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Abstract

Oxidative stress plays a central role in the pathogenesis and progression of late microangiopathic complications
(diabetic nephropathy) in diabetes mellitus. Previous studies suggested that treatment of diabetic patients with the
antioxidant �-lipoic acid reduce oxidative stress and urinary albumin excretion. In this prospective, open and
non-randomized study, the effect of �-lipoic acid on the progression of endothelial cell damage and the course of
diabetic nephropathy, as assessed by measurement of plasma thrombomodulin and urinary albumin concentration
(UAC), was evaluated in 84 patients with diabetes mellitus over 18 months. Forty-nine patients (34 with Type 1
diabetes, 15 with Type 2 diabetes) had no antioxidant treatment and served as a control group. Thirty-five patients
(20 with Type 1 diabetes, 15 with Type 2 diabetes) were treated with 600 mg �-lipoic acid per day. Only patients with
an urinary albumin concentration �200 mg/l were included into the study. After 18 months of follow up, the plasma
thrombomodulin level increased from 35.9�9.5 to 39.7�9.9 ng/ml (P�0.05) in the control group. In the �-lipoic
acid treated group the plasma thrombomodulin level decreased from 37.5�16.2 to 30.9�14.5 ng/ml (P�0.01). The
UAC increased in patients without �-lipoic acid treatment from 21.2�29.5 to 36.9�60.6 ng/l (P�0.05), but was
unchanged with �-lipoic acid. It is postulated that the significant decrease in plasma thrombomodulin and failure of
UAC to increase observed in the �-lipoic acid treated group is due to antioxidative effects of �-lipoic acid, and if so
that oxidative stress plays a central role in the pathogenesis of diabetic nephropathy. Furthermore, progression of the
disease might be inhibited by antioxidant drugs. A placebo-controlled study is needed. © 2001 Elsevier Science
Ireland Ltd. All rights reserved.
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1. Introduction

Physiological and pathophysiological processes
lead to the generation of reactive oxygen-species
such as free radicals, non-radical oxygen derivates
and lipid- and carbohydrate-derived carbonyl-
compounds (oxidative stress). Oxidative stress is
widely thought to play a crucial role in the patho-
genesis and progression of late micro- and macro-
angiopathic complications in diabetes mellitus
[1–13]. Oxidative stress may lead to endothelial
cell damage and vascular dysfunction by various
different mechanisms [14–36]. Oxidative stress
leads to the formation of advanced glycation end
products (AGE-proteins) [4,24,25] and activation
of the nuclear factor kappa B (NF-�B) [26]. It has
been shown recently that oxidative stress is related
to the underlying metabolic disorder. It occurs
before the manifestation of late diabetic complica-
tions become evident. This is consistent with the
idea that oxidative stress is an early event in the
pathology of diabetes and its complications [37].
Furthermore, it has been demonstrated that
AGE-proteins, which can induce oxidative stress
by themselves [26,38], occur in early stages of
diabetes before complications become evident
[39].

Several studies suggested that antioxidant ther-
apy might be beneficial in diabetic patients [40–
47]. Hence, it seems likely that a substance shown
to reduce oxidative stress dependent NF-�B acti-
vation in vivo [7,8,48] will reduce progression of
endothelial cell damage and albuminuria in peo-
ple with diabetes. �-Lipoic acid is an antioxidant
known to block oxidative stress in patients with
diabetes mellitus irrespective of glycaemic control
and the presence of diabetic complications [45,46].
In the present prospective, open, non-randomized
pilot study, 84 patients with diabetes mellitus were
monitored over a period of 18 months. Increase of
plasma thrombomodulin as a marker of endothe-
lial cell damage [6–13], and the progression of
UAC, was evaluated in 49 patients without �-
lipoic acid treatment and 35 patients treated with
600 mg/day �-lipoic acid.

2. Methods

2.1. Patients

The study was approved by the ethical commit-
tee of the Department of Medicine, University of
Heidelberg, Germany. Only patients giving their
informed consent were included.

