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Muscle weakness and reduced exercise capacity are
frequent complaints of patients with chronic uremia.
Several lines of evidence have suggested that chronic
uremia result in a state of increased oxidative stress.
Reactive oxygen species (ROS) and free radicals are
capable of damaging lipids and proteins but it remains
unclear whether oxidative damage plays a role in the
skeletal myopathy commonly seen in chronic uremia. In
this cross-sectional study, we compared the levels of
oxidative damage to proteins and lipids of skeletal muscle
from 40 chronic uremic patients and 20 age- and sex-
matched healthy subjects. Protein carbonyls were deter-
mined by a spectrophotometric method to assess the
oxidative damage to proteins. Our results showed that
the mean content of protein carbonyls in skeletal muscles
was significantly elevated in the hemodialysis patients
(3.78 £ 0.14nmol of 2,4-dinitrophenyl-hydrazone per mg
of protein) as compared to healthy controls (2.97 =
0.28 nmol per mg of protein, p = 0.017 vs normal controls).
In addition, we found that the mean malondialdehyde
(MDA) level was also significantly increased in the uremic
patients compared to healthy controls. Further analysis
revealed that there was an age-dependent increase in both
oxidative damages in these patients. Regression analysis
between plasma protein carbonyl and MDA levels showed
a significant correlation between these two parameters (r =
0.43, p = 0.002). The finding of increased oxidative damage
to protein and lipids provide support that oxidative
damage may play a role in the pathogenesis of skeletal
myopathy in chronic uremic patients on hemodialysis.
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INTRODUCTION

Free radicals and reactive oxygen species (ROS) may
impair intracellular organelles and damage lipids
and proteins in the cells. The severity of oxidative
damage may be gauged by the concentrations of
products generated from oxidative modification of
these macromolecules. Several markers of oxidative
damage to proteins and lipids are elevated in various
tissues of neurodegenerative diseases, cancer and
ageing.' ! The process of lipid peroxidation is
comprised of a set of chain reactions, which are
initiated by the abstraction of a hydrogen atom (from
carbon) in an unsaturated fatty acyl chain.'*! In an
aerobic environment, oxygen will add to the fatty
acid at the carbon-centered lipid radical to give rise
to a lipid peroxyl radicals. These radicals propagate
the peroxidative chain reactions by reacting with
fatty acyl moieties in membrane phospholipids and
result in altered structural integrity and ion channel
function of the membrane. On the other hand,
several in vivo studies have shown that the reaction
of ROS with proteins results in the formation of
carbonyl groups!®® which can be used as a marker of
protein oxidation. Two tissues that may be particu-
larly prone to oxidative damage are muscle and the
central nervous system. Both tissues contain post-
mitotic cells, which are liable to accumulate
oxidative damage over time. Being the largest
organ in the body, muscle tissues account for a
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large portion of the body’s total oxygen consumption
and are exposed to tremendous flux of oxygen free
radicals.

Oxidative stress is a disturbance of balance
between pro-oxidants and antioxidants. Several
lines of evidence have accumulated over the last
few years suggesting that patients with chronic renal
failure have increased oxidative stress. It has also
been shown that uremic milieu per se as well as the
hemodialysis procedure may account for the
increased oxidative stress observed in chronic
uremia. Uremic patients on hemodialysis frequently
suffered from easy fatigability and muscle weakness.
Uremic myopathy as a clinical entity does exist but
is probably under-investigated. There is substantial
evidence that the uremic milieu adversely affects
skeletal muscle metabolism. Current evidence
suggests that malnutrition,”! physical inactivity,
inadequate contractile machinery, intrinsic mito-
chondrial defect’®” and impaired energy production
and transport[m] are among the most important
causes of myopathic changes in uremic patients.
Enhanced oxidative stress in hemodialysis patients
may impose a considerable threat to the integrity of
the macromolecules of skeletal muscle tissues. Our
hypothesis is that alterations of skeletal muscle
dysfunction in uremic patients are a consequence of
the accumulation of random oxidative damage to
lipids, and proteins that are exposed to adverse
uremic milieu. Evidence in support of this contention
has accumulated in concert with advances in
methodologies for measuring oxidative damage. To
date, however, most of the evidence of oxidative
damage to skeletal tissues comes from studies in
non-uremic populations.""*?! In the present study,
we have investigated the increase in oxidative
damage to proteins and lipids in skeletal muscles
of uremic patients receiving hemodialysis.

