and 3% Protease Inhibitor Cocktail 
(Sigma-Aldrich, St. Louis, MO). Protein lysates (0.5 
mg/ μ l) were added to a reaction mixture containing 
1  μ M H 2 DCF in phosphate-buffer saline (PBS) pH 
7.4. Fluorescence was monitored for at least 45 min 
using a 96-well plate reader (Victor 2  Multilabel 
Counter, Perkin-Elmer, Waltham, MA); excitation 
and emission wavelengths were 485 nm and 520 nm, 
respectively. Data were expressed as mean differ-
ences between  T  45 min  and  T  0 min  Fluorescence Units 
(FU) per milligram of protein � SD.    

 Purifi cation of the cell membranes .  Sarcoplasmic reticulum 
(SR) membranes were prepared by the method of 
Rock et al. [18], while the sarcolemmal fraction was 
purifi ed from TA muscles as indicated by Renganathan 
et al. [19]. The preparations were used to evaluate the 
amount of lipid peroxidation products and the activities 
of ion channels.   

 Lipid peroxidation .  The membrane damage induced 
by lipid peroxidation activity was determined by the 
method of TBARS as previously described [20].   
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 RYR-1 Ca 2  � -channels .  The activity of SR RYR-1 
Ca 2  � -channels was evaluated in a free-cell condition 
using a specifi c binding methodology. SR vesicles 
were washed in binding buffer and centrifuged at 100 
000 � g for 90 min and then resuspended in binding 
buffer at a fi nal concentration of 1 mg/ml. Aliquots 
(65 mg) of protein were incubated at 25 ° C in a fi nal 
250 ml volume of binding buffer containing 10 nM 
[ 3 H]ryanodine for 120 min, then fi ltered with 
Whatman GF/C fi lters (Whatman International Ltd, 
Banbury, UK) and washed with six volumes of ice-
cold 10 mM HEPES (pH 7.4) with 200 mM KCl. 
The amount of bound [ 3 H]ryanodine ([9,21- 3 H]
Ryanodine (61.5 Ci/mmol), Du Pont-New England 
Nuclear, Boston, NE) was determined by liquid 
scintillation [21].   

 SR Ca 2  � -ATPase .  This activity was measured on 50 
 μ g of protein in a fi nal volume of 1 ml of incubation 
medium containing 2.5 mM ATP, plus 10  μ M CaCl 2  
according to a previously reported method [21].   

 Sarcolemmal dihydropyridine receptor/L-type Ca 2  � -
channel (DHPR) .  This activity was determined as 
previously reported [21], using the radioligand [ 3 H]
PN200-110 ([methyZ- 3 H]PN200-1 (80 Ci/mmol), 
Amersham Corp., Louisville, CO). Protein (100 mg) 
was incubated in a fi nal volume of 250 ml binding 
buffer in the presence of 1 nM [ 3 H]PN200-110 for 1 
h at room temperature, following which samples were 
fi ltered with Whatman GF/C fi lters and washed with 
six volumes of ice-cold washing buffer. Radioactivity 
was determined by liquid scintillation counting. Non-
specifi c [ 3 H]PN200-110 binding was assessed in the 
presence of 10 mM unlabelled nifedipin (Sigma-
Aldrich, St. Louis, MO).   

 Sarcolemmal Na � /K � -ATPase .  This activity was 
measured as previously reported [21]. Protein (25 mg) 
was incubated in 1 ml medium (134 mM NaCl, 21 
mM KCl, 1 mM EGTA, 25 mM HEPES, 2.5 mM 
ATP, pH 7.5) in the presence or absence of 1 mM 
ouabain (Sigma-Aldrich, St. Louis, MO). After 10 min 
incubation at 37 ° C, the reaction was stopped by the 
addition of 12.5% TCA (1 ml) and the precipitate 
removed by centrifugation at 5000 � g for 10 min. 
Released orthophosphate was determined on 1 ml clear 
supernatant.   

 Sarcolemmal Ca 2  � /Mg 2  � -ATPase .  This activity was 
measured as previously reported [21] on 30 mg 
aliquots of protein in a fi nal volume of 1 ml medium 
containing 5 mM ATP and 10 mM CaCl 2 .   

 RNA preparation and real-time quantitative PCR 

 Frozen TA muscle tissues were reduced to powder 
using a sterilized ceramic mortar and pestle. Total 
RNA was isolated homogenizing muscle powder in 

TRIZOL ®  Reagent (Invitrogen, Carlsbad, CA) 
according to manufacturer ’ s instructions [22]. 

 RNA quality was assessed by evaluation of 28S and 
18S band sharpness after denaturing electrophoresis 
and its concentration was measured by a spectropho-
tometer (Ultrospec 3000, Pharmacia Biotech, Cam-
bridge, UK). Genomic DNA contaminations were 
removed by digestion with RNase-free Deoxyribonu-
clease I (DNase I) (Amplifi cation Grade DNase I, 
Sigma-Aldrich, St. Louis, MO) and its absence was 
assessed by PCR analysis with specifi c primers for 
Keratin 19 promoter (left: tggctcactctctcctccat, right: 
cataaggcatttggcacctt) [23,24]. 

