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Oxidative stress is associated with increased risk of cardiovascular disease in end-stage renal disease (ESRD) patients. Intravenous
(IV) iron has been shown to increase oxidative stress. The aim of the study was to evaluate changes in oxidative stress markers
following administration of IV sodium ferric gluconate (SFG) to ESRD patients with andwithout administration of the antioxidant,
𝛼-lipoic acid. This is an open-label, crossover study. 125mg of IV SFG was administered during control (C) and intervention (I)
visits. During the I visit, 600mg of 𝛼-lipoic acid was given orally prior to IV SFG. Blood samples were collected at defined time
periods for F

2
-isoprostane (FIP), lipid hydroperoxide (LHP), malondialdehyde (MDA), and iron indices.We recruited ten African-

American ESRD subjects: 50% male; mean age 45 ± 9 years; mean hemoglobin 13 ± 1 g/dL; ferritin 449 ± 145 ng/mL; transferrin
saturation 27 ± 4%. There were no significant differences in iron indices between the two visits after IV SFG. MDA, FIP, and LHP
increased significantly for both C and I visits with a greater increase in the I group. Administration of IV SFG results in an acute rise
in oxidative stress in ESRD patients. In contrast to previous studies, administration of 𝛼-lipoic acid was associated with a greater
increase in oxidative stress.

1. Introduction

Patientswith end-stage renal disease (ESRD) onhemodialysis
(HD) have very high cardiovascular mortality [1]. Interest-
ingly, the usual risk factors for atherosclerotic diseases in
the general population fail to explain the increased car-
diovascular mortality in the HD population. For example,
unlike the general population, mild-to-moderate elevation
of cholesterol or blood pressure does not correlate with
increased atherosclerotic complications or mortality in HD
patients. As a result, several nontraditional uremia-related
risk factors have been considered, including elevated levels
of oxidative stress [1, 2].

Intravenous (IV) iron administration has become an
integral part of anemia management in ESRD patients;
however, exposure to IV iron is among the factors associated
with the increase in oxidative stress in the dialysis patients
[3–6]. Whether chronic exposure to low maintenance doses

of IV iron increases the risk of cardiovascular events has yet
to be determined.

The oxidative stress markers, malondialdehyde (MDA),
lipid hydroperoxide (LHP), and F

2
isoprostane (FIP), rep-

resent products formed by the reactive oxygen species gen-
erated following administration of IV iron. MDA is an end
product of peroxidation of polyunsaturated fatty acids and
is a reactive aldehyde that causes toxic stress in cells [7].
MDA has been shown to increase rapidly (within 15 to 30
minutes) in patients with chronic kidney disease (CKD)
and in HD patients following IV iron administration [3, 4].
Formation of LHP is indicative of lipid peroxidation, which
results in oxidative damage in cell membranes, lipoproteins,
and other lipid-containing structures [8]. Isoprostanes are
prostaglandin-like substances produced in vivo primarily by
free radical-induced peroxidation of arachidonic acid [9].
FIPs are a group of 64 compounds isomeric in structure
to cyclooxygenase-derived PGF2 and serve as ideal markers
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of oxidative stress since they are chemically stable, increase
substantially during oxidant injury, and are specific products
of peroxidation.

Interventions that have been attempted to counteract
the effects of heightened oxidative stress in dialysis patients
include administration of substances with antioxidant activ-
ities, such as 𝛼-tocopherol [10], angiotensin converting
enzyme inhibitors [11], and vitamin E [5], a hemolipodialysis
procedure [12], and the use of a vitamin E coated dialyzer
membrane [13]. Administration of N-acetylcysteine prior to
IV iron administration has also been reported to reduce
oxidative stress in patients with CKD; however, the results
have been equivocal [3, 6].

The antioxidant 𝛼-lipoic acid is more palatable than N-
acetylcysteine and has shown benefit in preventing events
associated with oxidative stress including diabetic neuropa-
thy and glomerular injury [14]. In humans, 𝛼-lipoic acid
has been used successfully to treat symptomatic diabetic
polyneuropathy, an effect believed to be induced by enhanced
formation of reactive oxygen species [14]. In a comparative
study involving 𝛼-lipoic acid and 𝛼-tocopherol supplemen-
tation in human subjects, 𝛼-lipoic acid administration was
associated with comparable decreases in oxidative stress
markers (urinary FIP, plasma protein carbonyls, and LDL
oxidizability); thus, it is plausible that administration of this
agent may reduce oxidative stress induced by IV iron [15].

