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A growing body of interest on the possible beneficial role of chromium, magnesium, and
antioxidant supplements in the treatment of diabetes has contributed to debate about their
value for reaching metabolic control and to prevent chronic complications in diabetic
subjects. In this article we use a systematic approach focused on clinically based evidence
from clinical trials regarding the benefits of chromium, magnesium, and antioxidant
supplements as complementary therapies in type 2 diabetes.

Chromium, magnesium, and antioxidants are essential elements involved in the action of
insulin and energetic metabolism, without serious adverse effects. However, at present
there is insufficient clinically based evidence and its routine use in the treatment of type
2 diabetes is still controversial.

Because the most frequent origin of deficiencies in micronutrients is an inadequate diet,
health care providers should invest more effort on nutrition counseling rather than focusing
on micronutrient supplementation in order to reach metabolic control of their patients.

Results from long-term trials are needed in order to assess the safety and beneficial role
of chromium, magnesium, and antioxidant supplements as complementary therapies in
the management of type 2 diabetes. � 2005 IMSS. Published by Elsevier Inc.

Key Words: Chromium, Magnesium, Vitamin E, α-Tocopherol, Lipoic acid, Antioxidants,
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Introduction

As dietary supplements are widely used not only by the
general public but also by diabetic patients (1–3), a growing
interest in its beneficial role has contributed to debate regard-
ing the value of “alternative therapeutics” in the treatment
of diabetes (4). Use of “alternative therapies” closely mirrors
cultural preferences and individual circumstances that must
be taken into account by health care providers in order to
attain the best metabolic control for their patients. In this
regard, the American Diabetes Association (ADA) issued a
Position Statement regarding the “Unproven Therapies” that
might be provided to patients (5). Among these, trace ele-
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ments such as chromium and magnesium, as well as the
antioxidants, are the most widely used.

Because the background of micronutrient deficiencies is
an inappropriate diet, more than an alternative therapy, the
adequate intake of foods rich in chromium, magnesium, and
antioxidants should be considered as part of the nutritional
support that must be counseled to diabetic patients. Because
these essential micronutrients are enhanced by insulin action
(6), it should be expected that an adequate daily dietary
intake exerts a beneficial role in the metabolic control of
subjects with type 2 diabetes. Because the long-term success
of dietary intervention usually is poor (7), strategies for
reaching the required micronutrient intake, such as oral sup-
plementation, are of particular interest in the management
of diabetes.

According to the ADA Position Statement (5) that recom-
mends that the use of adjuvant therapies must be based on
evidence emerged from clinical research, in this article we
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will present a systematic approach regarding the benefits of
chromium, magnesium, and antioxidant supplements, focus-
ing on clinical trial-based evidence, in the management of
type 2 diabetes.

Chromium

Trivalent chromium (Cr3�) is an essential trace element (1)
required for the maintenance of normal glucose (8) and fat
metabolism (9). Because chromium potentiates the action
of insulin, it was named from its recognition in the late
1950s (10) as the glucose tolerance factor term that empha-
sizes its importance in glucose metabolism.

Chromium is present in many foods, especially in liver,
Brewer’s yeast, American cheese, wheat germ, vegetables
such as carrots, potatoes, broccoli, and spinach, and is also
present in alfalfa, brown sugar, molasses, dried beans, nuts,
seeds, mushrooms, and animal fats (1,11).

In general, it is accepted that a chromium intake of 30–
40 µg/day is sufficient for achieving the daily requirements
(12), and that healthy people usually reach it in their custom-
ary diet. However, because some foods, particularly those
high in simple sugars, negatively affect the absorption of
chromium (12,13), in the absence of well-balanced diets,
chromium deficiency frequently appears. Furthermore, be-
cause chromium metabolism is altered in diabetic subjects by
increased loss, decreased absorption (14), and an inadequate
dietary intake (15), little is known about the daily chromium
requirements for those subjects.