 Real-time quantitative PCR was carried out as pre-
viously described [23,24]. Equal amounts of total 
RNA were reverse transcribed using the Omniscript 
Reverse Transcription Kit (Qiagen GmbH, Hilden, 
Germany) following the manufacturer ’ s instructions. 

 Real-time PCR was performed in a ABI PRISM 
5700 real-time thermal cycler (Applied Biosystems, 
Warrington, UK) using the SYBR ®  Green PCR Mas-
ter Mix (Applied Biosystems, Warrington, UK) 
according to the manufacturer ’ s instructions. 

 Primers were designed at the 3 ′    end using two free 
softwares, PRIMER 3 and AMPLIFY, and were pur-
chased from PROLIGO (Proligo, France SAS). To 
confi rm primer specifi city, PCR products were sub-
jected to both melting curve analysis and to agarose 
gel electrophoresis. The housekeeping gene  Muscle 
Creatine Kinase  (Ckm) was used for normalization, 
since its expression does not change after denervation 
[25,26]. The primer sequences used in these experi-
ments are summarized in Table I. 

 Real-time PCR was initially run with Ckm primers 
alone in order to adjust sample concentration to the 
same amount of Ckm cDNA. Subsequently, the dif-
ferential expression of the other genes was evaluated 
using a relative quantifi cation method based on thresh-
old cycle (Ct value) [27]. At least two independent 
evaluations, each in quadruplicate, were carried out.   

 SOD activity assay 

 SOD activity was determined by a competitive colou-
rimetric inhibition assay [28,29] as previously described 
[23]. Xanthine-Xanthine Oxidase (Sigma-Aldrich, St. 
Louis, MO)-generated O 2  

.  –  was used to reduce WST-1 
(water soluble tetrazolium salt 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazo-
lium, monosodium salt, Dojindo Laboratories Co., 
Kumamoto, Japan) to a water-soluble formazan dye. 
SOD activity reduced the superoxide ion concentration 
and thereby inhibited the rate of WST-1 formazan 
formation. 

 Frozen tissues were reduced to powder using a 
sterilized ceramic mortar and pestle. The powder was 
homogenized in a lysis buffer containing 10 mM TRIS, 
1 mM EDTA, 0.1% TRITON X-100 and 3% Protease 
Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). 
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 The homogenate was clarifi ed by centrifugation at 
10 000 � g for 10 min at 4 ° C to remove cell debris. 
The supernatant was stored at  − 80 ° C until use. 

 To determine total SOD activity, the supernatant was 
added to the reaction mixture in a 96-well microplate 
that was stirred and incubated for 20 min at 37 ° C. 

 The reaction mixture contained 500  μ M WST-1, 
50  μ M xanthine and Xanthine Oxidase (29 mU/
mL) in 50 mM CHES (2-N-[Cyclohexylamino] 
ethanesulphonic acid, Sigma-Aldrich, St. Louis, 
MO), pH 8.0. 

 Reduction of WST-1 was measured at 450 nm using 
a 96-well plate reader (Victor2 Multilabel Counter, 
Perkin-Elmer, Waltham, MA). SOD from bovine eryth-
rocytes (Sigma-Aldrich, St. Louis, MO) was used as a 
standard for estimation of SOD activity. 

 To measure mitochondrial Mn-SOD (SOD2), KCN 
was added to tissue lysates at the fi nal concentration 
of 1 mM to inhibit cytosolic Cu,Zn-SOD (SOD1). The 
amount of protein that inhibits the WST-1 reduction 
to 50% of maximum is defi ned as 1U of SOD activity. 
SOD1 was calculated as the difference between total 
and SOD2 activities. Enzymatic activity was expressed 
in units per milligram of protein.   

 Citrate synthase activity assay 

 The citrate synthase activity was assayed essentially 
by incubating lysate samples with 0.02% Triton 
X-100 and monitoring the reaction by measuring 
the rate of free coenzyme A release spectrophoto-
metrically [30]. Enzymatic activity was expressed as 
nmol/min/mg of protein. Two independent experi-
ments were carried out.   

 Western blotting 

 Frozen tissues were lysed in lysis buffer containing 10 
mM TRIS-HCl, 50 mM KCl, 1 mM EDTA, 1% 

NONIDET P-40 and 3% Protease Inhibitor Cocktail 
(Sigma-Aldrich, St. Louis, MO). Lysates were clari-
fi ed by centrifugation at 10 000 � g for 10 min and 
the supernatants were assayed for protein concentra-
tion by the method of Lowry et al. [31] in the pres-
ence of 0.3% (w/v) sodium deoxycholate. Equal 
amounts of protein (25  μ g) were subjected to SDS-
PAGE (either 12% or 12 – 20% gradient gel) and then 
electroblotted to nitrocellulose membranes. Mem-
branes were saturated in blocking solution (2% dry 
milk, 0.05% Tween 20 in PBS solution) and the 
immunodetection was carried out, as described in 
Genova et al. [32] using a cocktail of primary mouse 
monoclonal antibodies (1:1000 dilution) specifi c for 
single sub-units of each OXPHOS complex (MitoSci-
ences Inc., Eugene, OR). Cyclophilin D (MitoSci-
ences Inc., Eugene, OR) (18 kDa) immunostaining 
was used as an index of the total amount of mitochon-
drial proteins. 

