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Abstract

Increased oxidative stress and impaired antioxidant defense mechanisms are important factors in the pathogenesis and progression of
diabetes mellitus and other oxidant-related diseases. This study was designed to determine whether �-lipoic acid, which has been shown
to have substantial antioxidant properties, when administered (10 mg/kg ip) once daily for 14 days to normal and diabetic female
Sprague-Dawley rats would prevent diabetes-induced changes in biomarkers of oxidative stress in liver, kidney and heart. Serum glucose
concentrations, aspartate aminotransferase activity, and glycated hemoglobin levels, which were increased in diabetes, were not significantly
altered by �-lipoic acid treatment. Normal rats treated with a high dose of �-lipoic acid (50 mg/kg) survived but diabetic rats on similar
treatment died during the course of the experiment. The activity of glutathione peroxidase was increased in livers of normal rats treated with
�-lipoic acid, but decreased in diabetic rats after �-lipoic acid treatment. Hepatic catalase activity was decreased in both normal and diabetic
rats after �-lipoic acid treatment. Concentrations of reduced glutathione and glutathione disulfide in liver were increased after �-lipoic acid
treatment of normal rats, but were not altered in diabetics. In kidney, glutathione peroxidase activity was elevated in diabetic rats, and in
both normal and diabetic animals after �-lipoic acid treatment. Superoxide dismutase activity in heart was decreased in diabetic rats but
normalized after treatment with �-lipoic acid; other cardiac enzyme activities were not influenced by either diabetes or antioxidant treatment.
These results suggest that after 14 days of treatment with an appropriate pharmacological dose, �-lipoic acid may reduce oxidative stress
in STZ-induced diabetic rats, perhaps by modulating the thiol status of the cells. © 2003 Elsevier Inc. All rights reserved.
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1. Introduction

�-Lipoic acid is a disulfide compound that functions as a
coenzyme in pyruvate dehydrogenase and �-ketoglutarate
dehydrogenase mitochondrial reactions, leading to the pro-
duction of cellular energy (ATP). �-Lipoic acid and its
reduced form, dihydrolipoic acid, reduce oxidative stress by
scavenging a number of free radicals in both membrane and
aqueous domains, by chelating transition metals in biolog-
ical systems, by preventing membrane lipid peroxidation
and protein damage through the redox regeneration of other
antioxidants such as vitamins C and E, and by increasing
intracellular glutathione [1-3]. �-Lipoic acid may also be
effective in both prevention and treatment of oxidative
stress in a number of models or clinical conditions, includ-

ing ischemia-reperfusion injury [4-6], diabetes [7-11], HIV
infection [4,12], and neurodegenerative diseases [13].

Oxidative stress, the prevalence of oxidant factors over
antioxidant mechanisms, plays a central role in the patho-
genesis and progression of diabetes and its complications.
Hence, it is likely that a substance known to reduce oxida-
tive stress in vivo would reduce progression of cell damage
in clinical diabetes. �-Lipoic acid has been reported to have
a number of potentially beneficial effects in both prevention
and treatment of oxygen-related diseases: for example, the
enhancement of glucose utilization in type II diabetes [1],
and the reduction of the development of diabetic complica-
tions [10,11,14-17]. Research on this compound is now
lively in view of these potential benefits in diabetes. Clinical
studies using doses of 600 mg �-lipoic acid 1x, 2x, or 3x per
day showed reduction in plasma lipid peroxides [18], re-
duction in neuropathy symptoms [19], and an increase in
insulin sensitivity in type-2 diabetes [9]. A dose of 600
mg/day in a 60-70 kg person is roughly 10 mg/kg body
weight, which is similar to the dose used in rats. Although
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the lack of regulation of companies selling OTC nutriceu-
ticals means that the actual dose contained may or may not
match that advertised, �-lipoic acid is readily available in
concentrations from 50 to 500 mg per tablet [20]. Additional
investigators have assessed different doses of �-lipoic acid,
ranging from 10 to 100 mg/kg body weight for their exper-
imental animal studies on diabetes with no reported toxic
effects [21]. Therefore, two doses of �-lipoic acid (10 and
50 mg/kg body weight) were chosen for our study and their
effects in normal and streptozotocin (STZ)-induced diabetic
rats were compared.