MATERIALS AND METHODS

Forty skeletal muscle biopsies were obtained with
informed consent from forty non-diabetic uremia
patients undergoing forearm arteriovenous fistula
creation. All the biopsies were cryopreserved
immediately after excision. The studied patients
were screened to exclude the possibility of being
associated with any of the known mitochondrial
diseases by reviewing the clinical history and
biochemical criteria (SMA-12 analysis). On the basis
of age, patients were divided into four age groups:
group A, <40 years (four males, four females); group
B, 41-60 years (five males, six females); group C,
61-80 years (six males, seven females) and group D,
>81 years (four males, four females). We also
obtained skeletal muscle biopsies from twenty
healthy subjects as controls. Muscle biopsies were

obtained during surgical intervention for forearm
traumatic injury.

Preparation of Tissue Extract from Skeletal Muscle

The skeletal muscle was crushed under liquid
nitrogen, resuspended in 0.5ml RSB buffer per
100 mg tissue [RSB buffer: 10 mM Tris—HCl (pH 7.4),
10mM NacCl, 25uM EDTA (pH 7.4)] and 15pul of
10% butylated hydroxytoluene (BHT) as antioxidant.
The muscle tissues were digested with 1png
proteinase K/ul and 1% SDS at 50°C for 2h. An
aliquot of 50 pl of 5 M NaCl was added and the DNA
was extracted and precipitated. For measurements of
MDA and protein carbonyls total extract of muscle
tissues was used.

Quantification of Protein Carbonyls

Protein carbonyls were quantified by reaction with
2 4-dinitrophenyl-hydrazine (DNPH) as described
by Reznick et al."3 Briefly, 1 ml supernatant together
with 10 pl of proteinase inhibitor (25X ) and 10%
BHT were pipetted into a 1.5ml centrifuge tube (in
the case of freshly collected plasma, the sample was
diluted to 5mg/ml protein). The solution was mixed
by vortex at room temperature, and centrifuged at
5000 X g (gravitational force) for 15min at 4°C. The
supernatant was transferred into a 15ml glass tube.
For each run, one “blank” tube was always included
in parallel with the “test”. The “test” tube was
prepared by adding 1ml of DNPH (10mM in 2N
HCI), while the blank tube was prepared by adding
1ml of 2N HCl without DNPH. The reaction
mixtures were left at room temperature for 1h in
the dark and were mixed by vortex every 15 min. The
proteins were precipitated by the addition of equal
volume of 20% trichloroacetic acid (TCA). After
mixing thoroughly, the tubes were centrifuged at
12000 X g at 4°C for 10min. The supernatant was
discarded and the pellet was washed three times
with 4ml of ethyl acetate: ethanol (1:1, v/v) to
remove free DNPH and lipid contaminants. The final
pellet was re-dissolved in 1ml of 6M guanidine
hydrochloride and kept at 37°C for 1h in a shaking
water bath. Insoluble materials were removed by
additional centrifugation. The absorbances at 280 nm
(protein) and 364nm (carbonyl hydrazone) were
taken against the reagent blank on a spectropho-
tometer. Protein carbonyls content was calculated
using a molar extinction coefficient for the hydra-
zone of 22,000M 'cm ™' at the wavelength of
364nm. The results are expressed as nmol protein
carbonyl per mg protein.
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Quantification of Lipid Peroxides

The content of lipid peroxides in muscle tissues was
measured as MDA by an HPLC system described
previously."" Fifty pl each of a plasma sample,
reagent blank (distilled water), and 1,1,3,3-tetra-
ethoxy propane (TEP) working standard solutions
were, respectively, pipetted into a glass tube. After
mixing, 750l of 0.44M phosphoric acid and
250 ul of 0.6% thiobarbituric acid (TBA) were
added. The mixture was heated for 1h in boiling
water (100°C), and then cooled at 4°C. This was
followed by neutralizing 500 pl of the boiled
sample with 500 pl of methanol-1N NaOH mixture
(45.5:4.5, v/v) to precipitate proteins before
injection into a Cjg column. After centrifugation,
10-50 ul of the protein-free supernatant was
injected to the HPLC system to separate the MDA -
TBA adduct from interfering chromogens. The
MDA-TBA adduct was quantified with a fluor-
escence detector using an excitation wavelength
of 525nm and emission wavelength of 550nm.
Assays were performed in triplicate and the
concentration of lipid peroxides in the sample is
expressed as nmol MDA/mg of protein. A cali-
bration curve was prepared for each run by using
TEP as standard.