 Mouse anti-rat HSP70i primary antibody was pur-
chased from Stressgen (Victoria, BC, Canada) and 
used at 1:1000 dilution. Mouse anti-rat beta-Actin 
primary antibody was purchased from Sigma-Aldrich 
(St. Louis, MO) and used at 1:1000 dilution. HRP-
conjugated goat anti-mouse IgG secondary antibody 
was purchased from Pierce (Thermo Fisher Scien-
tifi c, Rockford, IL) and used at 1:10 000 dilution. 

 PageRuler ™  Plus Prestained Protein Ladder was 
purchased from Fermentas (Burlington, Ontario); Pre-
cision Plus ™  Low Molecular Weight Prestained Protein 
Ladder was purchased by BioRad (Hercules, CA). 

 The signal was visualized using a chemilumines-
cent technique based on the ECL ™ Western Blot-
ting Detection Reagent Kit (Amersham Biosciences, 
Piscataway, NJ), followed by exposure of the mem-
branes to Fluor-S Max MultiImager system (BioRad, 
Hercules, CA); which also allowed the performance 
of the densitometric analysis. Results were expressed 
as HSP70i-to-beta-Actin ratio.   

  Table I. Primer sequence and amplicon length of the genes studied with real-time PCR. The Ckm gene was chosen for normalization purposes.  

Unigene 
accession no Gene Left primer Right primer

Amplicon 
length (bp)

Rn.3001 Catalase ATTCAGAGGAAAGCGGTCAA CCAGCGATGATTACTGGTGA 249
Rn.66581 Citrate Synthase AGGCTAAAGGTGGGGAAGAG CACTGTTGAGGGCTGTGATG 215
NC_001665 CoxI/mt-Co1 TTGGTGTCCTCTTCCCTGTC TACTGGGGATGGGTAGCAAG 186
Rn.10162 cPla2 α AGCCCTCCATTCAAGGAACT CTTCAATCCTTCCCGATCAA 105
Rn.11323 Gpx1 GTTCCAGTGCGCAGATACAG AACACCGTCATGGAAAAACC 163
Rn.3647 Gpx4  CCGGCTACAATGTCAGGTTT ACGCAGCCGTTCTTATCAAT 166
Rn.202944 Gstm1 TCATTCTCCCCACTTTCTTTCA GAACAGGCTGGCACTGAGAC 153
Rn.3841 Hsp27/Hspb1 ACGAAGAAAGGCAGGATGAA CGCTGATTGTGTGACTGCTT 161
Rn.1950 Hsp70/Hspa1a TCTAACACGCTGGCTGAGAA CACCCTGAGAGCCAGAAAAG 205
Rn.220465 Nox1 TCCCTTTGCTTCCTTCTTGA CCAGCCAGTGAGGAAGAGTC 208
Rn.19172 Pgc1alpha/ Ppargc1a ATGAGAAGCGGGAGTCTGAA GCAGATTTACGGTGCATTCC 171
Rn.6059 Sod1 CATTCCATCATTGGCCGTA GGCTTCCAGCATTTCCAGT 100
Rn.10488 Sod2 GCTGTGCACTGTTGAAATGC CTGACCACAGCCTTTTTGGT 164
Rn.202951 Xdh GTTTGTCCGCAACTGGATTT ATCAATGGCAGGATTCAAGC 195
Rn.10756 Ckm GGCGTAAAGCTTATGGTGGA CAAAGTCGGTTGGTTGGACT 156

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



  Oxidative stress in the denervated muscle   567

 Statistical analysis 

 All data were expressed as mean � SD. Analysis of 
variance (ANOVA) test was performed and the sig-
nifi cance level was set to  p   �  0.05.    

 Results and discussion  

 Ros production increases following denervation 

 To test whether denervation induced an increase in 
ROS production, we measured ROS generation by 
DCF probe in homogenates from rat Tibialis Anterior 
skeletal muscle in control intact muscle and 15-days 
or 3-months after denervation. It should be stressed 
that all methods for ROS detection may lend to some 
artifacts; in particular, the homogenization of skeletal 
muscle may release iron from the intracellular stores, 
which then participates in Fenton reactions; the 
addition of EDTA to the homogenization buffer is 
expected to prevent the iron-mediated ROS genera-
tion. Moreover, DCF may undergo spontaneous oxi-
dation. In the attempt to minimize this drawback, the 
samples were evaluated three times in different days, 
always with freshly prepared DCF solutions. 

 As shown in Figure 1A, the rate of ROS production 
was highly enhanced in denervated muscle homoge-
nates and increased as a function of denervation time. 
Figure 1B compares the amount of ROS produced at 
the end of the 45 min recording. Fifteen days post-
denervation, ROS production was 7.9-fold ( p   �  0.01) 
higher in the denervated limb compared with control. 
In 3-month denervated muscle, the increase in ROS 
generation was even greater, i.e. 64.1-fold ( p   �  0.01) 
higher than control and 7.6-fold ( p   �  0.01) higher 
than 15-day denervated muscle. The difference among 
the groups was so clear-cut that we are confi dent that 
it was not artifactual, notwithstanding the potential 
faults of the methodology.   