Tyrosine kinase, the enzyme required for phosphoryla-
tion, is chromium dependent, and phosphotyrosine phos-
phatase, an enzyme that inactivates the insulin receptor,
is inhibited by chromium (12). Thus, in addition to the
increase in the number of insulin receptors (12), chro-
mium improves the action of insulin by improving tyrosine
kinase activity on the insulin receptor (15–17). Finally, it
has been reported that Cr3� also exerts a powerful cellular
antioxidant action (18) and decreases the hepatic extraction
of plasma insulin (19). Deficiency of chromium may result
in similar clinical manifestations to those observed in insulin
resistance and type 2 diabetes, and supplementation with
chromium could improve insulin sensitivity, leading to a
more efficient peripheral glucose uptake.

A great body of conflicting data (9,12,18,20–27) regard-
ing the benefits of chromium supplements in type 2 diabetes
has been accumulated in past decades (Table 1). Although
lack of agreement among these studies may be explained
by both type of chromium and dose used (28), there are
other variables that may contribute to the inconsistent results
such as differences in glycemic control, background of tar-
geted populations, lack of control for dietary contribution of
chromium, and biochemical assays used for analysis (11,12).
Furthermore, it is necessary to keep in mind that beneficial
effects of supplementation will be seen in those subjects

with chromium deficiency, a variable not measured in the
clinical assays (9,12,18,20–27), and that chromium has no
effects on glucose and insulin concentrations in non-diabetic
individuals. Because a significant number of confounding
variables have not been adequately controlled, chromium
status has not been evaluated in baseline conditions and
follow-up of supplementation. Benefits of chromium sup-
plements in type 2 diabetes have not been conclusively
demonstrated (29).

In this regard, there is no accurate and simple method
for measurement of chromium status making clinical chrom-
ium deficiency difficult to demonstrate. Currently, the best
method for diagnosing chromium deficiency is retrospective,
demonstrating reduction of insulin resistance after chromium
supplementation and reappearance of resistance after the
supplement is withdrawn (8,27,30). Furthermore, the mecha-
nisms of absorption and transport of chromium also are
still unclear (30,31). As a consequence, the multitude of
confounding variables and unresolved biochemical proce-
dures contribute to the unreliability of the results of studies
on chromium.

Finally, although the toxicity of chromium is low, high
doses of chromium have been related to chromosomal
damage (32) and in some cases related to renal and hepatic
toxicity, rhabdomyolysis, and psychiatric disturbances (11).
Thus, the use of chromium for long periods may result in
a toxic risk.

As chromium seems to exert a positive effect on glucose
and insulin levels of type 2 diabetic subjects, chromium
supplements could be indicated for short periods of time,
only in those patients in whom the deficiency of chromium
is suspected, based on dietary questionnaires. Because there
is insufficient clinical evidence, it is still controversial
whether chromium supplements should be routinely recom-
mended in the management of diabetes (31).

Magnesium

Magnesium, the second most abundant intracellular cation
(33), is an essential cofactor of high-energy phosphate-bound
enzymatic pathways (34,35) involved in the energetic metab-
olism, synthesis of protein, and modulation of glucose trans-
port across cell membranes.

Hypomagnesemia, commonly due to insufficient magne-
sium intake and/or increased magnesium loss (36), is strongly
related to metabolic syndrome (37) and has been associated
with the development of type 2 diabetes (38), high blood
pressure, (39) atherogenic alterations (39,40), and micro-
and macrovascular diabetic complications (41–44).

The main dietary sources for magnesium are whole grains,
leafy green vegetables, legumes, nuts, and fish (11,45). The
most important risk factors associated with magnesium
deficiency are aging (46), alcohol intake (47), and diuretics
(48). In addition, hypomagnesemia is one of the more
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Table 1. Clinical trials of chromium supplements in subjects with and without type 2 diabetes

n Study population Supplement Dose (µg) Results

Anderson (12) 180 Type 2 diabetes Chromium picolinate 200 Both doses decrease fasting and postprandial insulin
1000 High doses decrease fasting and postprandial glucose

