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Abstract Aims/hypothesis: Hyperglycaemia-induced mi-
tochondrial overproduction of reactive oxygen species
(ROS) is central to the pathogenesis of endothelial
damage in diabetes. R-(+)-o-lipoic acid has advantages
over classic antioxidants, as it distributes to the mito-
chondria, is regenerated by glycolytic flux, and has a low
redox potential. Methods: To assess the effect of R-
(+)-o-lipoic acid on experimental diabetic retinopathy,
three groups of male Wistar rats were studied: non-
diabetic controls, untreated diabetic controls, and diabetic
rats treated with 60 mg/kg bodyweight R-(+)-a-lipoic
acid i.p. for 30 weeks. Quantitative retinal morphometry
included acellular occluded capillaries and pericyte
numbers. The effects of R-(+)-a-lipoic acid on param-
eters of oxidative and nitrative stress, AGE and its
receptor and nuclear factor kappa B (NFkB) were
assessed by immunoblotting, and NFkB activation by
electrophoretic mobility shift assay. Angiopoietin-2 and
vascular endothelial growth factors were also determined
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by immunoblotting. Results: After 30 weeks of diabetes,
the number of acellular capillaries was significantly
elevated in diabetic rats (57.1+£10.6 acellular capillary
segments [ac]/mm2 of retinal area) compared with non-
diabetic (19.8+5.1 ac/mm?; p<0.001). Treatment with
60 mg/kg R-(+)-a-lipoic acid reduced the numbers by
88% (p<0.001 vs diabetic). Pericyte loss was also sig-
nificantly inhibited in diabetic rats treated with R-(+)-x-
lipoic acid (non-diabetic: 1,940+137 pericytes/mm-~capillary
area; untreated diabetic: 1,294+94 pericytes/mm~capilla
area vs treated diabetic: 1,656+£134 pericytes/mm®;
2<0.01). R-(+)-x-lipoic acid treatment reduced oxidative
stress, normalised NFkB activation and angiopoietin-2
expression, and reduced vascular endothelial growth factor
in the diabetic retina by 43% (p<0.0001). Conclusions/
interpretation: R-(+)-o-lipoic acid prevents microvascu-
lar damage through normalised pathways downstream of
mitochondrial overproduction of ROS, and preserves
pericyte coverage of retinal capillaries, which may provide
additional endothelial protection.

Keywords Endothelium - Microvascular disease -
Oxidative stress - Rat - Retinopathy

Abbreviations ac: acellular capillary segments -

Ang-2: angiopoietin-2 - CML: N*®-carboxymethyllysine -
DTT: dithiothreitol - GAPDH: glyceraldehyde-3-phosphate
dehydrogenase - NFkB: nuclear factor kappa B -
O-GIeNAc: O-linked N-acetylglucosamine - RAGE:
receptor for AGE - ROS: reactive oxygen species -

STZ: streptozotocin - VEGF: vascular endothelial

growth factor

Introduction

Large clinical studies have demonstrated the crucial con-
tribution of chronic hyperglycaemia to the development of
diabetic retinopathy [1, 2]. The pathobiological link be-
tween hyperglycaemia and retinal capillary damage is
known as the ‘unifying hypothesis’. This concept proposes
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that high glucose in endothelial cells is turned into mito-
chondrial overproduction of reactive oxygen species (ROS),
which inactivate glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) by activation of poly-ADP-ribose polymer-
ase and subsequent ADP-ribosylation [3, 4]. Endothelial
cells, but not smooth muscle cells exposed to high ambient
glucose are unable to counterbalance increased transcellu-
lar glucose transport, which explains the differential sus-
ceptibility to hyperglycaemic injury [5]. The metabolic
block at the level of inhibited GAPDH activity directs the
substrate flux into known pathways of hyperglycaemic
damage. Several therapeutic options emerge: one is to shift
substrates into the non-toxic pentose-phosphate shuttle by
activating transketolase [6, 7]. Another is the use of anti-
oxidants. There is evidence for increased oxidative stress in
the diabetic retina [8—10]. However, classic antioxidants are
unsuitable, because they act stoichiometrically. Several ex-
perimental and clinical trials have shown that antioxidants
fail to protect from diabetic vascular damage [11-13].
R-(+)-a-lipoic acid is an exception, because it differs from
other available antioxidants in three important aspects: (1) it
distributes to mitochondria; (2) it has a very low redox
potential, recycling other cellular antioxidant redox pairs
(such as ascorbate); and (3) it is regenerated by hypergly-
caemia- and NEFA-induced NADH (via pyruvate dehy-
drogenase), linking the antioxidant activity to the degree of
increased metabolic flux [14-16].