The present study was designed to extend the current
information on antioxidant effects of �-lipoic acid, as well
as to determine its effects on rats having 30 days of uncon-
trolled type I diabetes. The markers of oxidative stress
evaluated in normal and STZ-induced diabetic rats after
subacute treatment with �-lipoic acid included the activities
of superoxide dismutase, catalase, glutathione peroxidase
and glutathione reductase, and the concentrations of gluta-
thione and glutathione disulfide in livers, kidneys and
hearts.

2. Materials and methods

All chemicals used in the study were purchased from
Sigma Chemicals (St. Louis, MO).

Female Sprague-Dawley rats were purchased from Har-
lan Sprague Dawley (Indianapolis, IN). Purina Rat Chow
(No. 5012, St. Louis, Mo) and water were provided ad
libitum. Animal husbandry and experimentation were con-
sistent with United States Public Health Service guidelines
[22].

Rats were randomly divided into four groups at the start
of the experiment. In two groups, diabetes was induced by
a single ip injection of streptozotocin (90 mg/kg body
weight) in freshly prepared 10 mM sodium citrate, pH 4.5.
The diabetic rats included in the study had blood glucose
concentrations �350 mg/dl (Sigma Infinity glucose kit).
Thirty days after streptozotocin, the experimental groups
comprised the normal control group (n � 8); normal rats
treated with DL-�-lipoic acid (either 10 or 50 mg/kg/day,
ip, for 14 days, n � 8 for each dose); the untreated diabetic
group (n � 8); and the remaining diabetic group treated
with DL-�-lipoic acid (either 10 or 50 mg/kg/day, ip, for 14
days, n � 8 for each dose group). Rats in both normal and
diabetic control groups received 0.25 ml of vehicle (water),
ip, each per day. Each day, �-lipoic acid powder was
weighed and completely dissolved in sterile water by the
drop-wise addition of 5N sodium hydroxide as described by
Cameron et al [23].

2.1. Tissue collection

After 14 days of treatment with �-lipoic acid or vehicle,
the rats were sacrificed under 2% (ih) isoflurane-induced

anesthesia. Blood was drawn by cardiac puncture into hep-
arinized syringes; part was used to measure total glycated
hemoglobin and glycated hemoglobin (HbA1c) levels (Sig-
ma diagnostic kits 442B and 441B respectively), and the
remaining portion was centrifuged (3000 x g, 4°C, for 10
min). Glucose concentration and aspartate aminotransferase
activity (Sigma kits, St. Louis, MO) were determined in all
plasma samples. Livers, kidneys and hearts were removed,
weighed, rinsed in ice-cold 1.15% potassium chloride,
quick frozen in liquid nitrogen and kept at -80°C for sub-
sequent biochemical analyses.

2.2. Assays

For each tissue, an appropriate portion was homogenized
in ice-cold Tris buffer, pH 7.4. The homogenates were
centrifuged at 105,000 x g for 1 hr, and the supernatants
(cytosols) were used for measuring the activities of super-
oxide dismutase [24], catalase [25], glutathione peroxidase
[26], and glutathione reductase [27]. Another 0.25 g aliquot
of each tissue was homogenized in 3.75 ml ice-cold 0.1M
sodium phosphate-5 mM EDTA (pH 8.0), then 1 ml 25%
phosphoric acid was added. After vortexing for 10 sec, the
samples were centrifuged at 100,000 x g for 30 min. The
resulting supernatants were assayed for concentrations of
both reduced glutathione (GSH) and glutathione disulfide
(GSSG) concentrations [28]. All assays were performed in
duplicate. Protein concentrations of cytosols and homoge-
nates were determined according to Lowry et al [29].

Means and standard errors were calculated, the data were
analyzed by analysis of variance (ANOVA) and Dunnett’s
test, and significance was set at p �0.05.

3. Results

In this study, the STZ diabetic rats had uncontrolled,
Type 1, insulin-dependent diabetes mellitus for 30 days
prior to antioxidant treatment. Although normal rats sur-
vived treatment with both 10 and 50 mg/kg of �-lipoic acid
ip for 14 days, all of the diabetic rats (n � 8) treated with
the higher dose of �-lipoic acid (50 mg/kg body weight, ip)
died 3-6 days after onset of treatment. All diabetic rats
treated with the lower dose of lipoic acid showed no signs
of morbidity.