Anderson (18) 110 Type 2 diabetes Chromium pidolate 400 No effects on glucose and insulin levels
Abraham (9) 25 Type 2 diabetes Chromium chloride 250 Decrease triglycerides
Ravina (20) 114 Type 2 diabetes Chromium picolinate 200 Decrease glucose and insulin levels
Lee (21) 30 Type 2 diabetes Chromium picolinate 200 Reduce triglycerides
Thomas (22) 5 Type 2 diabetes Chromium nicotinate 200 No effects on glucose and insulin levels

14 Healthy
Uusitupa (23) 26 Elderly with IGT Chromium-rich yeast 160 No effects on glucose and insulin levels
Anderson (24) 17 IGT Chromium chloride 200 Decrease insulin levels. Improve glucose tolerance
Lefavi (25) 34 Male athletes Chromium nicotinate 200 Decrease total cholesterol
Wilson (26) 26 Healthy non-obese Chromium picolinate 200 Decrease fasting insulin
Volpe (27) 44 Obese women Chromium picolinate 400 No effects on glucose and insulin levels

IGT � impaired glucose tolerance.

common electrolytic alterations in subjects with diabetes,
especially in those with poorly controlled diabetes (41) with
increased urinary loss (45).

Because magnesium is predominantly an intracellular
ion, its serum concentrations do not necessarily reflect the
magnesium status or intracellular pool, and intracellular
magnesium depletion can be seen with normal serum
concentrations (49). Significant magnesium deficiency is re-
quired before its serum levels decrease, but once serum
magnesium declines, it shows a high correlation with intra-
cellular magnesium concentration (50,51). Thus, serum mag-
nesium measurement is a specific, but not sensitive, marker
of magnesium deficiency (11).

Magnesium deficiency may result in disorders of tyrosine
kinase activity on the insulin receptor and increased intracel-
lular calcium concentration (34,52), events related to the
development of insulin resistance. We found that low serum
magnesium levels are strongly related to elevated serum con-
centrations of both tumor necrosis factor alpha (53) and C-
reactive protein (53), suggesting that magnesium deficiency
may also be involved in the development of low-grade
chronic inflammation syndrome and through this pathway,
with the development of glucose metabolic disorders. Based
on recent studies that report a significant increase of pro-
inflammatory markers in magnesium-deficient animals (55–
60) and obese subjects (53,54), and the fact that release
of substance P, one of the earliest events in the chronic
inflammation response (61), is linked to hypomagnesemia
(55,57,59), we have hypothesized that magnesium deficiency
could be involved in the triggering of low-grade inflamma-
tory response (52,53).

Similar to the findings with chromium, effects of magne-
sium supplements on the metabolic profile of type 2 diabetic
subjects also are controversial (Table 2). Recently, we con-
ducted a clinical trial among type 2 diabetic subjects with
low serum magnesium levels. We showed a beneficial effect
of oral supplementation with magnesium chloride on fasting

and postprandial glucose levels and insulin sensitivity (62), a
finding in accordance with some (63–65) but not all studies
(66–69). As we have previously noted (62), differences in
magnesium salt and doses used, as well as baseline magne-
sium status, may explain the divergence among these studies.
In this regard, we have found that magnesium chloride
solution has excellent bioavailability improving the serum
magnesium concentrations within the first month of supple-
mentation (62,70).

Other beneficial effects of magnesium supplements in
type 2 diabetic patients are related to the improvement of
lipid profile (40), atherosclerosis, and high blood pressure
(39). In addition, Barragan et al. (from our group), found that
magnesium supplements improve symptoms of depression in
elderly type 2 diabetic subjects with low serum magnesium
levels (unpublished data).

Among apparently healthy subjects, the beneficial effects
of magnesium supplements are scarce (70,71) but show a
consistent significant increase in insulin sensitivity among
non-diabetic subjects who received magnesium supple-
ments. Thus, taking into account that low serum magnesium
is a risk factor strongly associated with development of type
2 diabetes (38), the use of magnesium supplements could
be an alternative tool for the prevention of type 2 diabetes,
a hypothesis that requires confirmation.