 Oxidation affects muscle cell membranes 

 The oxidative damage of muscle membranes was evalu-
ated in both Sarcoplasmic Reticulum (SR) and Sarco-
lemma by the method of TBARS. When applied to 
purifi ed membrane fractions, the interference with sol-
uble TBARS is minimized, thus making the method 
fully relievable. Denervated fi bres exhibited a signifi cant 
increase in lipid peroxidation products (see Figure 2) 
with respect to controls, thus suggesting that the pres-
ence of excess ROS may possibly affect the integrity of 
cell membranes.   

 Ionic channel and pumps are damaged 

 Membrane ion channels are very sensitive to oxidative 
damage, which impairs their ability to control ion 

release; in muscle fi bres, such impairment affects the 
functionality of the EC coupling apparatus. Figure 3 
shows that all the examined ionic channels and 
pumps displayed a decreased activity in 15-day and 
3-month denervated muscles when compared to 
intact controls. 

 The [ 3 H]Ryanodine binding to the SR Ca 2  � -release 
channels is a marker of the ability of SR terminal 
cisternae to release Ca 2  � ; in 15-day and 3-month den-
ervated muscles [ 3 H]ryanodine binding was decreased 
to 45.0% and 32.5%, respectively, of control values (see 
Figure 3A), thereby indicating a decreased capacity of 
Ca 2  � channels to be maintained in the open state. 

 The SR Ca 2  �  pump is an indicator of the ability 
of SR membranes to uptake Ca 2  � ; Figure 3B shows 
that its ability to be phosphorylated was decreased in 
denervated muscles; in fact, its activity decreased to 
61.0% and 54.4% of control values, in 15-day and 
3-month denervated muscles, respectively. 

Figure 1. Reactive oxygen species (ROS). ROS oxidized the 
fl uorogenic probe dichlorodihydrofl uorescein to DCF, which was 
measured fl uorimetrically. (A) Development of ROS production 
with time (0–45 min): a representative run of normal control (white 
diamond), 15-day denervated (black square) and 3-month 
denervated (black triangle) rat Tibialis Anterior homogenates. Data 
are expressed as Fluorescence Units (FU) per milligram of protein. 
(B) ROS production in normal control (open bars) or in 15-day 
denervated (hatched bars) or in 3-month denervated (black bars) 
rat Tibialis Anterior homogenates. For each sample, differences 
between T45 min and T0 min Fluorescence Units (FU) per milligram 
of protein were averaged and expressed as mean � SD. Two 
independent evaluations per sample, each in triplicate, were carried 
out. ANOVA test analysis was performed. Black star: p � 0.01 vs 
control; black ball: p � 0.01 vs 15-day denervated.
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568 P. M. Abruzzo et al. 

Figure 2. Lipid peroxidation in normal control (open bars) or in 15-day denervated (hatched bars) or in 3-month denervated (black bars) 
rat Tibialis Anterior, evaluated in Sarcolemmal (left) and in Sarcoplasmic Reticulum (SR) (right) membranes. Membranes were purifi ed 
and lipid peroxidation activity was determined by the method of TBARS. Data are expressed as mean � SD. ANOVA test analysis was 
performed. White star: 0.05 �  p � 0.01 vs control; black star: p � 0.01 vs control.

Figure 3. Activity of ionic channels and pumps in normal control (open bars) or in 15-day denervated (hatched bars) or in 3-month 
denervated (black bars) rat Tibialis Anterior. The RyR1 Sarcoplasmic Reticulum (SR) Ca2�-channel activity was evaluated by [3H]
Ryanodine binding to the SR. The SR Ca2�-ATPase and the plasmalemma Na�/K�- and Ca2�/Mg2�-ATPases were evaluated by measuring 
the amount of released γ-32PO4

3- in controlled conditions. The activity of the Dydropyridine Receptor (DHPR)/L-type Ca2�-channel of 
the T tubule was evaluated by the specifi c binding of the radioligand [3H]PN200-110. Data are expressed as mean � SD. ANOVA test 
analysis was performed. White star: 0.05 � p � 0.01 vs control; black star: p � 0.01 vs control.
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 The amount of Dihydropyridine receptors (DHPRs) 
in T-tubules membranes is evaluated by measuring 
the [3H]PN200-110 binding to L-type Ca 2  � -channels. 
Figure 3C shows a marked decrease in [3H]PN200-
110 binding (37.3% of control values, in both 15-day 
and 3-month denervated muscles), which suggests 
that denervation induced a down-regulation of the 
excitation-contraction coupling apparatus at the sar-
colemmal site. 

 The activities of two ionic pumps localized in the 
sarcolemma were examined as well. Na � /K � -ATPase 
specifi c activity is a marker of the physiological 
capacity of plasmalemma that correlates with both 
membrane excitability and muscle contractility. The 
activity of this enzyme (see Figure 3D) was found 
to be decreased in 15-day and 3-month denervated 
muscles (52.5% and 47.0% of control values, 
respectively). 

 The activity of the Ca 2  � /Mg 2  � -ATPase is an index 
of the ability of the cell to re-equilibrate cytoplasmic 
Calcium concentration. The activity of such ATPase 
in 15-day and 3-month denervated muscles was found 

to be 66.7% and 41.7% of control values, respectively 
(see Figure 3E). 