Glucose concentration in blood plasma of STZ-induced
diabetic rats was significantly higher (approximately 3-fold)
than in the normal control group and was not changed by
�-lipoic acid treatment of diabetic rats (Table 1). Aspartate
aminotransferase activity in plasma was elevated about
2-fold in diabetic rats compared to the controls, and was not
altered by 14 days of �-lipoic acid treatment. Both total
glycated hemoglobin and glycated HbA1c concentrations in
diabetic rats were significantly increased compared to the
values in normal rats, and were not normalized by �-lipoic
acid treatment (Table 1). The final body weights of diabetic
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animals were lower than normal controls. The liver weights
were increased and liver weight/body weight ratio almost
doubled in diabetic rats as compared to normals. There was
no significant difference found between body weights, liver
weights and liver weight/body weight ratios in diabetic rats
treated with �-lipoic acid and the corresponding untreated
diabetic rats (Table 1).

Treatment of normal rats with either dose of �-lipoic
acid did not affect the activity of superoxide dismutase in
any tissue (Fig. 1, top panel). Superoxide dismutase activity
in heart of diabetic animals was decreased to 76% of normal
controls, whereas activity in liver and kidney was not sig-
nificantly changed by diabetes. �-Lipoic acid treatment of
diabetic rats decreased hepatic superoxide dismutase activ-
ity but normalized the enzyme’s activity in the heart. The
bottom panel of Figure 1 illustrates that catalase activity
was not significantly altered by diabetes in liver, heart, or
kidney. Treatment of diabetic rats with �-lipoic acid de-
creased hepatic catalase activity by 41% compared to nor-
mal controls. Although catalase activity was lower by 27%
in liver, there was no change in renal or cardiac catalase
activity of normal rats treated with 50 mg/kg �-lipoic acid.

The top panel of Fig. 2 shows that there were no signif-
icant changes in hepatic, renal or cardiac glutathione reduc-
tase activity in STZ-induced diabetic rats as compared with
normal controls. Treatment with �-lipoic acid had no influ-
ence on glutathione reductase activity. Normal rats treated
with �-lipoic acid (10 mg/kg) showed no significant
changes in glutathione peroxidase activity levels in all three
tissues compared with control group. In contrast, at 50
mg/kg �-lipoic acid, glutathione peroxidase activity was
increased in both livers (163%) and kidneys (179%) as
compared to untreated normal rats (Fig. 2, bottom panel). In
diabetic rats, renal glutathione peroxidase activity was in-
creased by 214% compared with normal control rats. Treat-
ment of diabetic animals with �-lipoic acid did not alter
glutathione peroxidase activity in any tissues as compared
to diabetic controls.

As shown in Fig. 3 (top panel), GSH concentrations were
normal in liver, kidney, and heart of STZ-induced diabetic
rats. �-Lipoic acid treatment of diabetic rats had no effect
on reduced GSH levels in any tissue. In normal rats, �-li-
poic acid treatment at 50 mg/kg resulted in a 60% increase
in hepatic GSH concentration, with no significant change in

Fig. 1. Effects of treatment with �-lipoic acid on activities of superoxide dismutase and catalase in the liver, kidney, and heart from normal and
streptozotocin-induced diabetic rats. One unit of superoxide dismutase activity is that which produces 50% inhibition of the reduction of cytochrome C in
the presence of superoxide radical. One unit of catalase activity liberates half of the peroxide oxygen from solution in 100 s at 25°C. * represents significantly
different from normal control at p �0.05.
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renal or cardiac GSH levels. After both doses of �-lipoic
acid, glutathione disulfide concentrations (Fig. 3, bottom
panel) were increased in liver of normal rats. There was no
change in renal or cardiac GSSG concentrations after either
dose in normal rats. When compared to normal controls,
levels of GSSG were increased in hearts (155% of normal)
of diabetic rats and were normalized after �-lipoic acid
treatment.

