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Abstract: Advanced chronic kidney disease (CKD) is associated with impaired exercise capacity, skeletal muscle
dysfunction, and oxidative stress. Mitochondria are the primary source for energy production and generation of re-
active oxygen species (ROS). Mitochondrial state 3 respiration, mitochondrial complex | enzyme activity, and tissue
porin/actin ratio were determined in the gastrocnemius muscle of male SD rats 14 weeks after 5/6 nephrectomy
(CKD) or sham-operation (control). The CKD group exhibited azotemia, hypertension, significant reduction (-39%)
of state 3 mitochondrial respiration, and a significant increase in the mitochondrial complex | enzyme activity. The
latter is the first step in oxidative phosphorylation, a process linked to production of ROS. These abnormalities were
associated with a significant reduction in muscle porin/ actin ratio denoting substantial reduction of mitochondrial
mass in skeletal muscle of animals with CKD. CKD results in impaired mitochondrial respiration, reduced muscle
mitochondrial mass, depressed energy production and increased ROS generation in the skeletal muscle. These

events can simultaneously contribute to the reduction of exercise capacity and oxidative stress in CKD.
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Introduction

Chronic kidney disease (CKD) has a profound
negative impact on skeletal muscle function
and structure leading to muscle atrophy and
diminished exercise capacity [1-5]. The mecha-
nisms by which CKD adversely affects skeletal
muscle are complex and multifaceted and
include: |- reduced substrate availability/deliv-
ery (uremic anorexia, Amino Acid removal by
dialysis, insulin resistance, lipoprotein lipase
and VLDL receptor deficiencies), impaired per-
fusion (peripheral vascular disease, CHF) and
decreased oxygen carrying capacity (anemia))
II- catabolic state (inflammation, metabolic aci-
dosis, growth hormone (GH) resistance, gonad-
al dysfunction, uremic neuropathy and physical
inactivity) and llI- impaired energy production
(mitochondrial dysfunction/depletion) [1-5]. As
the main engine of ATP generation, mitochon-
dria represent the power plant of the aerobic
cells and are among the most abundant organ-

elles in myocytes. Consequently their potential
deficiency or dysfunction can contribute to the
impaired exercise capacity in CKD. In addition,
mitochondrial dysfunction can lead to increased
production of reactive oxygen species (ROS)
and oxidative stress and promote cellular apop-
tosis, thereby contributing to the loss of muscle
mass in this condition [1, 6, 71.

The available data on the effect of CKD on mito-
chondrial function, structure and abundance in
skeletal muscle are limited and inconclusive.
Earlier studies have revealed significant reduc-
tion in citrate synthase expression in CKD rats
and a trend for reduced mitochondrial complex
Il and IV activity and altered skeletal muscle
energy metabolism (increase dependence on
non-oxidative ATP production) in patients with
CKD [8-10]. The present study was designed to
examine the effect of CKD on mitochondrial ATP
generation capacity, the mitochondrial respira-
tory chain complex enzyme activities, the
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expression of the respiratory chain complex
proteins, and the abundance of mitochondria in
the skeletal muscle.

Methods
Animals

Male Sprague-Dawley rats with an average
body weight of 225-250 g (Harlan Sprague-
Dawley, Inc., Indianapolis, IL) were used in this
study. Animals were housed in a climate-con-
trolled vivarium with 12-h day and night cycles
and were fed a standard laboratory diet (Purina
Mills, Brentwood, MQO) and water ad libitum.
The animals were randomly assigned to the
CKD and sham-operated control groups. The
CKD group underwent 5/6 nephrectomy (5/6
Nx) by surgical resection of the upper and lower
thirds of the left kidney, followed by right
nephrectomy 7 days later. The control group
underwent sham operation. The procedures
were carried out under general anesthesia
(sodium pentobarbital, 50 mg/kg i.p.) using
strict hemostasis and aseptic techniques. Six
animals were included in each group.