On the cell biology level, growth/survival factors deter-
mine important retinal capillary changes in response to
oxidative stress, such as pericyte loss and the formation of
acellular capillaries. Vascular endothelial growth factor
(VEGF), which is an important player in proliferative dia-
betic retinopathy, is transcriptionally increased by chroni-
cally elevated glucose, and by AGE [17, 18]. However,
VEGF, like other growth factors, not only acts as a pro-
liferative, but also as a survival factor, and recent studies
using conditional VEGF knock-out mice have phenocopied
early diabetic retinopathy in non-diabetic mice [19]. Peri-
cytes, which are known to protect capillaries from regression,
are lost from the very beginning of retinopathy. One pos-
sibility is the induction of cell death via the receptor for AGE
(RAGE)-nuclear factor kappa B (NFkB) pathway [20, 21];
another is the active elimination of pericytes from the endo-
thelium by factors such as angiopoietin-2 (Ang-2) [22].
Therefore, our aim was to assess qualitatively and quanti-
tatively the impact of R-(+)-oc-lipoic acid on biochemical and
cell biological parameters which are abnormal in the diabetic
retina, and on major structural parameters of experimental
diabetic retinopathy.

Materials and methods

Experiments performed in this study complied with the
requirements of the Association for Research in Vision and
Ophthalmology statement for the ‘Use of Animals in
Ophthalmic and Vision Research’.

Animals

Six-week-old male Wistar rats (Charles River, Sulzfeld,
Germany) were rendered diabetic by i.v. injection of
65 mg/kg body weight streptozotocin (STZ) (Roche,
Mannheim, Germany). Glucose levels and body weight
were monitored consecutively throughout the study, and
HbA . was determined at the end of the study by affinity
chromatography (Glyc Affin; Isolab, Akron, OH, USA).
Rats were categorised as diabetic when blood glucose
exceeded 15 mmol/l at 1 week after STZ injection. Diabetic
rats (n=16) were randomly assigned to receive 60 mg/kg
body weight R-(+)-a-lipoic acid i.p. for 5 days per week
for 30 weeks or no treatment. Age-matched rats which had
not received STZ served as controls.

At the end of the experiments, eyes were obtained from
deeply anaesthetised animals. The right eyes were assigned
to retinal digest preparation, and the left eyes were used for
extraction procedures.

Immunoblotting and assessment of NFkB activity

Retinal protein was extracted from freshly enucleated eyes
(n=4 from diabetic groups, and n=3 from the control group)
and processed as described [17]. For that purpose, isolated
individual retinae were homogenised in a lysis buffer (con-
taining 63 mmol/l Tris—HCI, pH 6.8; 1% Nonidet P-40;
0.25% SDS; 150 mmol/l NaCl; 1 mmol/l EDTA; 5 mmol/l
EGTA; 1 mmol/l phenylmethylsulphonyl fluoride; 1 pg/ml of
aprotinin and leupeptin; 2 mmol/l benzamidine; 1 mmol/l
NaF; 10 nM okadaic acid; and 0.1% SDS). Protein concen-
trations were determined using a standard protocol for pro-
tein assay (Bio-Rad, Munich, Germany). Samples (15 pg
per retinal extract) were run on 4-15% SDS-PAGE gel
electrophoresis, blocked with 10% non-fat milk in PBS, and
membranes incubated with antibodies against methylglyox-
al-derived imidazole-type AGE, RAGE, NFkB p 65,
N°f-carboxymethyllysine (CML), VEGF and Ang-2 as
described [6, 17, 22]. O-linked N-acetylglucosamine (O-
GlcNAc) glycosylated proteins were determined using a
monoclonal antibody against O-GIcNAc residues attached
to serine or threonine residues of retinal proteins. Immune
complexes were visualised with an anti-mouse horseradish
peroxidase-conjugated secondary antibody (1:3,000;
DAKO, Hamburg, Germany), and membranes were
developed using the ECL system (Amersham, Freiburg,
Germany). Membranes were reprobed using a {3-actin
antibody (1:1,000; Santa Cruz Biotechnology, Heidelberg,
Germany). Immune complex quantification was performed
exactly as described [6].