4. Discussion

Experimental and clinical studies have indicated the po-
tential usefulness of exogenous �-lipoic acid as an antiox-
idant therapeutic agent for the prevention and treatment of
diabetes mellitus. �-Lipoic acid treatment has been reported
to reduce the development of diabetic complications such as
retinopathy [15], cataract formation [14,30,31], neuropathy

Fig. 2. Effects of treatment with �-lipoic acid on activities of glutathione reductase and glutathione peroxidase in the liver, kidney, and heart from normal
and streptozotocin-induced diabetic rats. One unit of glutathione peroxidase or glutathione reductase activity oxidizes 1 nmol of NADPH/min at 30°C. *
represents significantly different from normal control at p �0.05. n/a indicates not assayed.

Fig. 3. Effects of treatment with �-lipoic acid on concentrations of reduced glutathione (GSH) and glutathione disulfide (GSSG) in the liver, kidney, and heart
from normal and streptozotocin-induced diabetic rats. * represents significantly different from normal control at p �0.05.
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[10,32,33], vascular complications [16,34] and nephropathy
[17,35,36]. In addition to its antioxidant properties, there is
evidence that �-lipoic acid can prevent �-cell destruction
leading to type I diabetes [1], enhance glucose uptake in
type II diabetes [2,8,9,18,37,38] and prevent glycation of
some proteins like albumin [4,39].

�-Lipoic acid is both water- and fat-soluble, making it
highly effective at reducing free radicals, including lipid
peroxides, in cellular membranes, as well as scavenging free
radicals at their mitochondrial source [40]. Inside cells and
tissues, �-lipoic acid is reduced to dihydrolipoic acid, which
is even more potent as an antioxidant [1-3].

In the present study (Table 1), it was apparent that
�-lipoic acid treatment had no effect on reduced body
weights, hyperglycemia, and increased liver weights or liver
weight/body weight ratio of diabetic rats. �-Lipoic acid
treatment did not have a substantial effect on blood glucose
levels. These observations are consistent with previous find-
ings [14,41].

Protein glycation and glucose oxidation have been im-
plicated in the pathogenesis of chronic diabetic complica-
tions [42,43]. �-Lipoic acid has been tested in a number of
model systems with conflicting results about its protection
against glycation [3]. In our study, both total glycated he-
moglobin and glycated HbA1c, which were elevated in di-
abetic rats, were not significantly reduced after 14 days of
�-lipoic acid treatment.

Treatment of diabetic rats with �-lipoic acid had diver-
gent effects on superoxide dismutase activity, decreasing
activity in liver and yet restoring cardiac levels to normal.
With diminished superoxide dismutase activity in diabetic
rats, superoxide anion radicals, which are continuously gen-
erated as a consequence of hyperglycemia, are converted to
hydrogen peroxide. In the presence of inadequate catalase or
glutathione peroxidase activity levels to degrade hydrogen
peroxide, more hydrogen peroxide could be converted to
toxic hydroxyl radicals [44] that contribute to the oxidative
stress of diabetes.

Both catalase and glutathione peroxidase catalyze the
transformation of hydrogen peroxide within the cell to

harmless products, thereby curtailing the quantity of cellular
destruction inflicted by lipid peroxidation byproducts [45-
48]. The ability of �-lipoic acid or its reduced form, dihy-
drolipoic acid, to scavenge hydroxyl radicals and chelate
transition metals in Fenton reactions restricts the molecular
damage of hydroxyl radicals and so reduces cellular need
for catalase. Diminution of hepatic catalase activity in nor-
mal and diabetic rats is consistent with previous studies
showing that �-lipoic acid or dihydrolipoic acid scavenge
various reactive oxygen species such as superoxide, hy-
droxyl radicals and singlet oxygen [3].

Glutathione peroxidase plays a much greater role in
detoxification of hydrogen peroxide than does catalase
[49,50]. Glutathione peroxidase activity was increased in
kidneys of diabetic rats and was still elevated after �-lipoic
acid treatment, reflecting a response to an increase in the
rate of hydrogen peroxide production. The decrease in he-
patic glutathione peroxidase activity levels may be linked to
increased oxidative stress in diabetes accompanied by hy-
perglycemia, as is the case observed with catalase activity in
the liver.