Timed urine collections were carried out at
baseline and at week 12, using metabolic
cages. Urine protein concentration (Chondrex,
Inc., Redmond, WA) was determined in the 24-h
urine samples. Blood pressure was determined
by tail cuff plethysmography (CODA2, Kent
Scientific Corporation, Torrington, CT). Briefly,
conscious rats were placed in a restrainer on a
warming pad and allowed to rest inside the
cage for 15 min before blood pressure mea-
surements. Rat tails were placed inside a tail
cuff, and the cuff was inflated and released
several times to allow the animal to be condi-
tioned to the procedure. At the conclusion of
the observation period (14 weeks) animals
were anesthetized (sodium pentobarbital, 50
mg/kg i.p.) and euthanized by exsanguinations
using cardiac puncture. Gastrocnemius muscle
was immediately removed and a piece was
excised for polarography as described below.
The remaining tissue was cleaned with phos-
phate-buffered saline, snap-frozen in liquid
nitrogen, and stored at -70°C until processed.
Plasma total cholesterol (Stanbio Laboratory,
Boerne, TX), triglyceride (Stanbio Laboratory,
Boerne, TX), urea (Bioassay Systems, Hayward,
CA), and creatinine (Bioassay Systems,
Hayward, CA) were analyzed using the specified
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products. Creatinine clearance was calculated
using standard equation and the 24 hour urine
creatinine concentration (Bioassay systems,
Hayward, CA). The experimental protocol was
approved by the Institutional Animal Care and
Use Committee of the University of California
(Irvine, CA).

Mitochondria preparation

The skeletal muscles were homogenized in a
mitochondria isolation buffer (225 mM manni-
tol, 75 mM sucrose, 10 mM MOPS (pH 7.2), 1
mM EGTA, 0.5% BSA, 3 yg/ml aprotinin, 3 ug/
ml leupeptin, 2 mM phenylmethyl-sulfonyl fluo-
ride (PMSF), 20 mM NaF, 10 mM NaPP, and 2
mM Na,VO,) on ice and homogenized with
Dounce homogenizer. The homogenized mix-
ture was centrifuged at 1000 g, 4°C for 15 min
to remove cell debris, and the supernatants
were spun down at 16,100 g, 4°C for 15 min to
obtain the isolated mitochondria pellet. The
pellets were re-suspended in mitochondria iso-
lation buffer and used to assay oxygen con-
sumption by poloragrophy, enzyme complex
activity, and protein abundance by western
blot.

Mitochondrial oxygen consumption

Respiration rates were measured at 25°C using
an oxygraph system (Oxytherm; Hansatech
Instruments, Norfolk, UK) with the mixture con-
taining 20 mM pyruvate + 1 mM malate to test
the mitochondrial respiratory chain activity.
State 2 was measured in the presence of respi-
ratory substrates without adenosine 5’-diphos-
phate (ADP). State 3 was measured after addi-
tion of 1 mM ADP. Respiratory control ratio
(RCR) was calculated by dividing State 3 by
State 2 respiration rate.

Oxidative phosphorylation complex activity
assays

Mitochondria membranes were ruptured by
freeze-thaw cycles, and OXPHO complex activi-
ties were measured as previously described
[11]. In brief, equal amounts of mitochondria
proteins were assayed and normalized to porin
levels as outlined below.

Complex | + Ill: One ml reaction buffer consist-

ing of 10 mM Tris-HCI (pH 8.0), 1 mg/ml BSA, 8
UM oxidized cytochrome ¢, and 40.8 uM KCN
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was added to the cuvette, and incubated at
37°C for 3 min with mitochondria proteins. The
reaction was started by adding 0.8 mM NADH.
Cytochrome c¢ reduction at 550-540 nm was
recorded for 3 min. 4 uM rotenone was added
and absorbance at 550-540 nm was recorded
for 3 min to quantify the rotenone-sensitive
activity.

Complex II: One ml reaction buffer consisting of
10 mM KH,PO, (pH 7.8), EDTA 2 mM, 1 mg/ml
BSA, 80 uM DCPIP, 240 uM KCN, 4 uM rote-
none and 200 uM ATP was placed in a cuvette
and equal amount of mitochondria proteins
was added to each reaction sample. The reac-
tion was started by adding 80 uM decylubiqui-
none. The activities were measured by changes
of absorbance at 600 nm for 3 min.

Complex IV: Equal amounts of mitochondria
proteins were mixed with 1 ml reaction buffer
containing 10 mM KH,PO, (pH 6.5), 1 mg/ml
BSA, 0.25 M sucrose and placed in the cuvette.
The reaction was started by adding 10 uM
reduced cytochrome c. The activity was record-
ed by the absorbance at 550-540 nm for 3 min.