The purpose of this study was to test the hypothesis that a
single oral dose of 𝛼-lipoic acid given prior to administration
of IV sodium ferric gluconate attenuates formation of oxida-
tive stressmarkers and to determine if changes in iron indices
correlate with changes in these markers.

2. Materials and Methods

2.1. Study Subjects. Adult male and female subjects with
ESRD requiring chronic HD and under the care of nephrolo-
gists at the University of Tennessee, Division of Nephrology,
were evaluated for participation in this study. Eligible subjects
had to be between 18 and 80 years of age, receiving HD 3
times a week for at least 3 months, without residual kidney
function (i.e., no urine output). Subjects were excluded
if they had any form of dialysis catheter, had an active
infection, had a documented history of chronic liver disease,
elevated iron indices indicating iron overload (i.e., serum
ferritin > 800 ng/mL and/or transferrin saturation >50%),
were pregnant or breastfeeding, or were taking medications
with antioxidant properties including HMG-CoA reductase
inhibitors, angiotensin converting enzyme inhibitors, vita-
min E, aspirin, or any form of steroids. Previous studies
reported a 50% change in the oxidative stress marker MDA
following administration of IV iron; therefore, the target
sample size was 10 subjects to allow detection of a 25%
change in oxidative stress markers with a power of 0.87 (𝛼 =
0.05) [3]. The institutional review board of the University
of Tennessee Health Sciences Center and the University of
Tennessee Clinical Research Center (UT CRC) approved the
study. All study procedures were conducted in the UT CRC
facilities. Informed written consent was obtained from all
participants.

2.2. Study Design. This was a single center, prospective, con-
trolled study. Eligible subjects participated according to the
study protocol, which required two separate visits, interven-
tion and control visits.The sequence of control and interven-
tion visits was assigned randomly for each participant (i.e.,
intervention followed by control visit or control visit followed
by intervention visit). The study visits were scheduled on
nondialysis days and were at least one week apart. Subjects
were required to fast overnight before each visit. During both
the control and intervention visits subjects received 125mg
of sodium ferric gluconate (Ferrlecit,Watson Pharmaceutical
Inc.) administered intravenously over 10 minutes. Blood
samples were drawn for measurement of the oxidative stress
markers and iron indices at the start (time 0) and 15, 30,
60, 90, 120, 150, and 180 minutes after administration of IV
iron.The oxidative stressmarkersmeasuredwereMDA, LHP,
and FIP. Iron indices included serum iron, total iron binding
capacity (TIBC), transferrin saturation [(serum iron/TIBC)
× 100], and serum ferritin. Hemoglobin, hematocrit, and
serum albumin were measured from the sample drawn at
time 0. Blood pressure and heart rate were monitored prior
to the infusion and 30 and 60minutes following the infusion.
During the intervention visit participants received 600mg
of racemic 𝛼-lipoic acid (Nutraceutical Sciences Institute,
Boynton Beach, FL) orally 30 minutes prior to IV iron
administration. During the intervention visit, blood glucose
level wasmeasured at the time of𝛼-lipoic acid administration
and at 60 minutes after IV iron administration.

The 600mg dose of 𝛼-lipoic acid has been used suc-
cessfully to treat polyneuropathy in diabetic patients [14,
16]. Information on the pharmacokinetics of a single dose
of 600mg in patients with ESRD indicates that this agent
is rapidly absorbed (𝑡max 30 minutes) with a half-life of
approximately 21 minutes and that urinary elimination is
not a significant pathway of elimination suggesting that the
dosing regimen selected for this study is appropriate [17, 18].
Based on this information we chose to give the 600mg dose
of 𝛼-lipoic acid 30 minutes prior to the administration of IV
iron.

2.3. Laboratory Analysis. Blood samples from each time
point were collected in heparinized vacutainers. The plasma
was separated by centrifugation at 1500 g for 15 minutes and
stored at −70∘C until assayed. Plasma MDA concentrations
were measured using the thiobarbituric acid methodology;
plasma LHP concentrations were determined by a colorimet-
ric assay after methanol-chloroform extraction, and FIP was
measured using enzyme immunoassay methodology [19, 20].
Reagents were obtained from Cayman Chemical Co., Ann
Arbor, MI. The local UT CRC laboratory measured all iron
indices, albumin, hemoglobin, and hematocrit.