Reduced glutathione and its oxidized counterpart gluta-
thione disulfide constitute a major redox buffer system of
the cell. After treatment with 10 mg/kg �-lipoic acid, he-
patic GSH concentration was not significantly altered in
normal or diabetic rats, though treatment with the high dose
increased hepatic GSH concentration in normal rats. �-Li-
poic acid has the ability to correct deficient thiol status of
cells [51], increase de novo synthesis of GSH [37,52], and
enhance GSH levels in diabetic [14] and normal animals
[53]. Additionally, �-lipoic acid can maintain high levels of
vitamin C and participate in vitamin E recycling, thus com-
plementing some of the functions of GSH [30]. Glutathione
disulfide levels were increased in heart of diabetic rats and
after treatment with �-lipoic acid in liver of normal rats, but
remained normal in diabetic kidneys. Treatment with �-li-
poic acid restored GSSG content to normal levels in heart,
reflecting the association between glutathione and �-lipoic
acid.

Selection of the appropriate dose of �-lipoic acid for use

Table 1
General characteristics of normal, diabetic and �-lipoic acid treated ratsa.

Groups Glucose
(mg/dl)

Serum AST
(U/ml)

Total glycated
Hb (%)

Glycated HbA1c

(%)
Body weight
(g)

Liver weight
(g)

Liver wt/body wt
(%)

Normal 156 � 12 88 � 9 3.5 � 0.2 2.2 � 0.1 248 � 5 8.6 � 0.4 3.4 � 0.1
Normal � lipoic acid

50 mg/kg
131 � 9 68 � 7 n/a n/a 221 � 4 8.4 � 0.3 3.8 � 0.1

Normal � lipoic acid
10mg/kg

143 � 6 97 � 7 3.3 � 0.2 2.0 � 0.1 230 � 5 7.9 � 0.4 3.4 � 0.1

Diabetic 481 � 21b 183 � 20b 11.9 � 0.5b 4.4 � 0.1b 191 � 6b 12.6 � 0.9b 6.6 � 0.4b

Diabetic � lipoic acid
10mg/kg

431 � 43b 181 � 22b 10.3 � 1.2b 4.2 � 0.4b 181 � 13b 10.0 � 0.6b 5.6 � 0.3b

a Values are means � SE for 8 rats
b Indicates significantly different from Normal at p � 0.05
n/a indicates not assayed
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in chemically-induced diabetes is critical. In this study, all
of the diabetic rats died after only a few days of treatment
with 50 mg/kg of �-lipoic acid, whereas normal rats treated
with same dose all survived, though with significant effects
to hepatic catalase activity, glutathione peroxidase activity,
and reduced and oxidized glutathione concentrations, as
well as renal glutathione peroxidase activity. There are no
reported deleterious effects with �-lipoic acid treatment,
which has an LD50 of approximately 400-500 mg/kg in rats.
Fatal complications have, however, been reported in thia-
mine-deficient rats receiving a relatively low dose of lipoic
acid (20 mg/kg) intraperitoneally, in comparison to thia-
mine sufficient rats [3]. One study began treatment with 100
mg/kg lipoic acid at the same time that streptozotocin was
injected to induce diabetes [15]. These rats did not have
diabetes at the time antioxidant treatment began, so that the
animals were healthier when they encountered lipoic acid.
Thus, Obrosova et al [15] examined the effects of the
antioxidant on the development of the disease, whereas our
present study examined the effect of lipoic acid on amelio-
rating preexisting disease and its complications. After ex-
amining these two studies, it would appear that the severity
of the disease has an impact on the dose of lipoic acid
tolerated by the diabetic rats. Although the mechanisms by
which �-lipoic acid caused deaths in the diabetic rats in the
present study were not established, factors in toxicity may
include persistent hyperglycemia of 30 days duration, in-
crease in ketone bodies, or blood lactate levels in combina-
tion with the concentration of �-lipoic acid. It is also pos-
sible that the elevated pH of the vehicle necessary to
dissolve the �-lipoic acid was not tolerated well by animals
that were already ill.

From these observations, it is possible to conclude that
�-lipoic acid may reduce some oxidative stress in diabetes
by alleviating lipid peroxidation through scavenging of free
radicals, or by increasing the activities of antioxidant en-
zymes which then detoxify free radicals. The role of �-li-
poic acid in the modulation of glutathione may be signifi-
cant in the restoration of cell redox status and minimization
of cell damage due to reactive oxygen species. Selection of
appropriate pharmacological doses of �-lipoic acid for use
in diabetes is critical. Further investigations into the role and
mechanism of antioxidant action of this readily available
dietary supplement are warranted.