Complex V: Fresh mitochondria proteins were
added to 800 pl pre-warmed distilled water and
200 ul pre-warmed reaction buffer containing
50 mM Tris-HCI (pH 8.0), 1 mM NADH, 5 mg/ml
BSA, 20 mM MgCl,, 50 mM KClI, 2.5 mM ATP,
15 uM carbonyl cyanide m-chlorophenylhydra-
zone, 10 mM phosphoenol pyruvate, 5 uM anti-
mycin and 4 U of lactate dehydrogenase and
pyruvate kinase at 37°C. The activity was mea-
sured by the absorbance at 340 nm for 3 min.
12 yM oligomycin was added to the reaction
mixture to determine the oligomycin-sensitive
complex V activity.

Western blot analyses

The skeletal muscles were homogenized in a
mitochondria isolation buffer (225 mM manni-
tol, 75 mM sucrose, 10 mM MOPS (pH 7.2), 1
mM EGTA, 0.5% BSA, 3 ug/ml aprotinin, 3 ug/
ml leupeptin, 2 mM phenylmethyl-sulfonyl fluo-
ride (PMSF), 20 mM NaF, 10 mM NaPP, and 2
mM Na,VO,) on ice with Dounce homogenizer.
The homogenized mixture was centrifuged at
1000 g, 4°C for 15 min to remove cell debris,
and the supernatants were spun down at
16,100 g, 4°C for 15 min to obtain the isolated
mitochondria pellet. The pellets were re-sus-
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pended in mitochondria isolation buffer. Protein
concentration was measured prior to each
Western blot analysis using a BCA Protein
Assay Kit purchased from Pierce Biotechnology
(Rockford, lll.,, USA) following the manufactur-
er's protocol. Aliquots containing 5-30 pg of
protein were fractionated on 4-20% Bis-Tris
gels (Invitrogen, Calif., USA) at 120 V for 2 h.
After electrophoresis, proteins were transferred
to Hybond enhanced chemiluminescence (ECL)
membrane (Amersham Life Science, Arlington
Heights, Ill., USA). The membrane was incubat-
ed for 1 h in blocking buffer (1x Tris-buffered
saline, TBS, 0.1% Tween 20, 5% nonfat dry milk)
and then overnight in the same buffer contain-
ing the primary antibody. All antibodies against
Complex IV subunit IV, Complex IV subunit |, ATP
Synthase Alpha, ATP Synthase Beta, and Porin,
were purchased from Mitosciences. Beta actin
antibody was purchased through Santa Cruz
Biotechnology. Membrane was then washed
three times for 7 min in 1x TBS, 0.1% Tween 20
before a 2-hour incubation in blocking buffer
(1x TBS, 0.1% Tween 20, 5% nonfat dry milk)
plus diluted horseradish peroxidase-linked anti-
mouse IgG (Amersham Life Science). The wash-
ing procedures were repeated before the mem-
branes were developed with chemiluminescent
agents (ECL; Amersham Life Science) and sub-
jected to autoluminography for 1 s to 5 min.

For measurement of porin/actin ratios, whole
tissue lysates were prepared and used for
Western blotting. Briefly, Frozen tissue was
homogenized in 1 ml of 20 mM Tris-HCI (pH 7.5)
buffer containing 2 mM MgCl,, 0.2 M sucrose
and protease inhibitor cocktail (Sigma, St.
Louis). The crude extract was centrifuged at
2,000 g at 4°C for 15 min to remove tissue
debris. The supernatant was used for Western
blot analyses.

Data analysis

Student’s t-test was used in statistical evalua-
tion of the data which are shown as mean *
SEM. P-values <0.05 were considered signi-
ficant.