A total of 84 Europid patients with Type 1 or
Type 2 diabetes and normoalbuminuria or mi-
croalbuminuria were included in this prospective
open, non-randomized pilot study. Forty-nine pa-
tients without �-lipoic acid treatment and 35 pa-
tients treated with �-lipoic acid (600 mg/day) were
followed for 18 months. Patients were allocated
either to the �-lipoic acid treated group or to the
control group as they attended the outpatient
clinic. Participation in this study did not affect
glucose-lowering or antihypertensive therapy. All
patients had stable blood glucose control and
blood pressure control and had been instructed in
following a stable diet. Protein restriction was not
prescribed.

Clinical and laboratory data of the patients at
entry into the study are shown in Table 1. At
study entry the two groups differed significantly
(P�0.05) with respect to retinopathy, neuropathy
and creatinine (Table 1).

Other drug treatment of the patients showed no
notable differences between the groups (Table 3).
Diagnosis of diabetic nephropathy was based on
the UAC in a morning spot urine (normal 0–20
mg/l; microalbuminuria 21–200 mg/l; macroalbu-
minuria �200 mg/l). Patients with macroalbu-
minuria or creatinine �1.4 mg/dl at study entry
were excluded, as plasma thrombomodulin is in-
creased with reduced renal function [49].

The diagnosis of diabetic retinopathy was based
on the examination by experienced ophthalmolo-
gists after dilation of the pupils. Diagnosis of
diabetic neuropathy was based on clinical assess-
ment and measurement of vibration perception
threshold. Diabetic macroangiopathic complica-
tions were diagnosed according to clinical find-
ings, ECG, doppler sonography and/or
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angiography. Glycaemic control was determined
by periodical measurement of the HbA1c. All pa-
tients self-measured blood glucose concentration
daily.

Blood pressure was measured after 5 min rest in
a sitting position using a standard manometer.
Mean blood pressure was calculated as diastolic
blood pressure plus 1/3 of the pulse pressure.
Patients were classified as hypertensive if diastolic
blood pressure was �95 mmHg or systolic blood
pressure �140 mmHg on at least two occasions,
or if antihypertensive treatment was necessary to

achieve these blood pressure levels.
Clinical and laboratory data were collected dur-

ing the regular clinic visits of the patients, who
usually attended the Diabetes Centre four times a
year.

2.2. Measurements

For plasma thrombomodulin determination,
plasma was prepared from blood samples using a
standard protocol. The samples were stored at
−80°C for not more than 1 month. Repeated
analyses showed stable thrombomodulin levels
over 6 months at −80°C. Plasma thrombomod-
ulin was determined by an immunoenzymatic as-
say (Asserachrom Thrombomodulin, Diagnostica
Stago, Asnières-sur-Seine, France) [50,51], normal
range in our laboratory 20–30 ng/ml. Intra- and
inter-assay CV’s were 6 and 16%, respectively
[7–9,45,46].

HbA1c was measured by high performance liq-
uid chromatography (DiamatTM, Bio-Rad,
München, Germany), top end of normal range:
6.1% (DCCT standardized version). Plasma lipids,
creatinine and albuminuria were determined by
the Central Laboratory of the Medical Clinic of
the University of Heidelberg using standard meth-
ods. Urinary albumin excretion (UAC) (morning
spot urine, three samples) was determined by us-
ing an immunonephelometric method (BNA,
Behringwerke, Marburg, Germany).

2.3. Statistical analyses

Statistical analyses was performed using the
SAS 6.12 (SAS Institute, Heidelberg, Germany).
For descriptive purposes mean�SD are given.
The �2-test and McNemar’s test were performed
to compare categorical data. The Wilcoxon test
and the Mann–Whitney U-test were used to com-
pare quantitative data.

3. Results

At baseline plasma thrombomodulin and UAC
did not differ significantly between the groups and
HbA1c and systolic blood pressure were similar
(Table 1).