Collection and Preparation of Blood Samples

After 12h of fasting, venous blood samples were
taken from each of the patients and control subjects.
Following centrifugation at 300 X g for 10 min, the
plasma was collected and stored in aliquots at —80°C
or used immediately for enzymatic assays. Several
aliquots of the same samples were transferred into
other tubes to be used for the assays of other plasma
or serum parameters, which were performed by
routine laboratory techniques. In addition, an aliquot
of 1ml fresh blood was collected in a heparin
vacutainer for biochemical analysis of the plasma
level of protein carbonyls.

Determination of Total Glutathinone (tGSH)

An aliquot of 0.05ml of 10% perchloric acid
(PCA) was added to 0.1ml of whole blood to
remove proteins by precipitation and centrifugation.
Total free GSH in whole blood was measured
with the recycling enzymatic assay, which
employs glutathione reductase to induce a kinetic
colorimetric reaction of DTNB [5, 5'-dithiobis-
(2-nitrobenzoic acid)].'® The rate of change of
absorbance at 412 nm was monitored at 30°C within
5min. The concentration of tGSH in blood was
calculated from a standard curve and is expressed
as pg/ml

Determination of Non-GSH Free Sulfhydryl
Content in Whole Blood

The concentration of blood thiols was determined
by a colorimetric method according to Ellman.™®
An aliquot of 0.05ml 10% PCA was added into
0.1 ml whole blood to remove proteins by precipi-
tation and centrifugation. The supernatant was
added with 0.05ml of 0.1M DTNB. After
thorough mixing, the mixture was left standing at
room temperature. The final absorbance at 412nm
was recorded after 30 min reaction of DTNB with all
the SH group-containing compounds. The blood
concentration of total free thiols is expressed in the
unit of pug/ml.

Measurement of Glutathione Peroxidase Activities
in Plasma

Plasma, GSH reductase and GSH were incubated in
1.0 ml of 50 mM phosphate buffer (pH 7.0) at 37°C for
10min. NADPH solution (1.0mM) and 5mM
sodium azide were then added and allowed to
equilibrate for 3 min at 20°C. The enzymatic reaction
was initiated by addition of 5 mM ¢-butyl-hydroper-
oxide as the substrate. The conversion of NADPH to
NADP* was then followed by continuous recording
of the decrease of the absorbance at 340nm for
5min.["”l Glutathione peroxidase activity is
expressed as U/l or U/g-Hb.

Statistical Analysis

All calculations were performed using the software
package SPSS® running on an IBM-compatible
personal computer. All data are presented as mean *
SE. Comparisons were made by one way ANOVA
and Scheffe’s post-hoc method. Correlation was
examined using linear regression. In all comparative
analyses, the difference is considered of significance
when p < 0.05.

RESULTS

The demographic and biochemical data of our
patients and controls are listed in Table I. There
were significant differences in whole blood total
glutathione, plasma protein carbonyls and gluta-
thione peroxidase between the uremic patients
and controls. The protein carbonyl content was
used as a “general” index of oxidative protein
damage and expressed as nmol of 2,4-dinitrophenyl-
hydrazone per mg of protein. The mean concen-
tration of protein carbonyls in skeletal muscle was
significantly elevated in the uremic patients
(3.78 = 0.14nmol per mg of protein) as compared
to healthy controls (2.97 = 0.28nmol per mg of
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TABLE I Clinical characteristics of patient groups and controls

Parameters Controls Patient
Number 20 40

Age (years) 57.3 £15.1 584 £ 17.1
Body mass index (kg/m?) 254 +25 226 +29
Creatinine, mg/dl 09 +£03 12.6 = 3.6*
Blood urea nitrogen, mg/dl 15.2 = 3.6 73.5 + 19.6*
Hematocrit% na 29.8 = 5.6
Serum calcium na