Results
General data

As expected, compared with the sham-operat-
ed control rats, the CKD group showed a signifi-

Int J Clin Exp Med 2013;6(7):532-539
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Table 1. Plasma concentrations of creatinine (Cr), urea, triglycerides,
and cholesterol, Creatinine clearance (Ccr), urine protein excretion
and systolic and diastolic blood pressure in the CKD and normal
control rats

Control CKD
Cr, mg/dl 0.50 £ 0.06 1.56 + 0.23"
Urea, mg/dl 54.3+1.8 114.7 £+ 4.8"
Ccr, ml/min-1.kg-1 5.62 + 0.53 1.74 £ 0.19"
Urine protein, mg/24 h 6.7 +0.9 80.3+3.7"
Triglycerides, mg/dl 458 + 8.2 99.7 £ 2.17
Total cholesterol, mg/dl 71.2+4.0 221.2 +10.3"
SBP, mmHg 123.5+ 6.0 161.4 + 2.0"
DBP, mmHg 875+ 3.3 117.0 + 3.2"

Values are means + SEM (n=5-6 in each group), Cr, creatinine; Ccr, creatinine clear-
ance; SBP and DBP, systolic and diastolic blood pressure. *P<0.05.
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Figure 1. A: State 3 oxygen consumption rates in purified mitochondria from
gastrocnemius muscle were measured by the polarography method in the 5/6
nephrectomized (CKD) and sham-operated control rats. Data represent mean
+ SEM (n=6). (*p<0.05). B: OXPHO complex activities in the gastrocnemius
muscle of the 5/6 nephrectomized (CKD) and sham-operated control rats. OX-
PHO complex activities were normalized with the porin contents in each mi-
tochondria sample. Data are expressed as the mean + SEM (n=6 per group).

(*p<0.05).

cant increase in arterial pressure and serum
concentrations of creatinine, urea nitrogen, tri-
glycerides, and cholesterol as well as urinary
protein excretion (Table 1).

Mitochondrial oxygen con-
sumption by polarography

Data are summarized in
Figure 1A. There was a
39% reduction in state 3
mitochondrial respiration
in isolated skeletal muscle
from CKD animals when
compared with the control
group (*p<0.05).

Mitochondrial enzyme
complex activities

Data are summarized in
Figure 1B. Mitochondrial
enzyme complex | plus Il
activity was significantly
increased (+18%) in the
isolated skeletal muscle
mitochondria from the CKD
group when compared with
sham-operated controls.
This reaction constitutes
the first step in oxidative
phosphorylation by catalyz-
ing oxidation of reduced
nicotinamide adenine dinu-
cleotide (NADH NADY), a
reaction which is coupled
with production of ROS. In
contrast, activity of the
complex IV was reduced
(-13%) while the activities
of the remaining enzyme
complexes were unchang-
ed in the CKD animals
when compared with the
control rats.

Mitochondrial protein
abundance

While there was a reduc-
tion in Complex IV subunit
IV protein abundance in
the isolated skeletal mus-
cle mitochondria from CKD
animals when compared
with sham-operated con-

trols, the difference did not reach statistical
significance. The protein abundance of Complex
IV subunit I, ATP Synthase Alpha, and ATP
Synthase Beta was unchanged in skeletal mus-
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Figure 2. Representative Western blots and group data depicting gastrocnemius muscle Complex IV subunit 1V,
Complex IV subunit I, ATP Synthase Alpha, and ATP Synthase Beta protein abundance in the isolated skeletal mi-
tochondria of the 5/6 nephrectomized (CKD) and sham-operated control rats. Data are expressed as the mean *

SEM (n=6 per group). (*p<0.05).
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Figure 3. Representative Western blots and group data depicting porin abun-
dance in gastrocnemius muscle homogenates from the 5/6 nephrectomized
(CKD) and sham-operated control rats. Data are expressed as the mean +
SEM (n=6 per group). (*p<0.05).

noted that the lack of sig-
nificant difference in the
abundance of the given
proteins does not imply
absence of significant dif-
ference in their abundance
in the whole tissue. This is
because the measure-
ments were obtained in iso-
lated mitochondria and
normalized against porin,
mitochondrial housekeep-
ing protein. Consequently
normal values do not
exclude potential depletion
of cellular mitochondria
and their protein constitu-
ents. To address this issue
we determined relative
abundance of mitochondri-
al housekeeping protein,
porin, against cellular hou-
sekeeping protein B actin in
the whole tissue protein

cle mitochondria from CKD animals when com- extract to determine possible effect of CKD on
pared with controls (Figure 2). It should be the skeletal muscle mitochondrial mass.