 It is possible that all the above reported alterations 
result from the functional modifi cation of the channel 
proteins, as a consequence of alterations in the redox 
state of the cell.   

 Cytoprotective and anti-oxidant genes are up-regulated 
in denervated muscles 

 Using RT-PCR analysis, we measured the mRNA 
abundance of different genes involved in the response 
to oxidative stress in control and denervated Tibialis 
Anterior. Data, expressed as percentage expression 
relative to the housekeeping gene Ckm, are summa-
rized in Figure 4. In 15 day-denervated muscle, a 
dramatic increase of expression was observed in most 
examined genes. Most of the genes remained signifi -
cantly upregulated at 3 months post-denervation 
compared to control, although their upregulation pro-
gressively decreased with denervation time. The 
decrease in mRNA abundance observed in 3-month 

Figure 4. RT-PCR analysis of cytoprotective and anti-oxidant genes. Specifi c abundance of mRNAs were evaluated in normal control (open 
bars) or in 15-day denervated (hatched bars) or in 3-month denervated (black bars) rat Tibialis Anterior and was expressed as a percentage of 
the abundance of the housekeeping gene Muscle creatine kinase (Ckm). Hsp70, Heat shock protein 70; Hsp27, Heat shock protein 27; Sod1, 
cytoplasmic Cu,Zn-Superoxide dismutase 1, Sod2, mitochondrial Mn-Superoxide dismutase 2; Catalase, Gstm1, Glutathione S-Transferase MU 
1; Gpx1, Glutathione Peroxidase 1; Gpx4, Glutathione Peroxidase 4. At least two independent evaluations per sample, each in quadruplicate, 
were carried out, then data were averaged and are expressed as mean � SD. ANOVA test analysis was performed. White star: 0.05 �  p � 0.01 vs 
control; black star: p � 0.01 vs control. White ball 0.05 � p � 0.01 vs 15-day denervated; black ball: p � 0.01 vs 15-day denervated.
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denervated muscle was in some instance signifi cant 
with respect to 15-day denervation time and likely 
refl ects the progressive loss of the cell ability to cope 
with an increasing oxidative stress. 

 HSP70 and HSP27 are two important heat 
shock proteins, often involved in the anti-oxidant 
response. Hsp70 mRNA was expressed at very low 
levels in control muscle, but increased dramatically 
upon denervation (32.7- and 4.9-fold at 15 days 
and 3 months post denervation, respectively). In 
contrast with Hsp70 mRNA, Hsp27 mRNA was 
expressed also in control intact TA; however, denerva-
tion greatly upregulated its expression (9.6- and 5.9-
fold, respectively). 

 Cytosolic (Cu,Zn-SOD, SOD1) and mitochondrial 
(Mn-SOD, SOD2) superoxide dismutase are impor-
tant anti-oxidant enzymes that may be upregulated by 
oxidative stress. Cu,Zn-Sod mRNA was up-regulated 
in 15-day denervated muscle (8.5-fold) compared to 
control; its expression was further enhanced 3 month 
post-denervation (11.5-fold). On the other hand, 
the amount of Mn-Sod mRNA was unchanged in 

denervated TA with respect to control values. Note-
worthy, these data are in accordance with SOD1 and 
SOD2 enzymatic activity (see below). 

 While SOD enzymes catalyse the dismutation of 
superoxide anion to hydrogen peroxide, another enzyme 
(Catalase) is required for hydrogen peroxide detox-
ifi cation; thus it is not surprising that also Catalase 
mRNA was found to be up-regulated upon denerva-
tion (16.2- and 6.0-fold increase in 15-day and 
3-month denervated muscle, respectively). 

 Messenger RNA abundance of three enzymes involved 
in the glutathione cycle, namely  Glutathione S-Transferase 
MU 1  (Gstm1),  Glutathione Peroxidase 1  (Gpx1) and 
 Glutathione Peroxidase 4  (Gpx4) was similarly increased 
in denervated TA. Notably, the primers for Gpx4 mRNA 
were designed in the 3′   region, which is common to all 
Gpx4 enzymes, independently of their fi nal localization. 
Figure 4 shows that Gstm1 gene expression was upreg-
ulated 3.3- and 2.2-times, Gpx1 mRNA was increased 
3.0- and 1.8-fold and Gpx4 mRNA was increased 2.2- 
and 1.7-fold, in 15-day and 3-month denervated muscle, 
respectively, with reference to control values.   