Serum phosphate na

Urate, mg/dl 6.6 1.1 81 *40
Total bilirubin, mg/dl 0.6 =03 0704
Total cholesterol, mg/dl 182.4 +30.0 175.6 =429
Triglycerides, mg/dl 127.6 = 309  144.9 = 90.8
Fasting blood glucose, mg/dl 107.7 £ 36.8 106.8 + 37.7
Serum albumin, g/dl 453 +0.27 428 +0.39
Plasma protein-carbonyl(nmol/g) 0.92 = 0.18 1.44 + 0.20*
Total fSH, pug/ml 339.8 = 12.1 291.1 = 50.8%
Total GSH, p.g/ml 221.0 +10.0 184.3 * 46.3"
Plasma GSHPx, U/ml 635.6 = 65.4 284.6 = 61.5*

Values are expressed as mean * SD. Abbreviations: tGSH, total blood
glutathione; total fSH, total bloodnon-GSH free sulfhydryl compounds;
pGSHPX, plasma glutathione peroxidase; na; not available. Comparison by
Mann-Whitney test. *p < 0.001. fp < 0.05.

protein, p = 0.017 vs normal controls). A plot of
skeletal muscle protein carbonyls levels of both
patients and controls is shown in Fig. 1. The mean
(=SEM) protein carbonyl levels (nmol per mg of
protein) of controls and four groups of patients were
3.01 = 0.24in group A;3.57 £ 0.02 in group B; 4.08 +
0.26 in group C and 4.38 = 0.16 in group D. Paired
comparison of the plasma protein carbonyl levels of
all four groups showed that groups C and D
displayed a significantly higher levels of protein
carbonyls than group A. There was also a positive
correlation between age and skeletal muscle

Protein carbonyl nmoIDNPH/mgprotein
S

Normal
Subjects

Hemodialysis

Patients
FIGURE 1 Whisker plot of protein carbonyl levels in skeletal

muscles of normal subjects and hemodialysis patients. The
difference is significant p = 0.017.

Protein Carbonyl nmol DNPH/mg protein

AGE,years

FIGURE 2 Correlation between protein carbonyl levels in
skeletal muscles and age in 40 hemodialysis patients. (r = 0.48;
p = 0.003)

carbonyl content of the uremia patients (r = 0.431,
p = 0.002) (Fig. 2).

We then measured MDA as an index of lipid
peroxidation using HPLC with a fluorescent detec-
tor. BHT was added to prevent any peroxidation
occurring in the homogenate or during the assay. The
mean level of MDA in the skeletal muscle of uremia
patients (0.065 = 0.009 nmol/mg protein) was sig-
nificantly higher than that of the healthy controls
(0.043 *+ 0.005 nmol/mg protein, p = 0.032 vs normal
controls). A plot of skeletal muscle MDA levels of
both patients and controls is shown in Fig. 3. The

0.0

Malondialdehyde nmol/mgprotein

Normal Hemodialysis

Subjects Patients

FIGURE 3 Whisker plot of malondialdehyde levels in skeletal
muscles of normal subjects and hemodialysis patients. The
difference is significant p = 0.032.
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Malondialaldehyde nmol/mg protein

20 30 40 50

60 70 80 90 100

AGE, years

FIGURE 4 Correlation between malondialdehyde levels in skeletal muscles and age in 40 hemodialysis patients. (r = 0.43; p = 0.015)

mean (£SEM) MDA levels of controls and four
groups of patients were 0.035 * 0.004 in group A;
0.054 = 0.006 in group B; 0.083 = 0.002 in group C
and 0.105 = 0.003 in group D. Paired comparison
showed that plasma MDA levels of groups C and D
were significantly higher than that of group A. There
was also a positive correlation between age and
skeletal muscle MDA levels in uremia patients
(r=043, p=0.015) (Fig. 4). Regression analysis
between the protein carbonyl levels and MDA
levels showed a significant correlation between
these two parameters (r = 0.43, p = 0.002) (Fig. 5).
No significant correlation was found between both
oxidative damage indexes and sex or body mass
index.