536 Int J Clin Exp Med 2013;6(7):532-539



Mitochondrial dysfunction in CKD

Whole tissue porin abundance

Porin/B actin ratio determined in the whole
muscle tissue homogenate was markedly
reduced in the CKD group as compared to the
normal control rats. This observation indicates
a significant reduction of mitochondrial mass in
the skeletal muscle of the CKD animals. Thus
mitochondrial dysfunction in CKD is compound-
ed by mitochondrial depletion in skeletal mus-
cle (Figure 3).

Discussion

While the skeletal muscle is significantly and
adversely impacted by CKD, the etiology of
muscle dysfunction in CKD has not been defini-
tively elucidated. The potential mechanisms by
which CKD may negatively impact skeletal mus-
cle are multifaceted and include alterations in
muscle perfusion, substrate delivery, and cata-
bolic state mediated by various factors such as
metabolic acidosis, corticosteroids, pro-inflam-
matory cytokines, and decreased physical
activity, among others [12, 13]. While the mito-
chondria play a key role in energy metabolism
of all organs especially the skeletal muscle, the
available data on the effect of CKD on mito-
chondrial function, structure and abundance in
skeletal muscle remains limited.

Several studies have been conducted to deter-
mine the potential role of mitochondrial dys-
function in CKD-induced skeletal muscle abnor-
malities. While skeletal muscle mitochondrial
function did not appear to be significantly
impaired in CKD patients when compared with
controls, there were trends toward decreased
citrate synthase (CS) as well as depressed
mitochondrial complex Il and IV activity [10].
The activity of CS is often used as an index of
cellular oxidative capacity [14]. Earlier studies
have shown significant abnormalities in energy
metabolism in the muscles of CKD patients
including dependence on non-oxidative ATP
synthesis and decreased mitochondrial capac-
ity during recovery [9]. We have reported a sig-
nificant (31%) decrease in CS activity in the
skeletal muscles of CKD (5/6 nephrectomized)
rats [8]. Davis et al. [15] had previously report-
ed that exercise training (swim training) could
prevent the decrements in CS activity in 3/4
nephrectomized rats. Similarly, we found that
voluntary wheel-running exercise blunted the
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de-conditioning effect of CKD in rats by pre-
serving the skeletal muscle oxidative capacity
[8]. Therefore, although the results of human
studies are inconclusive, the results of animal
studies suggest that oxidative capacity of the
muscle is impaired in CKD animals and can be
ameliorated by exercise.

In the current study, we found that CKD animals
studied 12 wks after 5/6 nephrectomy exhibit-
ed a significant reduction in mitochondrial
respiratory capacity. This further confirms the
impaired oxidative capacity observed in previ-
ous studies and indicates that mitochondrial
dysfunction is partially responsible for this find-
ing. In order to determine the underlying mech-
anism for impaired oxidative capacity observed
in animals with CKD we measured the activity
of the five complexes of the electron transport
chain. We found a marked reduction in mito-
chondrial Complex IV activity and Complex IV
subunit IV protein abundance in the skeletal
muscles of CKD animals when compared with
the sham-operated controls. Although the dif-
ferences did not reach statistical significance,
there was a trend towards reduction of activity
and protein abundance which is consistent with
reduced mitochondrial respiratory capacity.
The reduction in Complex IV activity and protein
abundance may be, in part, responsible for
impaired oxidative capacity in CKD.

In addition, we found a significant increase in
Complex | and Ill activity in CKD animals when
compared with the sham-operated controls.
This can lead to increased ROS production and
oxidative stress in skeletal muscle. Oxidative
stress has been proposed as a principal media-
tor of skeletal muscle atrophy and sarcopenia.
Increased oxidative burden can promote
expression of genes encoding catabolic factors
and activate apoptotic pathways thereby con-
tributing to skeletal muscle atrophy [16-20].
Furthermore, prolonged exposure to relatively
high levels of oxidants reduces mitochondrial
membrane integrity, and causes mitochondrial
dysfunction in skeletal muscle leading to
decreased mitochondrial oxidative capacity as
shown in animals with CKD here and in earlier
studies [21, 22]. The functional consequences
of increased oxidative stress in skeletal muscle
of CKD animals include decreased specific
force, altered myofilament function, and mus-
cle fatigue [23-25].