Table 1
Baseline data of the 84 patients with diabetes mellitus included
into the study and allocated to two groups according to the
use of �-lipoic acida

Control �-lipoic acid P

(n) 3549
49�15Age (year) 54�13 NS

Male/female (n) 21/28 20/15 NS
18�11 21�10 NSDuration of

diabetes (year)
34/15Type 1/2 (n) 20/15 NS

9 NSSmokers (n) 8
24.7�3.3BMI (kg/m2) 25.6�3.0 NS

11Nephropathy (n) NS14
Retinopathy (n) 17 22 0.01

7Neuropathy (n) 35 �0.005
NS76Macrovascular

complications (n)
8.4�1.1HbA1c (%) NS8.4�1.5

NS9Oral glucose 7
lowering (n)

NSInsulin treatment 3147
(n)

Conventional (n) NS20 12
27Intensive (n) 19 NS
15Anti-hypertensive 12 NS

drugs (n)
21�30 29�43 NSAlbuminuria

(mg/dl)
NSThrombomodulin 36�10 38�16

(ng/ml)
HDL cholesterol NS54�1555�15

(mg/dl)
126�16Systolic BP (mmHg) NS132�19

Diastolic BP 76�9 77�8 NS
(mmHg)

96�13Mean BP (mmHg) 93�9 NS
0.82�0.16Creatinine (mg/dl) 0.92�0.2 0.02

a Mean�SD.
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Table 2
Comparison of clinical status within the control and �-lipoic acid groups, at baseline and end of study

�-lipoic acidControl

18 months P Baseline 18 months PBaseline

49n 3549 35
24.9�3.3 NSBMI (kg/m2) 25.6�3.024.7�3.3 25.7�3.1 NS

16 NS 1114 11Hypertension (n) NS
Insulin treatment (n) 4747 NS 25 32 NS

15 NS 1114 11Nephropathy (n) NS
19 NS 22Retinopathy (n) 2317 NS
10 NS 357 32Neuropathy (n) NS

6Macrovascular complications (n) 6 NS 9 9 NS
8.8�1.5 0.03 8.4�1.18.4�1.5 8.5�1.2HbA1c (%) NS

132�19Systolic BP (mmHg) 142�19 0.0007 126�16 133�20 NS
80�9 0.0076 77�8Diastolic BP (mmHg) 76�076�9 NS

100�12 0.0002 93�996�13 95�11Mean BP (mmHg) NS
114�86 NS 131�160Triglyceride (mg/dl) 124�176105�79 NS
192�31 NS 201�39192�34 197�43Total cholesterol (mg/dl) NS

55�15HDL cholesterol (mg/dl) 53�13 NS 54�15 51�14 0.04
0.87�0.17 NS 0.92�0.20.82�0.16 0.9�0.2Creatinine (mg/dl) NS

21�30Albuminuria (mg/l) 37�61 0.032 29�43 15�11 NS
39.7�9.9 0.01 37.5�16.2 30.9�14.5 �0.001Thrombomodulin (ng/ml) 35.9�9.4

After 18 months, 55% of the patients in the
control group (27/49 patients) showed an in-
crease, 10% no change and 35% (17) a decrease of
UAC. In the �-lipoic acid treated group 46%
(16/35) showed an increase, 11% (4) no change
and 43% (15) a decrease of the UAC. In the
control group 69% of the patients (34/49) showed
an increase, 2% (1) no change and 29% (14) a
decrease of plasma thrombomodulin. In contrast,
in the �-lipoic acid treated group 23% of the
patients (8/35) showed an increase, while 77% (27)
showed a decrease of plasma thrombomodulin
after 18 months.