Magnesium is relatively non-toxic in those people with
conserved renal function. The most frequent side effects
due to magnesium supplementation are headache, nausea,
hypotension, and nonspecific slight abdominal and bone pain
that usually do not require specific treatment or discontinua-
tion of magnesium salt (67,70).

Because serum magnesium levels are easy to determine
and provide specific data on magnesium deficiency, and
magnesium supplements have a low rate of non-serious side
effects, it seems to be rational that diabetic patients should
be routinely tested in order to demonstrate the presence of
low serum magnesium levels and, if there are no specific
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Table 2. Clinical trials of magnesium supplements in subjects with and without type 2 diabetes

n Study population Supplement Dose Results

Rodriguez-Morán (62) 63 Type 2 diabetes Magnesium chloride 2.5 g Decrease fasting glucose and improve insulin sensitivity
Paolisso (63) 12 Type 2 diabetes Magnesium pidolate 4.5 g Decrease fasting glucose, increase posprandial insulin
Yokota (64) 9 Type 2 diabetic Natural magnesium 300 mg Decrease insulin and triglycerides levels, improve

controlled subjects insulin sensitivity
Paolisso (65) 9 Type 2 diabetes Magnesium pidolate No effects on glucose levels, improve insulin sensitivity
Eibl (66) 40 Type 2 diabetes Magnesium citrate 30 mmol No effects on glucose and insulin levels
De Valk (67) 50 Type 2 diabetes Magnesium aspartate 15 mmol No effects on glucose and insulin levels
Lima (68) 128 Type 2 diabetes Magnesium oxide 20.7 mmol No effects on glucose levels
Gullestad (69) 56 Type 2 diabetes Magnesium citrate 15 mmol No effects on glucose and insulin levels
Guerrero-Romero (70) 60 Insulin resistance Magnesium chloride 2.5 g Improve insulin sensitivity

contraindications, to indicate short-term periods of oral mag-
nesium supplements.

Antioxidants

There is a great body of evidence showing that hyperglyce-
mia is the primary risk factor associated with development
of both micro- and macrovascular complications (72,73).
Among the biochemical pathways through which hypergly-
cemia produces its deleterious effects is the production of
free reactive oxygen species (ROS) (74–76). Thus, oxidative
stress, defined as a persistent imbalance between the exces-
sive production of ROS and/or defects in antioxidant de-
fense, has been implicated in the pathogenesis of diabetic
complications.

Recently, it has been recognized that the mitochondrial
process involved in the glucose-mediated insulin secretion
is particularly affected by oxidative stress (77). Increase
in mitochondrial ROS, a consequence of increased glu-
cose levels (78), could be the proximal defect leading to
pathological consequences of hyperglycemia (75), contribut-
ing to progression of disease through a positive feedback
in which hyperglycemia increases mitochondrial ROS in
pancreatic β-cells, disturbing their capacity of response to
elevation of glucose concentrations which in turn produces
further hyperglycemia (75,79,80).

These observations support the hypothesis that antioxi-
dants, by decreasing the damage produced by hyperglyce-
mia, could be useful in the prevention and management of
chronic diabetic complications. Vitamin E (α-tocopherol)
and α-lipoic acid (thioctic acid) are the most widely used
antioxidants as adjuvant in the treatment of diabetic patients.

Among the group of fat-soluble vitamins, vitamin E
(α-tocopherol) is the most abundant and biologically active
(11). Recommended dietary allowance for men and women
is 9.6 and 7.0 mg/day, respectively, which can be obtained
from a balanced diet of fruits and vegetables and fats and oils
(81), mainly from cereals, eggs, green vegetables, margarine,
meat, wheat germ, seeds, and nuts (82).

Vitamin E, the most efficient chain-breaking and potent
lipophilic antioxidant with a redox potential E0

� of �370 mV

(83), scavenges the peroxyl radical, neutralizing free radical
species produced during normal cellular metabolism, and
suppressing lipid peroxidation in cell membranes (84). It
also interacts with water-soluble antioxidants such as gluta-
thiones (11), for decreasing protein glycation, lipid oxi-
dation, and inhibiting platelet aggregation (85,86).