Int J Clin Exp Med 2013;6(7):532-539
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Porin is the principal protein constituent of the
mitochondrial outer membrane and as such its
abundance in the whole tissue can serve as a
marker of mitochondrial mass. In the current
study we found a significant reduction in the
skeletal muscle porin/actin ratio in the CKD
animals compared with the normal control rats.
This finding points to the CKD-induced mito-
chondrial depletion in skeletal muscle. This
phenomenon can, in part, accounts for the pre-
vious studies which revealed reduction in CS
activity in skeletal muscle in CKD animals and
contribute to the associated reductions in ener-
gy production and oxidative capacity [8]. The
reduction in skeletal muscle mitochondrial
mass in CKD may be due to reduced replication
and increased destruction of mitochondria driv-
en by diminished physical activity, oxidative
stress and as-yet other unidentified factors.
Our results seem to point to increased ROS as
a driving force behind this decreased mitochon-
drial content.

In conclusion, the CKD animals exhibited: 1-
Marked reduction (-39%) of state 3 mitochon-
drial respiration; 2- Significant increase in the
mitochondrial complex | plus lll enzyme activity
(18%) which is a major source of ROS genera-
tion; 3- Reduction of the mitochondrial complex
IV activity and Complex IV subunit IV protein;
and 4- Significant reduction of tissue Porin/
actin ratio which points to diminished skeletal
muscle mitochondrial mass. Together these
results illustrate the adverse effect of uremia
on the mitochondrial function, structure, and
abundance in the skeletal muscle and their
contribution to diminished exercise capacity in
CKD.

Acknowledgements

We gratefully acknowledge the support of staff
at UC Irvine animal care facilities.

Financial support: This work was supported in
part by a grant from the NIH DK082130 (H.M.)
and National Kidney Foundation of Southern
California (PY.).

Disclosure of conflict of interest

The authors have no conflicts of interest to
disclose.

Address correspondence to: Dr. Nasratola D Vaziri,
Division of Nephrology and Hypertension, Schools of

538

Medicine and Biological Science, University of
California, Irvine. Phone: 714-456-5142; Fax: 714-
456-6034; E-mail: ndvaziri@uci.edu

References

[1] Adams GR, Vaziri ND. Skeletal muscle dysfunc-
tion in chronic renal failure: effects of exercise.
Am J Physiol Renal Physiol 2006; 290: F753-
61.

[2] Workeneh BT, Mitch WE. Review of muscle
wasting associated with chronic kidney dis-
ease. Am J Clin Nutr 2010; 91: 1128S-1132S.

[3] Conjard A, Ferrier B, Martin M, Caillette A, Car-
rier H, Baverel G. Effects of chronic renal fai-
lure on enzymes of energy metabolism in indi-
vidual human muscle fibers. J Am Soc Nephrol
1995; 6: 68-74.

[4] Adey D, Kumar R, McCarthy JT, Nair KS. Re-
duced synthesis of muscle proteins in chronic
renal failure. Am J Physiol Endocrinol Metab
2000; 278: E219-E225.

[5] Bailey JL, Zheng B, Hu Z, Price SR, Mitch WE.
Chronic kidney disease causes defects in sig-
naling through the insulin receptor substrate/
phosphatidylinositol  3-kinase/Akt pathway:
implications for muscle atrophy. J Am Soc
Nephrol 2006; 17: 1388-1394.

[6] Naik E, Dixit VM. Mitochondrial reactive oxygen
species drive proinflammatory cytokine pro-
duction. J Exp Med 2011; 208: 417-20.

[7] Vendelbo MH, Nair KS. Mitochondrial longevity
pathways. Biochim Biophys Acta 2011; 1813:
634-44.

[8] Adams GR, Zhan CD, Haddad FA, Vaziri ND.
Voluntary exercise during chronic renal failure
in rats. Med Sci Sports Exerc 2005; 37: 557-
562.

[91 Kemp GJ, Thompson CH, Taylor DJ, Radda GK.
ATP production and mechanical work in exer-
cising skeletal muscle: a theoretical analysis
applied to 31P magnetic resonance spectro-
scopic studies of dialyzed uremic patients.
Magn Reson Med 1995; 33: 601-609.