After 18 months, a significant increase in UAC
(from 21�30 to 37�61 mg/l, P=0.032) and
plasma thrombomodulin (from 36�9 to 40�10
ng/ml, P=0.01) was observed in the control
group (Table 2). Significant increases were also
found in systolic, diastolic and mean blood pres-
sure, and in HbA1c, but other changes were not
statistically significant. In the �-lipoic acid treated
group, a significant decrease was seen in plasma
thrombomodulin (from 38�16 to 31�15 ng/ml,
P�0.001) and HDL-cholesterol (from 54�15 to
51�14 mg/dl P=0.04). UAC was unchanged

(28.8�42.7 to 14.5�10.5 mg/l (NS)). The de-
crease of plasma thrombomodulin in patients
treated with �-lipoic acid was statistically signifi-
cant at 6 months (from 38�16 to 34�14 ng/ml,
P=0.01). No significant changes in blood pres-
sure and HbA1c could be seen in the �-lipoic acid
group.

Statistical analyses of measured variables with
possible effects on the course of albuminuria and
thrombomodulin concentration at study end
showed no statistically significant differences with
respect to HbA1c, HDL cholesterol, total choles-
terol, triglyceride, creatinine, systolic BP, diastolic
BP, and mean BP.

4. Discussion

The aim of the present study was to evaluate
under the setting of a normal outpatient diabetes
clinic whether treatment of diabetic patients with
the antioxidant �-lipoic acid might decrease the
progression of the endothelial cell damage marker
thrombomodulin and of diabetic nephropathy
(determined as urine albumin concentration) in
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patients with diabetes mellitus. The data indicate
that albuminuria was unchanged and plasma
thrombomodulin decreased in the �-lipoic acid
treated group, while both increased in the control
group. A bias due to the non-placebo-controlled
study design cannot be excluded, even though
both groups were clinically similar at study entry.

After 18 months a significant increase in HbA1c

and blood pressure was seen in the control group
and not in the �-lipoic acid treated group. How-
ever, there were no significant differences between
the two groups with respect to HbA1c, measures
of blood pressure, creatinine, HDL-cholesterol,
total cholesterol and triglycerides at study end.
That reduces the likelihood that the increase in
HbA1c and blood pressure in the control group is
responsible for the increase in plasma thrombo-
modulin and urinary albumin excretion, while it
cannot be excluded. It seems possible, that the
increase of plasma thrombomodulin and UAC in
the control group is partly due to insufficient
control of blood glucose and blood pressure in the
control group. However, there was a significant
decrease in plasma thrombomodulin (UAC de-
creased, but statistically not significant) in the
�-lipoic acid group during the follow up of 18
months without significant changes in blood pres-
sure or HbA1c,. Therefore, the significant reduc-
tion of plasma thrombomodulin and the in trend
reduction in UAC observed in the �-lipoic acid
treated group appear to reflect at least in part
beneficial effects of �-lipoic acid treatment. Dur-

ing the course of the study, concomitant treat-
ment was similar in both groups (Table 3), so the
effects observed cannot be attributed to any other
therapy.

Indeed the present study suggests that �-lipoic
acid might improve urinary albumin excretion
and plasma thrombomodulin levels without nor-
malizing glucose metabolism. This is not in con-
tradiction to the UKPDS and DCCT results, but
it simply provides evidence that antioxidant treat-
ment has beneficial effects in the presence of
hyperglycaemia as suggested recently by others
[47].

In contrast to the control group, all patients of
the experimental group had neuropathy and �-
lipoic acid has been in particular investigated for
management of this [43,44]. Since neuropathy is
associated with albuminuria [52–55], it would ap-
pear that the difference between groups with re-
spect to neuropathy did not favour the �-lipoic
acid group.

A mixture of Type 1 and 2 diabetic patients
were studied and the magnitude of the effect of
�-lipoic-acid might differ with different type of
diabetes type, but the pathogenesis of microvascu-
lar complications in Type 1 and 2 diabetes are
believed to be similar. Furthermore, oxidative
stress parallels the development of complications
in Type 1 and 2 diabetes. Further studies are
necessary to investigate a possibly differential ef-
fect in Type 1 and Type 2 diabetes.