Clinical trials evaluating the beneficial role of vitamin E
supplements on glucose levels and incidence of vascular
diabetic complications revealed conflicting results (87–92)
(Table 3). What these studies show is that antioxidant supple-
mentation with vitamin E in type 2 diabetic subjects may
have a greater effect in protection of LDL from oxidation
(91) and, in this way, from development of cardiovascular
disease. But there have been no consistent effects on decreas-
ing fasting glucose and HbA1c levels. The lack of action
of vitamin E on glucose metabolism may be related to the
fact that α-tocopherol acts on the plasma membranes but
not on mitochondrial respiratory chain, the major site of
ROS production within the cell, or other intracellular events
involved in apoptosis and gene transcription (84). In this
regard, it has been reported that pancreatic beta-cell mito-
chondrial function is particularly susceptible to oxidative
damage leading to decreased mitochondrial function and
induction of mitochondrial permeability that predispose cells
to necrosis and apoptosis (93). Therefore, α-tocopherol suc-
cessfully inhibits LDL oxidation, but it is not able to improve
beta-cell function.

Recently, an early released article by Miller et al. (94),
who performed a meta-analysis of the dose response relation-
ship between vitamin E supplementation and total mortality
using data from clinical trials reported between 1993 and
2004, showed that high doses (�400 IU/day) of vitamin E
increase all-cause mortality. Although in the analysis by
Miller et al. (94) the effects of vitamin E were not isolated
from those of other supplements present in 52.3% of the 19
trials included in the meta-analysis, this finding emphasizes
the need to discourage the use of high doses of vitamin E
for long periods, until evidence of efficacy is appropri-
ately documented.

On the other hand, lipoic acid (thioctic acid), a disulfide
compound soluble in both lipid and water (95), is an essential
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Table 3. Clinical trials of antioxidants supplements in subjects with type 2 diabetes

n Study population Supplement Dose Results

Gomez-Perez (87) 53 Non-controlled type 2 diabetes D-α-Tocopherol 400 mg No effects on fasting glucose, HbA1c, nor lipid profile
Paolisso (88) 25 Elderly type 2 diabetes D-α-Tocopherol 900 mg Decrease fasting glucose, HbA1c, and triglycerides,

no changes in insulin
Paolisso (89) 15 Controlled type 2 diabetes D-α-Tocopheryl acetate 900 mg Decrease fasting glucose, HbA1c, no changes in insulin,

hepatic glucose output, nor glucose oxidation
Reaven (90) 21 Type 2 diabetes D-α-Tocopherol 1600 IU No effects on fasting glucose, HbA1c, decrease

susceptibility of LDL to oxidation
Skrha (91) 11 Obese type 2 diabetes D-α-Tocopherol 600 mg Decrease glucose disposal rate, and malondialdehyde

Type 2 diabetes α-Tocopherol 800 IU Decreased risk for coronary heart disease. No effects
on fasting glucose nor HbA1c

Anderson (92) 40 Non-diabetic men β-Carotene 24 mg
Ascorbate 1000 mg

Jacob (100) 74 Type 2 diabetes α-lipoic acid 600 mg Increase insulin sensitivity and glucose uptake
1200 mg No effects on fasting glucose
1800 mg

Ziegler (102) 73 Type 2 diabetes and CANa α-lipoic acid 800 mg Slight improve in cardiac autonomic neuropathy
1200 mg

Ziegler (103) 328 Type 2 diabetes and PNb α-lipoic acid 600 mg Reduce symptoms of diabetic peripheral neuropathy
100 mg

Ziegler (104) 509 Type 2 diabetes and SPNc α-lipoic acid 600 mgd Favorable effects on neuropathy deficits
1800 mgd No effects on neuropathic symptoms