Figure 5. Cytoprotective and anti-oxidant proteins: expression and activity. (A) A representative Western Blot analysis of HSP70i (Mw 70 
kDa) in normal control or in 15-day denervated or in 3-month denervated rat Tibialis Anterior. Cytoplasmic beta-Actin (Mw 42 kDa) was 
evaluated as equal loading control. M, PageRuler™ Plus Prestained Protein Ladder. STAR, aspecifi c band stained with anti-HSP70 antibody. 
(B) HSP70i protein quantifi cation. The HSP70i and the beta-Actin WB spots of multiple runs were quantifi ed and HSP70i-to-beta-Actin 
ratios were calculated and averaged. Results are expressed as mean � SD. ANOVA test analysis was performed. White star: 0.05 �  p � 0.01 
vs control. Open bars: normal control; hatched bars: 15-day denervated; black bars: 3-month denervated rat Tibialis Anterior. (C) SOD 
activity assay. SOD enzymatic activity was evaluated as ability to inhibit the O2

.–catalysed formazan dye generation by WST-1 and was 
expressed in units per milligram protein. The assay was performed in the absence or in the presence of 1 mM KCN, to inhibit the cytoplasmic 
Cu,Zn-SOD (SOD1). SOD1 was calculated as the difference between total and SOD2 activities. Data from two assays, run in triplicate, 
were averaged and are expressed as mean � SD. Open bars: normal control; hatched bars: 15-day denervated; black bars: 3-month denervated 
rat Tibialis Anterior. ANOVA test analysis was performed. White star: 0.05 �  p � 0.01 vs control; black star: p � 0.01 vs control.
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 HSP70i protein increases following denervation 

 WB was used in order to evaluate whether the increase 
in Hsp70 mRNA corresponded to an increase in 
HSP70i protein in denervated muscle. Figure 5A 
shows a representative blot, where cytoplasmic actin 
was used as equal loading control. HSP70i/beta-Actin 
OD ratio signifi cantly increased 2-fold in 15-day den-
ervated muscle (see Figure 5B), in agreement with 
the mRNA increase shown in Figure 4.   

 SOD activity increases following denervation 

 To evaluate whether the mRNA expression of  Sod1  
and  Sod2  was in agreement with the activity of the 
respective enzymes, the enzymatic activity was assessed 
in control and denervated TA. As shown in Figure 5C, 
denervation induced a signifi cant increase of total 
SOD activity both in 15 day- and 3 month-denervated 
muscles, as compared to control muscles ( p   �  0.05). 
Variations in total SOD activity probably result from 
Cu,Zn-SOD (SOD1), since Figure 5C shows an 
increase in Cu,Zn-SOD and no variation in Mn-
SOD (SOD2) activity at 15 days and 3 months post-
denervation. Noteworthy, Cu,Zn-SOD and Mn-SOD 
enzymatic activity followed the same pattern as 
mRNA expression (Figure 4). 

 The above-reported data show that denervated 
muscle cells react to the increased ROS production 
by upregulating the synthesis of mRNAs encoding 
cytoprotective and anti-oxidant enzymes (Figure 4) 
and of some of their cognate proteins/enzymatic activ-
ities (Figure 5). This likely allows for the relatively 
moderate increase of cellular ROS in the initial phase 
of the disease. However, the sustained ROS produc-
tion appears to reduce with time the ability of muscle 
cells to cope with the increased oxidative stress, thus 
leading to a weaker cytoprotective response, although 
some anti-oxidant activity appears to be maintained 
or even increased in 3-month denervated fi bres (see 
Figure 5C). Notwithstanding the cell ’ s anti-oxidant 
response, ROS production appears to increase with 
time (see Figure 1).   

 Xanthine oxidase and NADPH oxidase do not seem to 
be involved in the production of ROS in denervated 
tibialis anterior 

 Using RT-PCR analysis, we measured the mRNA 
abundance of Xanthine Dehydrogenase and NADPH 
Oxidase 1, a potential source of cellular ROS produc-
tion in the denervated muscle. Data, expressed as 
percentage expression relative to the housekeeping 
gene Ckm, are shown in Figure 6A. 

Figure 6. (A) RT-PCR analysis of oxidant genes. Specifi c abundance of mRNAs was evaluated in normal control (open bars) or in 15-day 
denervated (hatched bars) or in 3-month denervated (black bars) rat Tibialis Anterior and was expressed as a percentage of the abundance 
of the housekeeping gene Muscle Creatine Kinase (Ckm). Xdh, Xanthine Dehydrogenase; Nox1, NADPH Oxidase 1. At least two 
independent evaluations per sample, each in quadruplicate, were carried out, then data were averaged and are expressed as mean � SD. 
ANOVA test analysis was performed. Black star: p � 0.01 vs control. Black ball: p � 0.01 vs 15-day denervated. (B) RT-PCR analysis of 
mitochondria-related genes. Specifi c abundance of mRNAs was evaluated in normal control (open bars) or in 15-day denervated (hatched 
bars) or in 3-month denervated (black bars) rat Tibialis Anterior and was expressed as a percentage of the abundance of the housekeeping 
gene Muscle Creatine Kinase (Ckm). CoxI, Cytochrome C Oxidase sub-unit I; Pgc1-α, Peroxisome Proliferator-Activated Receptor 
gamma, Coactivator-1 alpha. At least two independent evaluations per sample, each in quadruplicate, were carried out, then data were 
averaged and are expressed as mean � SD. ANOVA test analysis was performed. White star: 0.05 �  p � 0.01 vs control; black star: p � 
0.01 vs control. White ball 0.05 �  p � 0.01 vs 15-day denervated; black ball: p � 0.01 vs 15-day denervated.
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 In particular, Xanthine Dehydrogenease (XDH) 
is a cytoplasmic enzyme that, in the presence of an 
oxidative environment and of excessive amount of sub-
strates, converts to Xanthine Oxidase, thus producing 
superoxide anion and hydrogen peroxide. In turn, 
nucleic acid degradation owing to degenerative pro-
cesses may lead to excessive amounts of its substrates 
xanthine and hypoxanthine. We found Xdh mRNA to 
be upregulated in both 15-day and 3-month dener-
vated muscle (5.8- and 1.9-fold variation with respect 
to control). This prompted us to examine whether an 
excess of xantine and/or hypoxanthine was present in 
denervated muscles, which could account for a Xan-
thine Oxidase-driven production of ROS. The evalua-
tion was carried out by HPLC; no signifi cant difference 
among samples was found in both xantine and hypox-
anthine concentration (data not shown), thus suggest-
ing that ROS production was not due to Xanthine 
Oxidase activity in denervated muscles. 