Table 3
List of concomitant drug treatment of the patients allocated to the �-lipoic acid group or the control group at study entry and after
18 months

Control group �-lipoic-acid group

Baseline 18 months Baseline 18 months

49 49n 35 35
5 44ACEIa 3

6 6Aspirin 12 15
Diuretics 7 8 6 7
Diltiazem/verapamil 4 4 1 1

4 4Nifedipine 4 4
04�-adrenergic blocker 02

a ACEI, angiotensin converting enzyme inhibitors.
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The main purpose of this study was to use
�-lipoic acid as a tool for supporting the concept
of oxidative-stress-mediated nephropathy in a
clinical setting. Previous studies have shown that
oxidative stress occurs prior to diabetic complica-
tions [35,37], indicating that oxidative stress might
indeed be a core mediator of tissue damage. Fur-
thermore, diabetic nephropathy is associated with
increased markers of oxidative stress [56] and
correlates with mononuclear NF-�B activation
[57]. NF-�B activation might be central to cau-
sation, since it controls genes such as leukocyte
adhesion molecules, cytokines or endothelin-1,
known to be involved in cellular reaction in
nephropathy. For example, elevated levels of vas-
cular adhesion molecule-1 (VCAM-1) have been
found in diabetic nephropathy [58] and can be
suppressed by antioxidant therapy [59]. Increased
oxidative stress has been described in various
glomerular diseases [60] and has also been pro-
posed as the basis for the pathogenesis of diabetic
nephropathy [61,62], suggesting the susceptibility
of the kidney to oxidative stress to be an impor-
tant factor at early stages in the development of
diabetic nephropathy [56]. Similar evidence has
shown that renal tubular damage occurs in paral-
lel with endothelial cell damage and oxidative
stress in patients with diabetes mellitus before
diabetic nephropathy becomes clinically evident
[35,47].

In the present study, antioxidant therapy re-
sulted in biological effects similar to the preven-
tion of glomerular dysfunction in diabetic rats by
vitamin E [40] or reduction of streptotozin in-
duced nephropathy by taurine [41]. Furthermore,
prevention of interactions of advanced glycation
end products (AGE-proteins) with its receptor
(RAGE) does not only block NF-�B in vitro [63],
but also the increased permeability in diabetic
animals [64]. It remains unclear whether the puta-
tive effect of �-lipoic acid is by blocking NF-�B
activation by indirect routes such as reducing
AGE-formation [65], inhibition of aldose reduc-
tase [66], decreasing the cellular NADH/NAD
ratio [67], or changes in glucose uptake and utili-
sation [68,69]. Furthermore, the decrease in UAC
could well be related to an antioxidant dependent
protection of the renal glucosaminoglycans from
antioxidant injury [36].

Based on in vitro data, the animal studies, and
the clinical study presented here, it is likely that
oxidative stress plays indeed a central role in the
pathogenesis of diabetic nephropathy. A placebo-
controlled study of �-lipoic acid, including around
250 patients is now needed.
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betes mellitus — a free radical-associated disease. Results
of adjuvant antioxidant supplementation, Z. Inn. Med. 48
(1993) 223–232.

[43] D. Ziegler, H. Schatz, F. Conrad, F.A. Gries, H. Ulrich,
G. Reichel, Effects of treatment with the antioxidant
alpha-lipoic acid on cardiac autonomic neuropathy in
NIDDM patients. A 4-month randomized controlled
multicenter trial (DEKAN Study), Diabetes Care 20
(1997) 369–373.

[44] D. Ziegler, M. Hanefeld, K.J. Ruhnau, H.P. Meissner, M.
Lobiisch, K. Schutte, F.A. Gries, Treatment of symp-
tomatic diabetic peripheral neuropathy with the antioxi-
dant alpha-lipoic acid. A 3-week multicentere randomized
trial (ALADIN study, Diabetologia 38 (1995) 1425–1433.