2.4. Statistical Analysis. Continuous data was presented as
mean ± SD or as median (interquartile range). Repeated
measures analysis of variance was used to test the trend in
serum iron, total iron binding capacity, transferrin saturation,
and ferritin over time. A mixed-effect model for repeated
measures was used to determine the effect of the 𝛼-lipoic
acid administration on the oxidative stress markers. For each
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Table 1: Baseline values for control and intervention visits.

Variable Control visit Intervention visit P value
Hemoglobin (g/dL) 12.85 (11.6, 14) 13 (11.7, 13.7) 0.675
Hematocrit (%) 38.94 ± 3.68 39.57 ± 3.42 0.718
Serum albumin (g/dL) 3.79 ± 0.27 3.86 ± 0.34 0.679
Serum iron (𝜇g/dL) 68 ± 12 79 ± 23 0.170
Total iron binding capacity (𝜇g/dL) 256 ± 49 234 ± 38 0.280
Transferrin saturation (%) 27 (24, 28) 31 (30, 36) 0.010
Serum ferritin (ng/mL) 570 ± 241 617 ± 397 0.880
Malondialdehyde (𝜇mol/L) 9.04 ± 5.29 9.12 ± 5.16 0.973
Lipid hydroperoxide (pg/mL) 1.86 ± 0.78 1.86 ± 0.73 0.943
F2 isoprostanes (𝜇mol/L) 37.07 ± 13.28 30.04 ± 6.89 0.161
Values are expressed as mean ± SD or median (interquartile range). Wilcoxon signed-rank test was used for hemoglobin and transferrin saturation; paired 𝑡-
test was used for all other variables.

oxidative stress marker model, respective baseline oxidative
stress marker data have been introduced as a covariate. Post
hoc tests were performed by using contrast analysis to test
differences between control and intervention at each time
point and also between baseline to 15, 30, 60, 90, 120, 150,
and 180 minutes follow-up. Differences in the area under the
curve (AUC) for the oxidative stress markers were compared
using a paired 𝑡-test. All tests were 2-sided and a 𝑃 value
< 0.05 was considered significant, unless otherwise stated.
Statistical analysis was conducted using SAS version 9.2 (SAS
Institute Inc., Cary, NC, USA).

3. Results

3.1. Study Subjects. Ten African-American ESRD subjects
met inclusion criteria and were enrolled in the study. Five
were male, 9 had hypertension, and 4 had diabetes. The
average age was 44.9 ± 9.1 years. All patients were dialyzed
three times a week using a high-flux biocompatible mem-
brane according to a standardized treatment protocol for
outpatient chronic HD patients. Nine subjects were receiving
scheduled IV iron as iron sucrose; eight subjects received
therapy 3 times a week and 1 subject received weekly doses.
The average iron sucrose dose was 42.5 ± 26.5mg per dialysis
session. Seven patients were on erythropoietic stimulating
agents (ESAs) administered with every dialysis session. The
average erythropoietin dosewas 3050±3009 units per dialysis
session.

3.2. Iron Indices. There were no significant differences in
laboratory values at baseline between the control and inter-
vention visits except for the transferrin saturation, which was
higher for the intervention visit (Table 1). Changes in iron
indices after infusion of IV iron are shown in Figures 1(a),
1(b), 1(c), and 1(d). There was a sharp increase in serum iron,
total iron binding capacity, and transferrin saturation levels
after iron infusion that reached a peak level within 15minutes.
There was no significant change in serum ferritin after IV
iron infusion during the sampling period. The changes in
iron indices over time after iron infusion were similar for the
control and intervention visits.

3.3. Oxidative Stress Markers. Baseline serum FIP, LHP, and
MDA levels were similar between the control and interven-
tion visits (Table 1). Mean serum levels of all 3 oxidative
stress markers increased significantly after administration of
sodium ferric gluconate and reached peak levels at 60minutes
(Figure 2). There was no significant correlation between the
oxidative stress marker levels at baseline and the variables of
age, gender, baseline hemoglobin, serum iron, ferritin, total
iron binding capacity, transferrin saturation, ESAs, or IV iron
dose.