References

[1] Packer L. �-Lipoic acid: a metabolic antioxidant which regulates
NF-kappa B signal transduction and protects against oxidative injury.
Drug Metab Rev 1998;30:245–75.

[2] Evans JL, Goldfine ID. �-Lipoic acid: a multifunctional antioxidant
that improves insulin sensitivity in patients with type 2 diabetes. Diab
Technol Therapeut 2000;2:401–13.

[3] Packer L, Witt EH, Tritschler HJ. �-Lipoic acid as a biological
antioxidant. Free Radic Biol Med 1995;19:227–50.

[4] Suzuki YJ, Tsuchiya M, Packer L. Lipoate prevents glucose-induced
protein modifications. Free Radic Res Comm 1992;17:211–17.

[5] Roy S, Sen CK, Tritschler HJ, Packer L. Modulation of cellular
reducing equivalent homeostasis by �-lipoic acid. Mechanisms and
implications for diabetes and ischemic injury. Biochem Pharmacol
1997;53:393–9.

[6] Romero FJ, Ordonez I, Arduini A, Cadenas E. The reactivity of thiols
and disulfides with different redox states of myoglobin. Redox and
addition reactions and formation of thiyl radical intermediates. J Biol
Chem 1992;267:1680–8.

[7] Henriksen EJ, Jacob S, Streeper RS, Fogt DL, Hokama JY, Tritschler
HJ. Stimulation by �-lipoic acid of glucose transport activity in
skeletal muscle of lean and obese Zucker rats. Life Sci 1997;61:805–
12.

[8] Jacob S, Streeper RS, Fogt DL, Hokama JY, Tritschler HJ, Dietze GJ,
Henriksen EJ. The antioxidant �-lipoic acid enhances insulin-stimu-
lated glucose metabolism in insulin-resistant rat skeletal muscle.
Diabetes 1996;45:1024–9.

[9] Jacob S, Henriksen EJ, Schiemann AL, Simon I, Clancy DE,
Tritschler HJ, Jung WI, Augustin HJ, Dietze GJ. Enhancement of
glucose disposal in patients with type 2 diabetes by alpha-lipoic acid.
Arzneimit Forsch 1995;45:872–4.

[10] Ziegler D, Gries FA. �-Lipoic acid in the treatment of diabetic
peripheral and cardiac autonomic neuropathy. Diabetes 1997;
46(Suppl 2):S62–6.

[11] Ziegler D, Reljanovic M, Mehnert H, Gries FA. �-Lipoic acid in the
treatment of diabetic polyneuropathy in Germany: current evidence
from clinical trials. Exper Clin Endocrin Diab 1999;107:421–30.

[12] Fuchs J, Schofer H, Milbradt R, Freisleben HJ, Buhl R, Siems W,
Grune T. Studies on lipoate effects on blood redox state in human
immunodeficiency virus infected patients. Arzneimit Forsch 1993;43:
1359–62.

[13] Packer L, Tritschler HJ, Wessel K. Neuroprotection by the metabolic
antioxidant �-lipoic acid. Free Radic Biol Med 1997;22:359–78.

[14] Obrosova I, Cao X, Greene DA, Stevens MJ. Diabetes-induced
changes in lens antioxidant status, glucose utilization and energy
metabolism: effect of DL-�-lipoic acid. Diabetologia 1998;41:1442–
50.

[15] Obrosova IG, Fathallah L, Greene DA. Early changes in lipid per-
oxidation and antioxidative defense in diabetic rat retina: effect of
DL-�-lipoic acid. Eur J Pharmacol 2000;398:139–46.

[16] Kocak G, Aktan F, Canbolat O, Ozogul C, Elbeg S, Yildizoglu-Ari N,
Karasu C. �-Lipoic acid treatment ameliorates metabolic parameters,
blood pressure, vascular reactivity and morphology of vessels already
damaged by streptozotocin-diabetes. Diab Nutr Metab-Clin & Exper
2000;13:308–318.