 NADPH Oxidase 1 (NOX1) is a member of a small 
family of plasma membrane-associated enzymes that 
catalyse the production of superoxide by the one-
electron reduction of oxygen, using NADPH as the 

electron donor. We evaluated the abundance of its 
mRNA and found it to be actually down-regulated in 
denervated muscles, its amount being 0.4- and 0.2-
times that of control muscle in the two time points 
considered, thus suggesting that a contribution of 
NADPH Oxidase 1 to the endogenous ROS forma-
tion in the denervated muscle is unlikely.   

 Some mitochondria-related genes are upregulated 
following denervation 

 We turned next to examine mitochondria as a potential 
endogenous source of ROS. Previous observations [33] 
suggested that ROS induce transcription of factors such 
as PGC-1alpha that enhance the biogenesis of the oxi-
dative phosphorylation enzymes, notably those encoded 
by the nuclear genome. By RT-PCR we examined the 
mRNA abundance of two mitochondrial enzymes, 
Cytochrome Oxidase sub-unit I (COXI) and Citrate 
Synthase, encoded by the mitochondrial and the nuclear 
genome, respectively, and of PGC-1alpha. CoxI mRNA 
(Figure 6B) resulted signifi cantly up-regulated in 15-day 
and 3-month post-denervation muscles (21.0- and 4.6-

Figure 7. (A) Western Blot analysis of OXPHOS complexes in normal control or in 15-day denervated or in 3-month denervated rat 
Tibialis Anterior. A representative run out of two for each sample is shown. Proteins analysed here were: NDUFA9 (39 kDa) of Complex 
I, SDHA (70 kDa) of Complex II, Rieske protein (22 kDa, apparent molecular weight is 30 kDa) of Complex III, COXI (57 kDa, apparent 
45 kDa) of Complex IV, b-sub-unit (52 kDa) of the F1F0-ATPase, Cyclophilin D (18 kDa), used as an index of mitochondrial mass. M, 
PageRuler™ Plus Prestained Protein Ladder. (B) Citrate Synthase activity assay. Citrate Synthase enzymatic activity (nmol/min/mg of 
protein) was evaluated by measuring the rate of free coenzyme A release. Data from two independent assays were averaged and are expressed 
as mean � SD. Open bars: normal control; hatched bars: 15-day denervated ; black bars: 3-month denervated rat Tibialis Anterior. ANOVA 
test analysis was performed. White star: 0.05 �  p � 0.01 vs control; black star: p � 0.01 vs control.
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protein degradation, since Complex I and ATP Syn-
thase sub-units appear to be more susceptible to oxi-
dative damage with respect to COXI [34,35]. Such 
unbalance may represent a condition favouring the 
increase of ROS production [36,37]; in particular 
Complex I becomes an important source of ROS 
when electron transfer from NADH to ubiquinone is 
impaired [38]; moreover Complex I is particularly 
susceptible to ROS damage [39], thus easily estab-
lishing a vicious circle of enhanced ROS generation. 

 Mitochondria thus appear to be the major source of 
the increased ROS production in denervated muscle; 
in this view, it may be surprising that we observe an 
increase in the activity of the cytosolic form of SOD 
rather than of the mitochondrial one. Other authors 
have assessed the protein amount of Mn-SOD in the 
mitocondria of denervated muscles and they found it 
to be decreased [40,41]. Thus, our results appear to 
suggest that the mitochondria are not only the primary 
source of the increased ROS production, but also con-
fi rm that they are unable to quench such an increase 
by using their internal defences. On the other hand, 
the whole cell appears to lose with time the ability to 
quench the overall ROS production, as suggested by 
the decrease in Catalase and GPX1 mRNA synthesis.   