There were differences in serum FIP levels after 𝛼-lipoic
acid administration characterized by a significant global
effect of 𝛼-lipoic acid (𝑃 = 0.0017), time (𝑃 < 0.0001), and
𝛼-lipoic × time interaction (𝑃 = 0.0187) (Figure 2(a)). In
particular, the serum FIP level was significantly higher after
𝛼-lipoic acid administration at 60 and 120 minutes. Similarly,
serum LHP levels showed a significant global effect of 𝛼-
lipoic acid (𝑃 < 0.0001), time (𝑃 < 0.0001), and 𝛼-lipoic ×
time interaction (𝑃 = 0.0165) (Figure 2(b)). Compared to
the control group, the serumLHP level increased significantly
in the intervention group after 𝛼-lipoic administration at 15
minutes and remained elevated throughout the study period.
There was no overall effect of 𝛼-lipoic acid (𝑃 = 0.1091) or
any interaction between 𝛼-lipoic acid and time (𝑃 = 0.4037)
on serum MDA level (Figure 2(c)). However, a significant
time effect (𝑃 < 0.0001) was observed on serum MDA level
indicating that after IV iron infusion the serum MDA level
changed frombaseline, but there was no significant difference
between the control and intervention groups.

The area under the plasma concentration versus time
curves (AUC) for each of the oxidative stress markers is
shown for the intervention and control groups in Figures 2(a),
2(b), and 2(c).The AUC for intervention visits is significantly
greater compared to control visits for FIP (22046±5921 versus
15694±3873 pg/mL ×min,𝑃 = 0.0045) and LHP (1025±353
versus 956 ± 375 𝜇M ×min, 𝑃 < 0.001) indicating greater
production of these oxidative stress markers following 𝛼-
lipoic acid administration.Therewas no significant difference
in the AUC between the intervention and control visits for
MDA(6851± 5020 versus 5043±3134 𝜇M×min,𝑃 = 0.1087).
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Figure 1: Changes in serum iron (a), total iron binding capacity (b), transferrin (c), and ferritin (d) levels (mean ± SD) over time after
intravenous iron infusion in control and intervention groups.

4. Discussion

This study demonstrated that IV iron administration in
hemodialysis patients was associated with a rise in oxidative
stressmarkers; however, pretreatmentwith the antioxidant𝛼-
lipoic acid failed to prevent this increase in oxidative stress.
In fact, 𝛼-lipoic acid administration was associated with
a further rise in oxidative stress markers demonstrating a
potential prooxidant effect.

IV iron and ESAs administration have become an inte-
gral part in the management of anemia in hemodialysis
patients. In recent years, the safety concerns of ESAs have

led to the significant restrictions on the use of ESAs and
renowned interest in the more aggressive use of IV iron
[21]. The association of IV iron administration and increases
in oxidative stress markers in CKD and dialysis patients is
well documented [3–6]. Some variations in oxidative stress
response are reported in hemodialysis patients among the
available iron preparations (sodium ferric gluconate, iron
dextran, and iron sucrose)with sodium ferric gluconate being
associated with the highest serum MDA levels compared to
other iron preparations [22].

Iron as ametal has redox activity. It can accept an electron
in low valence state Fe2+ (ferrous) and donate an electron in
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Figure 2: Changes in serum F
2
-isoprostane (FIP) (a), lipid hydroperoxide (LHP) (b), and malondialdehyde (MDA) levels (mean ± SD) over

time after intravenous iron infusion in control and intervention groups. In mixed-effect model with time as repeated measure a significant
effect of 𝛼-lipoic acid (𝑃 < 0.001), time (𝑃 < 0.001), and 𝛼-lipoic-by-time interaction (𝑃 < 0.01) was observed for changes in serum FIP
[TOEP(2) matrix] and LHP level (TOEP matrix) and a significant effect of time (𝑃 < 0.001) was observed for changes in serum MDA level
[ANTE(1) matrix]. ∗Significant differences between groups, 𝑃 < 0.05. The inset depicts the area under the curve (AUC) of oxidative stress
marker levels FIP (𝑃 = 0.0045), LHP (𝑃 < 0.001), and MDA (𝑃 = 0.1087) in control and intervention groups.