Protein Carbonyl nmol DNPH / mg protein

MDA, nmol/mg protein

FIGURE 5 Regression analysis between MDA and protein
carbonyls levels in skeletal muscles of 40 hemodialysis patients.
(r=0.43; p = 0.015)

DISCUSSION

In uremic patients receiving hemodialysis, muscle
weakness is a common clinical symptom. Most of
these patients suffered from lethargy, exercise
intolerance™®'?! and easy fatigability. It has been
suggested that altered skeletal muscle function is
caused by capillary-myofiber dissociation, limitation
of oxygen supply, inadequate contractile machinery,
reduced mitochondrial content or an intrinsic defect
of mitochondrial function. Numerous studies®’~>*!
have suggested that uremia is characterized by
profound alterations of cell energy metabolism that
results in an unavoidable decrease in physiological
capacity for sustained muscle performance. An
accrual of molecular oxidative damage with either
hemodialysis or uremia per se has been ascribed as a
major cause for loss of functional capacity of skeletal
muscles. Evidence in support of this hypothesis
comes from the observations that: oxidative stress is
increased in uremic patients and oxidative damage
to macromolecules of plasma accumulates in these
patients.>~%°! Elevated levels of inflammatory
cytokines such as tumor necrosis factor « (TNFa)
observed in hemodialysis patients may also elicit
an increase of oxidative response in myocytes.”*”)
In addition, experimentally induced oxidative
stress in animals had been shown to cause
myofibrillar muscle protein modification and
degradation.?®!

Membrane phospholipids are continually sub-
jected to oxidant challenges and membranes with
peroxidative damage lose selective permeability and
functional integrity, a process detrimental to cell
viability. Lipid peroxidation of the mitochondrial
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inner membrane may lead to leakage of ions and
cause uncoupling of respiration from oxidative
phosphorylation. In animal myocytes exposed to
oxidative stress, a marked increase in intracellular
calcium concentrations was observed, which is
probably caused by a damaged sarcoplasmic
reticulum membrane and impaired activity of
calcium ATPase.”*?®! Conceivably, in the uremic
patients, post-mitotic tissues such as skeletal
muscles, which are likely to accumulate oxidative
damage over time, may undergo structural and
functional perturbation following repeated bouts of
oxidative insults.

Proteins, which constitute major components of
living cells, are also susceptible to oxidant damage.
Oxidative modification of proteins may lead to
alteration of its amino acid sequences and confor-
mation as well as their rapid degradation. Among
the various modifications of amino acids in proteins,
carbonyl formation is considered as an early
marker for protein oxidation. The most likely
amino acid residues to form carbonyl derivatives
are lysine, arginine, proline and threonine.*"! In the
presence of massive oxidative stress and/or defec-
tive proteolytic system, aggregation and accumu-
lation of damaged proteins may occur. There is good
evidence that free radicals are involved in the
initiation of muscle damage in some in vitro and
animal studies.'*****! The presence of nutritional
myopathy in selenium-and vitamin-deficient ani-
mals is associated with increased free radical
production in muscle tissue as determined by
electron spin resonance.*? Tt has also been shown
that an intracellular calcium overload is involved in
muscle atrophy®*! and that vitamin E deficiency
facilitates muscle wasting and necrosis™®™ which
may be a free radical-mediated damage to proteins.
Presumably, in certain pathological conditions
associated with increased oxidative stress such as
chronic uremia, the rate of protein turnover may be
significantly altered and results in accumulation of
oxidatively modified proteins. Recent studies have
shown that plasma oxidative protein carbonzyl
levels were increased in hemodialysis patients.>2°!
Skeletal muscle contains high levels of fibrillar
proteins and is susceptible to free radical oxidation.
In the present study, we measured protein carbonyl
groups as a marker of protein oxidation and found
that there was substantial evidence for oxidative
damage to protein in the skeletal muscle of uremic
patients. In addition, we found an age-dependent
increase in protein carbonyl groups in uremic
skeletal muscle tissues similar to the trends seen in
plasma protein carbonyls of hemodialysis patients
and normal controls (unpublished data). A corre-
lation between lipid peroxidation and oxidative
modification to proteins in the skeletal muscles of
uremic patients was also found.

In summary, we have demonstrated significant
increases in oxidative damage to proteins and lipids
in the skeletal muscle of uremia patients. These
findings suggest that oxidative damage may play an
important role in the pathogenesis of uremic
myopathy, which often occurs in the skeletal muscle
of uremic patients on long-term hemodialysis.
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