[45] V. Borcea, J. Nourooz-Zadeh, S.P. Wolf, M. Zumbach,
M. Hofmann, H. Ulrich, P. Wahl, R. Ziegler, H.
Tritschler, B. Halliwell, P.P. Nawroth, alpha-Lipoic acid
decreases oxidative stress even in diabetic patients with
poor glycemic control and albuminuria, Free Radic. Biol.
Med. (1999) Jun; 26 (11-12) 1495–500.

[46] V. Borcea, M. Morcos, B. Isermann, M. Henkels, S.
Ziegler, M. Zumbach, J. Amiral, K.D. Langst, W. Seiz,
R. Ziegler, P. Wahl, P.P. Nawroth, Influence of ramipril
on the course of plasma thrombomodulin in patients with
diabetes mellitus, VASA (1999) Aug; 28(3) 172–180.

[47] S.E. Bursell, G.L. King, Can protein kinase C inhibition
and vitamin E prevent the development of diabetic vascu-
lar complications?, Diab. Res. Clin. Pract. (1999) Sep; 45
(2-3) 169–182.

[48] M.A. Hofmann, S. Schiekofer, M. Kanitz, M.S.
Klevesath, M. Joswig, V. Lee, M. Morcos, H. Tritschler,
R. Ziegler, P. Wahl, P.P. Nawroth, Insufficient glycemic
control increases nuclear factor-kappa B binding activity
in peripheral blood mononuclear cells isolated from pa-
tients with Type 1 diabetes, Diabetes Care (1998) Aug; 21
(8) 1310–1316.

[49] O. Hergesell, K. Andrassy, S. Geberth, P. Nawroth, S.
Gebath, Plasma thrombomodulin levels are dependent on
renal function, Thromb. Res. (1993) Dec;1 72(5) 455–458.

[50] J. Amiral, M. Adam, F. Mimilla, I. Larrivaz, V. Plassart,
M. Grosley, B. Chambrette, M.C. Boffa, Measurement of
soluble forms of thrombomodulin in plasma, Blood Co-
agul. and Fibrinolysis 1 (1990) 735.

[51] J. Amiral, M. Adam, F. Mimilla, I. Larrivaz, V. Plassart,
M. Grosley, B. Chambrette, M.C. Boffa, Design and
validation of a new immunoassay for soluble forms of
thrombomodulin and studies on pklasma, Hybridoma 13
(1994) 205–213.

[52] B. Szelag, M. Wroblewski, J. Castenfors, M. Henricsson,
K. Berntorp, P. Fernlund, G. Sundkvist, G. Obesity,
Microalbuminuria, hyperinsulinemia, and increased plas-
minogen activator inhibitor 1 activity associated with
parasympathetic neuropathy in type 2 diabetes, Diabetes
Care 22 (1999) 1907–1908.

[53] S. Savage, R.O. Estacio, B. Jeffers, R.W. Schrier, Urinary
albumin excretion as a predictor of diabetic retinopathy,
neuropathy and cardiovascular disease in NIDDM, Dia-
betes Care 19 (1996) 1243–1248.

[54] D.S. Bell, C.H. Ketchum, C.A. Robinson, L.E. Wa-
genknecht, B.T. Williams, Microalbuminuria associated
with diabetic neuropathy, Diabetes Care 15 (1992) 528–
531.

[55] C.M. Florkowski, P.E. Jennings, B. Rowe, N. Lawson, S.
Nightingale, A.H. Barnett, Microalbuminuria in diabetic
subjects with chronic peripheral neuropathy, Diabetes
Res. Clin. Pract. 19 (1988) 45–48.

[56] R. Kakkar, S.V. Mantha, J. Radhi, K. Prasad, J. Kalra,
Antioxidant defense system in diabetic kidney: a time
course study, Life Sci. 60 (1997) 667–679.

[57] A. Bierhaus, S. Chevion, M. Chevion, M. Hofmann, P.
Quehenberger, T. Illmer, T. Luther, T. Berentshtein, H.
Tritschler, M. Müller, P. Wahl, R. Ziegler, P. Nawroth,
Advanced glycation end product-induced activation of
NF-kappaB is suppressed by alpha-lipoic acid in cultured
endothelial cells, Diabetes 46 (1997) 1481–1490.