6 ISRN Nephrology

high valence state Fe3+ (ferric) [23]. Both the storage form
of iron as ferritin and the carrier form as transferrin keep
iron in a stable state and prevent participation of unbound
iron in redox activities. In disease conditions where there
are possibilities for superoxide (O

2

−) production, the storage
formof iron, ferritin becomes vulnerable to the attack byO

2

−.
This results in release of stored metal iron in Fe2+ state [O

2

−

+ Fe3+ → O
2
+ Fe2+]. The released iron can react with H

2
O
2

and produce OH radicals [H
2
O
2
+ Fe2+ → OH∙ + OH−

+ Fe3+]. The OH∙ is an extremely powerful reactive oxygen
species (ROS). This ROS can attack any class of biological
macromolecules and cause various damaging reactions such
as inactivation of enzymes, depolymerization of polysac-
charides, and lipid, protein, and carbohydrate peroxidation.
Peroxidation of lipid, protein, and carbohydrate by the ROS
produces different macromolecules. These macromolecules
have a longer half-life than the ROS itself and can be
measured. They represent the markers for oxidative stress.

In the current study oversaturation of iron (transferrin
saturation >100%) was observed within 15 minutes of IV iron
administration (Figure 1). This indicates the availability of
free iron, which becomes susceptible to the action of superox-
ide and formation of ROS. The rise in transferrin saturation
is preceded by the upsurge in oxidative stress marker levels.
The increase in oxidative stressmarkers in intervention group
cannot be attributed to increases in iron indices since the
change in iron indices was similar with and without 𝛼-lipoic
acid administration (Figure 1). Evidence of the prooxidant
effect of𝛼-lipoic acid comes fromobservations of a significant
effect of 𝛼-lipoic acid on FIP and LHP concentrations and
the higher AUC observed for FIP and LHP following 𝛼-lipoic
acid administration (Figure 2). The prooxidant effect of 𝛼-
lipoic acid has been reported in several in vitro and animal
studies, but not in humans [24, 25]. Our study suggests such
an effect in humans also.

The unexpected findings from this study may be
attributed to the actions of dihydrolipoic acid (DHLA), the
reduced thiol form of 𝛼-lipoic acid. 𝛼-lipoic acid is normally
reduced to DHLA after cellular intake. Both 𝛼-lipoic acid and
DHLA are powerful antioxidants and produce antioxidant
actions by chelation of several metals including iron [26, 27].
In contrast, DHLA can also produce a prooxidant effect in the
presence of a transitional metal such as iron by reducing Fe3+
to Fe2+, which can promote oxidative damage by hydroxyl
radicals. DHLA can also generate sulfur-containing radicals,
which can damage certain proteins, such as𝛼-1 antiproteinase
and creatine kinase [28].

The prooxidant effect of antioxidant substances is not
unique to 𝛼-lipoic acid. Vitamin C and N-acetylcysteine
usually have well-established antioxidant effects; however, in
the presence of inflammation and free iron, administration
of these substances has been associated with increase in
oxidative stress marker levels [29].

In conclusion, this study highlights the potential undesir-
able interaction of antioxidant therapy with 𝛼-lipoic acid and
available free iron in hemodialysis patients. Supplementation
of 𝛼-lipoic acid in such conditions does not appear to be
beneficial or innocuous andmay further exacerbate oxidative

stress injury. The effect of chronic supplementation of 𝛼-
lipoic acid in patients with elevated free iron and inflamma-
tion warrants further study.

Conflict of Interests

Dr. Hudson was a consultant for Watson Pharmaceuticals at
the time when this study was conducted. Dr. Showkat andDr.
Bastnagel have no competing interests to report.

Acknowledgments

Funding for this project was provided by a grant from the
AmericanCollege of Clinical Pharmacy (ACCP).The authors
would like to acknowledge the contributions of the staff at
the University of Tennessee Clinical Research Center and Dr.
Frankie Stentz’s lab for the assaywork.They also acknowledge
the institutionswhere theworkwas conducted: theUniversity
of Tennessee Health Science Center, the University of Ten-
nessee Clinical Research Center, and Methodist University
Hospital, Memphis, TN.

References

[1] A. S. Levey, J. A. Beto, B. E. Coronado et al., “Controlling the
epidemic of cardiovascular disease in chronic renal disease:
what do we know? What do we need to learn? Where do we
go from here?” The American Journal of Kidney Diseases, vol.
32, no. 5, pp. 853–906, 1998.