Ametov (105) 120 Type 2 diabetes with SPNc α-lipoic acid 600 mge Improve neuropathic sensory symptoms

aCardiac Autonomic Neuropathy; bPeripheral Neuropathy; cSymmetrical Distal Peripheral Neuropathy; d600 mg IV for 3 weeks followed by 600 mg t.i.d.
for 6 months; eIV.

cofactor in multienzyme complex such as α-oxoacid-dehy-
drogenase and mitochondrial enzymes, and a potent lipo-
philic free radical scavenger with a redox potential of E0

�

�290 mV (83). It is synthesized in the liver and controls
glucose oxidation (83) by increasing both oxidative and non-
oxidative glucose metabolism, enhancing insulin sensitivity
(96) and preventing glucose-induced protein modifications
(3).

In vitro, lipoic acid increases glucose transport by stimu-
lating translocation of GLUT4 from internal pools to plas-
matic membrane and protects against the impairment in
insulin-stimulated protein-kinase B activation (95). In addi-
tion, it protects the insulin receptor from oxidative damage
(95,97). The bioactivity of lipoic acid has been attributed
to its capacity to directly react with various reactive oxygen
species and to its ability to interfere with the oxidation process
in the lipid and aqueous cellular compartments (93,98).

In experimental and cross-sectional studies, treatment
with lipoic acid improves both oxidative stress (99) and
insulin sensitivity (100,101). However, as lipoic acid is es-
sentially a potent free radical scavenger of peripheral
nerves, it is of particular interest to elucidate its clinical
applications in the prevention and treatment of diabetic
neuropathy (102–105) (Table 3). Some studies show that
lipoic acid is useful for the treatment of neuropathy (103,105)
and that its toxicity is extremely low (106,107). Nonethe-
less, inconsistencies among the studies, as well as the high
placebo response, particularly in the ALADIN studies
(103,104) that enrolled 837 type 2 diabetic subjects with

peripheral neuropathy, imply the necessity for future clinical
trials based on specific primary end points able to be mea-
sured in a precise way, in order to convincingly demonstrate
the beneficial effect of lipoic acid on peripheral neuropathy.
Because clinical trials showing the beneficial role of lipoic
acid on glucose metabolism are scarce, an evidence direction
cannot be established. Nonetheless, several lines of evidence
suggest that oxidative stress is increased in type 2 diabetic
subjects and could play a role in the development of micro-
and macrovascular complications, clinical evidence is still
controversial. Although vitamin E and lipoic acid appear to
be safe and well tolerated, currently there is insufficient
evidence for supporting its regular use in clinical practice.

Conclusions

Although chromium, magnesium, and antioxidants are es-
sential elements involved in the action of insulin and ener-
getic metabolism, without serious adverse effects, there is
insufficient clinically based evidence. Its routine use in the
treatment of type 2 diabetes is still controversial. In general,
dietary supplements are inexpensive and easily accessible
to the public and because of this, they are frequently used
inappropriately.

The most frequent origin of micronutrient deficiencies is
an inadequate diet and persons with diabetes should receive
appropriate nutritional counseling in order to consume an ad-
equate quantity of foods rich in essential micronutrients for
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achieving their daily dietary requirements. The advantage of
this diet over pharmacological supplements is the combined
action of the several micronutrients that an appropriate diet
contains. Health care providers should invest more effort in
diet changes rather than focusing on micronutrient supple-
mentation to reach metabolic control of their patients.

Results from long-term trials are needed in order to evalu-
ate the safety and beneficial role of chromium, magnesium,
and antioxidant supplements as complementary therapies in
the management of type 2 diabetes.
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Rodrı́guez-Padilla EG, Aguilar-Salinas CA, Rull JA. Vitamin E mod-
ifies neither fructosamine nor HgbA1c levels in poorly controlled dia-
betes. Rev Invest Clin 1996;48:421–424.

88. Paolisso G, D’Amore A, Galzerano D, Balbi V, Guigliano D, Varric-
cho M, D’Onofrio F. Daily vitamin E supplements improve meta-
bolic control but not insulin secretion in elderly type 2 diabetic
patients. Diabetes Care 1993;16:1433–1437.