[10] Miré O, Marrades RM, Roca J, Sala E, Masanés
F, Campistol JM, Torregrosa JV, Casademont J,
Wagner PD, Cardellach F. Skeletal muscle mi-
tochondrial function is preserved in young pa-
tients with chronic renal failure. Am J Kidney
Dis 2002; 39: 1025-1031.

[11] Barrientos A. In vivo and in organello assess-
ment of OXPHO activities. Methods 2002; 26:
307-316.

[12] Rajan VR, Mitch WE. Muscle wasting in chronic
kidney disease: the role of the ubiquitin protea-
some system and its clinical impact. Pediatr
Nephrol 2008; 23: 527-35.

[13] Han HQ, Mitch WE. Targeting the myostatin sig-
naling pathway to treat muscle wasting diseas-

Int J Clin Exp Med 2013;6(7):532-539


mailto:ndvaziri@uci.edu

[14]

[15]

(16]

[17]

(18]

[19]

539

Mitochondrial dysfunction in CKD

es. Curr Opin Support Palliat Care 2011; 5:
334-41.

Holloszy JO, Oscai LB, Don 1J, Mole PA. Mito-
chondrial citric acid cycle and related enzymes:
adaptive response to exercise. Biochem Bio-
phys Res Commun 1970; 40: 1368-1373.
Davis TA, Karl IE, Goldberg AP, Harter HR. Ef-
fects of exercise training on muscle protein ca-
tabolism in uremia. Kidney Int Suppl 1983; 16:
S52-S57.

DeMartino GN, Ordway GA. Ubiquitin-protea-
some pathway of intracellular protein degrada-
tion: implications for muscle atrophy during
unloading. Exerc Sport Sci Rev 1998; 26: 219-
252.

Li YP, Chen'Y, Li AS, Reid MB. Hydrogen perox-
ide stimulates ubiquitin-conjugating activity
and expression of genes for specific E2 and E3
proteins in skeletal muscle myotubes. Am J
Physiol Cell Physiol 2003; 285: C806-C812.
Mantovani G, Madeddu C, Maccio A, Grami-
gnano G, Lusso MR, Massa E, Astara G, Serpe
R. Cancer-related anorexia/cachexia syndrome
and oxidative stress: an innovative approach
beyond current treatment. Cancer Epidemiol
Biomarkers Prev 2004; 13: 1651-1659.
Kagan VE, Tyurina YY, Bayir H, Chu CT, Kapralov
AA, Vlasova ll, Belikova NA, Tyurin VA, Amosca-
to A, Epperly M, Greenberger J, Dekosky S, Sh-
vedova AA, Jiang J. The “pro-apoptotic genies”
get out of mitochondria: oxidative lipidomics

[20]

[21]

[22]

[23]

[24]

[25]

and redox activity of cytochrome c/cardiolipin
complexes. Chem Biol Interact 2006; 163: 15-
28.

Siu PM, Always SE. Mitochondria-associated
apoptotic signaling in denervated rat skeletal
muscle. J Physiol 2005; 565: 309-323.

Bejma J, Ji LL. Aging and acute exercise en-
hance free radical generation in rat skeletal
muscle. J Appl Physiol1999; 87: 465-470.
Yokota T, Kinugawa S, Hirabayashi K, Matsu-
shima S, Inoue N, Ohta Y, Hamaguchi S, Sobi-
rin MA, Ono T, Suga T, Kuroda S, Tanaka S,
Terasaki F, Okita K, Tsutsui H. Oxidative stress
in skeletal muscle impairs mitochondrial respi-
ration and limits exercise capacity in type 2 di-
abetic mice. Am J Physiol Heart Circ Physiol
2009; 297: H1069-77.

Clanton TL, Zuo L, Klawitter P. Oxidants and
skeletal muscle function: physiologic and
pathophysiologic implications. Proc Soc Exp
Biol Med 1999; 222: 253-262.

Andrade FH, Reid MB, Allen DG, Westerblad H.
Effect of hydrogen peroxide and dithiothreitol
on contractile function of single skeletal mus-
cle fibres from the mouse. J Physiol 1998;
509: 565-575.

Reid MB. Free radicals and muscle fatigue: of
ROS, canaries, and the I0C. Free Radic Biol
Med 2008; 44: 169-179.

Int J Clin Exp Med 2013;6(7):532-539