[2] M. A. Spittle, N. A. Hoenich, G. J. Handelman, R. Adhikarla, P.
Homel, and N. W. Levin, “Oxidative stress and inflammation
in hemodialysis patients,” The American Journal of Kidney
Diseases, vol. 38, no. 6, pp. 1408–1413, 2001.

[3] R. Agarwal, N. Vasavada, N. G. Sachs, and S. Chase, “Oxidative
stress and renal injury with intravenous iron-in patients with
chronic kidney disease,” Kidney International, vol. 65, no. 6, pp.
2279–2289, 2004.

[4] P. S. Lim, Y. H. Wei, Y. L. Yu, and B. Kho, “Enhanced oxidative
stress in haemodialysis patients receiving intravenous iron
therapy,” Nephrology Dialysis Transplantation, vol. 14, no. 11, pp.
2680–2687, 1999.

[5] J. M. Roob, G. Khoschsorur, A. Tiran, J. H. Horina, H. Holzer,
and B. M. Winklhofer-Roob, “Vitamin E attenuates oxidative
stress induced by intravenous iron in patients on hemodialysis,”
Journal of the American Society of Nephrology, vol. 11, no. 3, pp.
539–549, 2000.

[6] D. J. Leehey, D. J. Palubiak, S. Chebrolu, and R. Agarwal,
“Sodium ferric gluconate causes oxidative stress but not acute
renal injury in patients with chronic kidney disease: a pilot
study,” Nephrology Dialysis Transplantation, vol. 20, no. 1, pp.
135–140, 2005.

[7] D. del Rio, A. J. Stewart, and N. Pellegrini, “A review of recent
studies on malondialdehyde as toxic molecule and biological
marker of oxidative stress,” Nutrition, Metabolism and Cardio-
vascular Diseases, vol. 15, no. 4, pp. 316–328, 2005.

[8] A. W. Girotti, “Lipid hydroperoxide generation, turnover, and
effector action in biological systems,” Journal of Lipid Research,
vol. 39, no. 8, pp. 1529–1542, 1998.



ISRN Nephrology 7

[9] P. Montuschi, P. J. Barnes, and L. J. Roberts II, “Isoprostanes:
markers and mediators of oxidative stress,”The FASEB Journal,
vol. 18, no. 15, pp. 1791–1800, 2004.

[10] K. N. Islam, D. O’Byrne, S. Devaraj, B. Palmer, S. M. Grundy,
and I. Jialal, “Alpha-tocopherol supplementation decreases the
oxidative susceptibility of LDL in renal failure patients on
dialysis therapy,” Atherosclerosis, vol. 150, no. 1, pp. 217–224,
2000.

[11] E. M. de Cavanagh, L. Ferder, F. Carrasquedo et al., “Higher
levels of antioxidant defenses in enalapril-treated versus non-
enalapril-treated hemodialysis patients,” The American Journal
of Kidney Diseases, vol. 34, no. 3, pp. 445–455, 1999.

[12] O. Ziouzenkova, L. Asatryan, C. Tetta, M. L.Wratten, J. Hwang,
and A. Sevanian, “Oxidative stress during ex vivo hemodialysis
of blood is decreased by a novel hemolipodialysis procedure
utilizing antioxidants,” Free Radical Biology and Medicine, vol.
33, no. 2, pp. 248–258, 2002.

[13] G. Clermont, S. Lecour, J. F. Cabanne et al., “Vitamin E-coated
dialyzer reduces oxidative stress in hemodialysis patients,” Free
Radical Biology and Medicine, vol. 31, no. 2, pp. 233–241, 2001.

[14] D. Ziegler, H. Nowak, P. Kempler, P. Vargha, and P. A. Low,
“Treatment of symptomatic diabetic polyneuropathy with the
antioxidant 𝛼-lipoic acid: a meta-analysis,” Diabetic Medicine,
vol. 21, no. 2, pp. 114–121, 2004.

[15] K. Marangon, S. Devaraj, O. Tirosh, L. Packer, and I. Jialal,
“Comparison of the effect of 𝛼-lipoic acid and 𝛼-tocopherol
supplementation on measures of oxidative stress,” Free Radical
Biology and Medicine, vol. 27, no. 9-10, pp. 1114–1121, 1999.