89. Paolisso G, D’Amore A, Guigliano D, Ceriello A, Varriccho M,
D’Onofrio F. Pharmacologic doses of vitamin E improve insulin
action in healthy subjects and non-insulin dependent diabetic patients.
Am J Clin Nutr 1993;57:650–656.

90. Reaven PD, Herold DA, Barnett J, Edelman S. Effects of vitamin E
on susceptibility of low-density lipoprotein and low-density lipopro-
tein subfractions to oxidation and on protein glycation in NIDDM.
Diabetes Care 1995;18:807–816.

91. Skrha J, Sindelka G, Kvasnicka J, Hilgertova J. Insulin action and
fibrinolysis influenced by vitamin E in obese type 2 diabetes mellitus.
Diab Res Clin Pract 1999;4:27–33.

92. Anderson JW, Gowri MS, Turner J, Nichols L, Diwadkar VA, ChK
Chow, Oeltegen PR. Antioxidant supplementation effects on low-
density lipoprotein oxidation for individuals with type 2 diabetes
mellitus. J Am Coll Nutr 1999;18:451–461.

93. James AM, Murphy MP. How mitochondrial damage affects cell
function. J Biomed Sci 2002;9:475–487.

94. Miller ER, Pastor-Barriuso P, Dalal D, Riemersma A, Appel LJ,
Guallar E. Meta-analysis: high-dosage Vitamin E supplementation may
increase all-cause mortality. Ann Intern Med 2005;142: http://www.
annals.org/cgi/content/full/0000605-200501040-00110v1, accessed
November 16, 2004.

95. Rudich A, Tirosh A, Potashnik R, Khamaisi M, Bashan N. Lipoic
acid protects against oxidative stress induced impairment in insulin

stimulation of protein kinase B and glucose transport in 3T3-L1
adipocytes. Diabetologia 1999;42:949–957.

96. Packer L, Roy S, Sen CK. α-Lipoic acid. A metabolic antioxidant
and potential redox modulator of transcription. Adv Pharmacol
1999;38:79–101.

97. Paolisso G, Esposito R, D’Alessio MA, Barbieri M. Primary and
secondary prevention of atherosclerosis. Is there a role for antioxi-
dants? Diabetes Metab 1999;25:298–306.

98. Packer L, Witt EH, Tritschler HJ. Alpha lipoic acid as a biological
antioxidant. Free Radic Biol Med 1995;19:227–250.

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

100. Jacob S, Ruus P, Hermann R, Tritschler HJ, Maerker E, Renn W,
Augustin HJ, Dietze GJ. Rett K Oral administration of RAC-alpha-
lipoic acid modulates insulin sensitivity in patients with type-2 diabe-
tes mellitus: a placebo-controlled pilot trial. Free Radic Biol Med
1999;27:309–314.

101. Saengsirisuwan V, Kinnik TR, Schmit MB, Henriksen EJ. Interactions
of exercise training and lipoic acid on skeletal muscle transport
in obese Zuckert rats. J Appl Physiol 2001;91:145–153.

102. Ziegler D, Schatz H, Conrad F, Gries FA, Ulrich H, Reichel G. Effects
of treatment with alpha-lipoic acid on cardiac autonomic neuropathy
in NIDDM patients. A 4-month randomized controlled multicenter
trial (DEKAN Study). Deutsche Kardiac Autonome Neuropathie.
Diabetes Care 1997;20:369–373.

103. Ziegler D, Hanefeld M, Ruhnau KJ, Meissner HP, Lobisch M,
Schutte K, Gries FA. Treatment of symptomatic diabetic peripheral
neuropathy with the anti-oxidant alpha-lipoic acid. A 3-week multi-
centre randomized controlled trial (ALADIN Study). Diabetologia
1995;38:1425–1433.

104. Ziegler D, Hanefeld M, Ruhnau KJ, Hasche H, Lobisch M, Schütte K,
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