[17] Morcos M, Borcea V, Isermann B, Gehrke S, Ehret T, Henkels M,
Schiekofer S, Hofmann M, Amiral J, Tritschler H, Ziegler R, Wahl P,
Nawroth PP. Effect of �-lipoic acid on the progression of endothelial
cell damage and albuminuria in patients with diabetes mellitus: an
exploratory study. Diab Res Clin Pract 2001;52:175–83.

[18] Borcea V, Nourooz-Zadeh J, Wolff SP, Klevesath M, Hofmann M,
Urich H, Wahl P, Ziegler R, Tritschler H, Halliwell B, Nawroth PP.
�-Lipoic acid decreases oxidative stress even in diabetic patients with
poor glycemic control and albuminuria. Free Radic Biol Med 1999;
26:1495–1500.

[19] Ruhnau KJ, Meissner HP, Finn JR, Reljanovic M, Lobisch M, Schutte
K, Nehrdich D, Tritschler HJ, Mehnert H, Ziegler D. Effects of
3-week oral treatment with the antioxidant thioctic acid (alpha-lipoic
acid) in symptomatic diabetic polyneuropathy. Diabet Med 1999;16:
1040–3.

[20] http://www.berkeleywellness.com/html/ds/dsAlphaLipoicAcid.php.
U C Berkeley Wellness Letter. 1999.

[21] Maritim A, Sanders RA, Watkins JB 3rd. Oxidative stress and dia-
betic complication: a review. J Biochem Mol Tox 2003;17:24–38.

[22] National Research Council. Guide for the Care and Use of Laboratory
Animals. Washington DC: National Academy Press, 1996.

293A.C. Maritim et al. / Journal of Nutritional Biochemistry 14 (2003) 288–294



[23] Cameron NE, Cotter MA, Horrobin DH, Tritschler HJ. Effects of
�-lipoic acid on neurovascular function in diabetic rats: interaction
with essential fatty acids. Diabetologia 1998;41:390–9.

[24] Misra HP, Fridovich I. The role of superoxide anion in the autoxi-
dation of epinephrine and a simple assay for superoxide dismutase.
J Biol Chem 1972;247:3170–5.

[25] Luck H. Catalase. In: Bergmeyer H-U, editor. Methods of Enzymatic
Analysis. New York: Academic Press, 1963. p. 885–888.

[26] Tappel AL. Glutathione peroxidase and hydroperoxides. Meth Enzy-
mol 1978;52:506–13.

[27] Carlberg I, Mannervik B. Purification and characterization of the
flavoenzyme glutathione reductase from rat liver. J Biol Chem 1975;
250:5475–80.

[28] Hissin PJ, Hilf R. A fluorometric method for determination of oxi-
dized and reduced glutathione in tissues. Anal Biochem 1976;74:
214–26.

[29] Lowry O, Rosebrough NJ, Farr AL, Randall RJ. Protein measure-
ments with Folin phenol reagent. J Biol Chem 1951;193:265–75.

[30] Maitra I, Serbinova E, Trischler H, Packer L. �-Lipoic acid prevents
buthionine sulfoximine-induced cataract formation in newborn rats.
Free Radic Biol Med 1995;18:823–9.

[31] Borenshtein D, Ofri R, Werman M, Stark A, Tritschler HJ, Moeller
W, Madar Z. Cataract development in diabetic sand rats treated with
�-lipoic acid and its �-linolenic acid conjugate. Diab Metab Res Rev
2001;17:44–50.

[32] Ford I, Cotter MA, Cameron NE, Greaves M. The effects of treatment
with �-lipoic acid or evening primrose oil on vascular hemostatic and
lipid risk factors, blood flow, and peripheral nerve conduction in the
streptozotocin-diabetic rat. Metab Clin Exper 2001;50:868–75.

[33] Kishi Y, Schmelzer JD, Yao JK, Zollman PJ, Nickander KK,
Tritschler HJ, Low PA. �-Lipoic acid: effect on glucose uptake,
sorbitol pathway, and energy metabolism in experimental diabetic
neuropathy. Diabetes 1999;48:2045–51.

[34] Heitzer T, Finckh B, Albers S, Krohn K, Kohlschutter A, Meinertz T.
Beneficial effects of �-lipoic acid and ascorbic acid on endothelium-
dependent, nitric oxide-mediated vasodilation in diabetic patients:
relation to parameters of oxidative stress. Free Radic Biol Med
2001;31:53–61.