[16] J. R. Hahm, B. J. Kim, and K. W. Kim, “Clinical experience with
thioctacid (thioctic acid) in the treatment of distal symmetric
polyneuropathy inKorean diabetic patients,” Journal of Diabetes
and Its Complications, vol. 18, no. 2, pp. 79–85, 2004.

[17] J. Teichert, R. Hermann, P. Ruus, and R. Preiss, “Plasma
kinetics, metabolism, and urinary excretion of alpha-lipoic acid
following oral administration in healthy volunteers,” Journal of
Clinical Pharmacology, vol. 43, no. 11, pp. 1257–1267, 2003.

[18] J. Teichert, T. Tuemmers, H. Achenbach et al., “Pharmacokinet-
ics of alpha-lipoic acid in subjects with severe kidney damage
and end-stage renal disease,” Journal of Clinical Pharmacology,
vol. 45, no. 3, pp. 313–328, 2005.

[19] F. B. Stentz andA. E.Kitabchi, “Palmitic acid-induced activation
of human T-lymphocytes and aortic endothelial cells with pro-
duction of insulin receptors, reactive oxygen species, cytokines,
and lipid peroxidation,” Biochemical and Biophysical Research
Communications, vol. 346, no. 3, pp. 721–726, 2006.

[20] F. B. Stentz, G. E. Umpierrez, R. Cuervo, and A. E. Kitabchi,
“Proinflammatory cytokines, markers of cardiovascular risks,
oxidative stress, and lipid peroxidation in patients with hyper-
glycemic crises,” Diabetes, vol. 53, no. 8, pp. 2079–2086, 2004.

[21] R. L. Pisoni, D. S. Fuller, B. A. Bieber, B. W. Gillespie, and B. M.
Robinson, “The DOPPS practice monitor for US dialysis care:
trends through August 2011,” The American Journal of Kidney
Diseases, vol. 60, no. 1, pp. 160–165, 2012.

[22] A. B. Pai, A. V. Boyd, C. R. McQuade, A. Harford, J. P. Noren-
berg, and P. G. Zager, “Comparison of oxidative stress markers
after intravenous administration of iron dextran, sodium ferric
gluconate, and iron sucrose in patients undergoing hemodialy-
sis,” Pharmacotherapy, vol. 27, no. 3, pp. 343–350, 2007.

[23] J. M. McCord, “Iron, free radicals, and oxidative injury,”
Seminars in Hematology, vol. 35, no. 1, pp. 5–12, 1998.

[24] H. Moini, L. Packer, and N. E. Saris, “Antioxidant and prooxi-
dant activities of 𝛼-lipoic acid and dihydrolipoic acid,” Toxicol-
ogy and Applied Pharmacology, vol. 182, no. 1, pp. 84–90, 2002.

[25] F. Bhatti, R.W.Mankhey, L. Asico,M. T.Quinn,W. J.Welch, and
C. Maric, “Mechanisms of antioxidant and pro-oxidant effects
of 𝛼-lipoic acid in the diabetic and nondiabetic kidney,” Kidney
International, vol. 67, no. 4, pp. 1371–1380, 2005.

[26] L. Packer, E. H.Witt, and H. J. Tritschler, “Alpha-lipoic acid as a
biological antioxidant,” Free Radical Biology and Medicine, vol.
19, no. 2, pp. 227–250, 1995.

[27] B. C. Scott, O. I. Aruoma, P. J. Evansi et al., “Lipoic and
dihydrolipoic acids as antioxidants. A critical evaluation,” Free
Radical Research, vol. 20, no. 2, pp. 119–133, 1994.

[28] Y. J. Suzuki, M. Tsuchiya, and L. Packer, “Antioxidant activities
of dihydrolipoic acid and its structural homologues,” Free
Radical Research Communications, vol. 18, no. 2, pp. 115–122,
1993.

[29] A. Childs, C. Jacobs, T. Kaminski, B. Halliwell, and C. Leeuwen-
burgh, “Supplementation with vitamin C and N-acetyl-cysteine
increases oxidative stress in humans after an acute muscle
injury induced by eccentric exercise,” Free Radical Biology and
Medicine, vol. 31, no. 6, pp. 745–753, 2001.