 Calcium-activated phospholipase 2a mRNA is 
upregulated in denervated muscles 

 A recent work [42] reported an increase in fatty acid 
hydroperoxides in surgically denervated rat skeletal 
muscles, examined 7 days post-denervation, and pro-
posed the activation of cytosolic phospholipase A2 as 
a potential source of these hydroperoxides. The phos-
pholipase cPLA2 α  is a calcium-activated cytosolic 
enzyme that associates with cell membranes and 
causes the release of fatty acid hydroperoxides, with a 
preference for arachidonic acid. We measured cPLA2 α  
mRNA abundance and found (Figure 8) that it was 
upregulated in 15-day denervated muscle (7.2-fold 
variation with respect to control); the increase was 
lesser (1.7-fold) in 3-month denervated muscle. How-
ever, since cPLA2 α  is a calcium-dependent cytosolic 
enzyme, the increase in its expression may be ineffec-
tive if not accompanied by an increase in [Ca 2  � ] i . As 
shown in Figure 3, we found both sarcolemmal and 
SR Ca 2  �  pumps to be partially inactivated in dener-
vated muscles; the impairment in Ca 2  � export is 
expected to lead to an increase in its cytosolic concen-
tration. Further independent data [43] suggest that 
[Ca 2  � ] i  may be increased up to 150-fold upon dener-
vation. Thus, the early increase in cPLA2 α  mRNA 
(shown here) and protein [42] abundance is likely to 
result in a signifi cant increase in fatty acid hydroper-
oxide concentration. Although cPLA2 α  increase may 
not be sustained in longer-standing denervated TA, 
[Ca 2  � ] i  is nevertheless elevated and may support its 
activation. Lipid hydroperoxides are detoxifi ed by the 

times, respectively) compared to control. Citrate Syn-
thase mRNA expression (Figure 6B) was found to be 
increased when examined 15 days following denerva-
tion (3.0-fold increase), but returned to control levels 
following 3-month denervation. Notably, PGC-1 alpha 
mRNA followed the same pattern of expression as the 
mRNA coding for Citrate Synthase (Figure 6B). In 
fact, it was found to be increased by a factor of 2.2 in 
15-day denervated muscles, but returned to control 
levels following 3-month denervation.   

 Mitochondrial complex protein expression is 
unbalanced in denervated muscles 

 The expression of some mitochondrial enzymes 
involved in oxidative phosphorylation was analysed by 
Western Blot. Impairment or differential protein 
expression in mitochondrial electron transport chain 
elements might lead to an increase in ROS production. 
As shown in Figure 7, we found that COXI (Cyto-
chrome Oxidase sub-unit I), a member of Complex IV, 
was dramatically up-regulated in 15 day and 3-month 
denervated muscle compared to control. Noteworthy, 
these data are in accordance with those obtained for 
COXI mRNA abundance. Also Rieske protein and 
Succinate Dehydrogenase Complex sub-unit A 
(SDHA) (belonging to Complex III and II, respec-
tively) were increased, although to a milder extent, in 
denervated muscle. A slight increase was also observed 
in the  b  sub-unit of the -F 1 F 0  ATP Synthase complex 
and NDUFA9 (NADH Dehydrogenase (ubiquinone) 
1alpha sub-complex 9), a protein belonging to Com-
plex I. Cyclophilin D was used as a marker of the mito-
chondrial mass; notably, it displayed a substantial 
decrease in 3-month denervated muscle. 

 Citrate Synthase activity, another widely accepted 
marker of mitochondrial mass, was evaluated as well 
(Figure 7B); data showed a small but signifi cant 
decrease ( − 15.0%;  p   �  0.05) in 15-day denervated 
muscle and a further decrease ( − 34.0%;  p   �  0.01) in 
3-month denervated muscle. It should be noted that 
these data were not in agreement with the mRNA 
expression data (Figure 6B); at present, there is no 
explanation for this result, although oxidative stress 
may lead to one or all the following outcomes: partial 
inactivation of the protein, enhanced protein degrada-
tion or lack of mRNA translation. 

 Although other sources of ROS cannot be excluded, 
data presented in Figure 7 suggest that the enhanced 
ROS production following denervation is likely to 
originate mostly from the unbalance of expression of 
the different complexes of the mitochondrial res-
piratory chain. Indeed all these enzymes are over-
expressed in denervated muscle, as shown both at the 
transcription level (Figure 6B) and in the translated 
protein sub-units (Figure 7A); compared to COXI, 
Complex I and ATP Synthase appear to be increased 
only slightly, perhaps as a result of their enhanced 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



574 P. M. Abruzzo et al. 

 Conclusion 

 As mentioned above, it has been already shown that 
a number of conditions leading to muscle atrophy are 
associated to an increased mitochondrial ROS pro-
duction [6]; the relevant new data presented here 
identify the cause of such increase in an unbalance in 
the relative amount of some components of the mito-
chondrial respiratory chain. The present study adds 
also more information on the cellular defence 
responses and shows that they  decrease  with denerva-
tion time, concomitantly with an increase in ROS 
production and in oxidative stress-induced damage. 
In fact, massive degenerative processes progressively 
take place in the denervated muscle cells, as far as 
gross morphology, ultrastructural organization and 
functional responses are concerned [10,47,48]. Such 
progressive degeneration may be accelerated or even 
prompted by the oxidative stress occurring upon den-
ervation, as shown in the present paper. This suggests 
that an anti-oxidant therapeutical strategy [49,50] 
might be advisable in a wide spectrum of diseases and 
conditions where the nerve-muscle connection is 
impaired. On the other hand, even after long-term 
denervation, atrophic and damaged muscle cells are 
still actively attempting to regenerate [24]; this shows 
that there is lasting ground for improvement and heal-
ing provided that endogenous sources of injury (i.e. 
ROS), are removed.  
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