[35] Melhem MF, Craven PA, Derubertis FR. Effects of dietary supple-
mentation of �-lipoic acid on early glomerular injury in diabetes
mellitus. J Am Soc Nephr 2001;12:124–33.

[36] Arivazhagan P, Juliet P, Panneerselvam C. Effect of dl-�-lipoic acid
on the status of lipid peroxidation and antioxidants in aged rats.
Pharm Res 2000;41:299–303.

[37] Khamaisi M, Rudich A, Potashnik R, Tritschler HJ, Gutman A,
Bashan N. Lipoic acid acutely induces hypoglycemia in fasting non-
diabetic and diabetic rats. Metab 1999;48:504–10.

[38] Estrada DE, Ewart HS, Tsakiridis T, Volchuk A, Ramlal T, Tritschler
H, Klip A. Stimulation of glucose uptake by the natural coenzyme
�-lipoic acid/thioctic acid: participation of elements of the insulin
signaling pathway. Diabetes 1996;45:1798–804.

[39] Kawabata T, Packer L. �-Lipoate can protect against glycation of
serum albumin, but not low density lipoprotein. Biochem Biophys
Res Commun 1994;203:99–104.

[40] Biewenga GP, Haenen GR, Bast A. The pharmacology of the anti-
oxidant lipoic acid. Gen Pharmacol 1997;29:315–31.

[41] Nagamatsu M, Nickander KK, Schmelzer JD, Raya A, Wittrock DA,
Tritschler H, Low PA. Lipoic acid improves nerve blood flow, re-
duces oxidative stress, and improves distal nerve conduction in ex-
perimental diabetic neuropathy. Diab Care 1995;18:1160–7.

[42] Baynes JW. Role of oxidative stress in development of complications
in diabetes. Diabetes 1991;40:405–12.

[43] Wolff SP, Jiang ZY, Hunt JV. Protein glycation and oxidative stress
in diabetes mellitus and ageing. Free Radic Biol Med 1991;10:339–
52.

[44] Winterbourn CC. Superoxide as an intracellular radical sink. Free
Radic Biol Med 1993;14:85–90.

[45] Santini SA, Marra G, Giardina B, Cotroneo P, Mordente A, Mar-
torana GE, Manto A, Ghirlanda G. Defective plasma antioxidant
defenses and enhanced susceptibility to lipid peroxidation in uncom-
plicated IDDM. Diabetes 1997;46:1853–8.

[46] Sies H. Strategies of antioxidant defense. Eur J Biochem 1993;215:
213–9.

[47] Josephy PD. Molecular toxicology. New York: Oxford University
Press, 1997.

[48] Halliwell B, Gutteridge JMC. Free Radicals in Biology and Medicine.
Oxford: Clarendon Press, 1989.

[49] Jain A, Martensson J, Stole E, Auld PA, Meister A. Glutathione
deficiency leads to mitochondrial damage in brain. Proc Natl Acad
Sci USA 1991;88:1913–7.

[50] Kakkar R, Mantha SV, Radhi J, Prasad K, Kalra J. Antioxidant
defense system in diabetic kidney: a time course study. Life Sci
1997;60:667–79.

[51] Sen CK, Roy S, Han D, Packer L. Regulation of cellular thiols in
human lymphocytes by alpha-lipoic acid: a flow cytometric analysis.
Free Radic Biol Med 1997;22:1241–57.

[52] Han D, Handelman G, Marcocci L, Sen CK, Roy S, Kobuchi H,
Tritschler HJ, Flohe L, Packer L. Lipoic acid increases de novo
synthesis of cellular glutathione by improving cystine utilization.
Biofactors 1997;6:321–38.

[53] Khanna P, Wang L, Perez-Polo RJ, Ansari NH. Oxidative defense
enzyme activity and mRNA levels in lenses of diabetic rats. J Toxicol
Environ Health 1997;51:541–55.

294 A.C. Maritim et al. / Journal of Nutritional Biochemistry 14 (2003) 288–294


	Effects of -lipoic acid on biomarkers of oxidative stress in streptozotocin-induced diabetic rats
	Introduction
	Materials and methods
	Tissue collection
	Assays

	Results
	Discussion
	References