[58] A.M. Schmidt, O. Hori, J.X. Chen, J.F. Li, J. Zhang, R.
Cao, S.D. Yan, J. Brett, D. Stern, Advanced glycation
end products interacting with their endothelial receptor
induce expression of vascular cell adhesion molecule-1
(VCAM-1) in cultured human endothelial cells and in
mice. A potential mechanism for the accelerated vasculo-
pathy of diabetes, J. Clin. Invest. 96 (1995) 1395–1403.

[59] A.M. Schmidt, J. Crandall, O. Hori, R. Cao, E. Lakatta,
Elevated plasma levels of vascular cell adhesion molecule-
1 (VCAM-1) in diabetic patients with microalbuminuria:
a marker of vascular dysfunction and progressive vascular
disease, Br. J. Hematol. 92 (1996) 747–750.

[60] S. Turi, I. Nemeth, A. Torkos, L. Saghy, I. Varga, B.
Matkovics, J. Nagy, Oxidative stress and antioxidant
defence mechanism in glomerular diseases, Free Radic.
Biol. Med. 22 (1997) 161–168.

[61] H. Ha, K.H. Kim, Role of oxidative stress in the develop-
ment of diabetic nephropathy, Kidney Int. Suppl. (1995)
Sep; 51 18–21.

[62] A.K. Salahudeen, V. Kanji, J.F. Reckelhoff, A.M.
Schmidt, Pathogenesis of diabetic nephropathy: a radical
approach, Nephrol. Dial. Transplant. 12 (1997) 664–668.



M. Morcos et al. / Diabetes Research and Clinical Practice 52 (2001) 175–183 183

[63] A. Bierhaus, T. Illmer, T. Luther, P. Quehenberger, H.
Tritschler, P. Wahl, R. Ziegler, M. Müller, P. Nawroth,
Advanced Glycation End Products (AGEs) mediated in-
duction of tissue factor in cultured endothelial cells is
dependent on RAGE, Circulation 96 (1997) 2262–2271.

[64] J.L. Wautier, C. Zoukourian, O. Chappey, M.P. Wautier,
P.J. Guillausseau, R. Cao, O. Hori, D. Stern, A.M.
Schmidt, Receptor-mediated endothelial dysfunction in
diabetic vasculopathy. Soluble receptor for advanced gly-
cation end products blocks hyperpermeability in diabetic
rats, J. Clin. Invest. 97 (1996) 238–243.

[65] Y.L. Suzuki, M. Tsuchia, L. Packer, Lipoate prevents
glucose-induced protein modifications, Free Radic. Res.
Commun. 17 (1992) 211–217.

[66] P. Ou, J. Nourooz-Zadeh, H.J. Tritschler, S. Wolf, Acti-
vation of aldose reductase in rat lens and metal-ion

chelation by aldose reductase inhibitors and lipoic acid,
Free Radic. Res. 25 (1996) 337–346.

[67] S. Roy, C.K. Sen, H.J. Tritschler, L. Packeer, Modulation
of cellular reducing equivalent homeostasis by alpha-
lipoic acid. Mechanisms and implications for diabetes and
ischemic injury, Biochem. Pharmacol. 53 (1997) 393–399.

[68] D.E. Estrada, H.S. Ewart, T. Tsakiridis, A. Volchuk, T.
Ramlal, H. Tritschler, A. Klip, Stimulation of glucose
uptake by the natural coenzyme alpha-lipoic/thiocticacid:
participation of elements of the insulin signaling pathway,
Diabetes 45 (1996) 1798–1804.

[69] M. Khamaisi, R. Potashnik, A. Tirosh, E. Demshchak,
A. Rudich, H. Tritschler, K. Wessel, N. Bashan, Lipoic
acid reduces glycemia and increases muscle GLUT4 con-
tent in streptozotocin-diabetic rats, Metabolism 46 (1997)
763–768.

.