Nitrotyrosine modification of retinal proteins was
determined in the retinal extracts using a commercially
available test system (Upstate Biochemicals). Oxidised
protein detection was performed using a commercial test
kit (Chemicon, Hampshire, UK).



Electrophoretic mobility shift assays were performed as
described previously in detail [23]. In brief, frozen retinal
tissue from individual retinae (n=2 for non-diabetic, n=3
for diabetic and treated diabetic rats) was homogenised
under liquid nitrogen using a pestle and transferred to
400 pl buffer A (10 mmol/l HEPES-KOH, pH 7.9 at 4°C;
1.5 mmol/l MgCl,; 10 mmol/l KCI; 0.5 mmol/l dithio-
threitol [DTT]; 0.2 mmol/l phenylmethylsulphonyl fluo-
ride; 0.6% Nonidet-P40). Insoluble material was removed
by centrifugation (30 s at 390 g, 4°C) and the supernatant
was incubated on ice for 15 min before centrifuged for
5 min at 6,200x g, 4°C. The supernatant was discarded and
the nuclear pellet was resuspended in 100 pl buffer B (25%
glycerol; 20 mmol/l HEPES-KOH pH 7.9, at 4°C;
420 mmol/l NaCl; 1.5 mmol/l MgCl,; 0.2 mM EDTA;
0.5 mmol/l DTT; 0.2 mmol/l phenylmethylsulphonyl
fluoride; 2 mmol/l benzamidine; 5 mg/ml leupeptin) and
incubated on ice for 20 min. Cellular debris was removed
by 2 min centrifugation at 4°C and the supernatant was
quick frozen at —80°C. Protein concentrations were
determined by a Bradford assay. Ten micrograms of
nuclear extract were included in the binding reaction.
Binding to an NFkB-consensus oligonucleotide (5'-
AGTTGAGGGGACTTTCCAGGC-3') was performed in
10 mmol/l HEPES, pH 7.5, 0.5 mmol/l EDTA, 100 mmol/l
KCl, 2 mmol/l DTT, 2% glycerol, 4% Ficoll 400, 0.25%
Nonidet-P40, 1 mg/ml BSA (DNAse-free) and 0.1 pg/pl
poly dI/dC in a total of 20 pl as described. Specificity of
binding was ascertained by competition with a 160-fold
molar excess of unlabelled consensus oligonucleotides.

Retinal digest preparation

Retinal vascular preparations were performed using a
pepsin—trypsin digestion technique as previously described
[6]. Briefly, a combined pepsin (5% pepsin in 55 mol/l,
hydrochloric acid for 1.5 h) and trypsin (2.5% in 0.2 mol/l
Tris for 15 min) digestion was used to isolate the retinal
vasculature. Subsequently, the samples were stained with
periodic acid Schiff. The total number of pericytes was
counted in ten randomly selected fields of the retina using
an image analysing system (AnalysisPro; Olympus Op-
ticals Inc., Hamburg, Germany) and their numbers were
normalised to the relative capillary density (numbers of
cells per mm? of capillary area).

Statistical analysis

Results are given as means+SD. For statistical analysis,
ANOVA and the Bonferroni multiple comparison test were
used (Instat; GraphPad, San Diago, CA, USA). A p value
of p<0.05 was considered significant.
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Table 1 Metabolic and physical parameters of the experimental
groups at 30 weeks

Non-diabetic ~ Diabetic Diabetic+Dex
(n=5) (n=8) (n=8)
Body weight (g) 415+67 305+45* 296428%*
Blood glucose 5.1+0.3 31.3+4.7%  32.7+1.6*
(mmol/l)
HbA . (%) 6.12+1.81 12.2+£1.35*% 11.90+1.38*

Dex R-(+)-a-lipoic acid
*p<0.05 for difference from non-diabetic groups

Results

STZ-induced diabetes produced stable hyperglycaemia
over the study period. R-(+)-a-lipoic acid had no effect on
body weight, or the metabolic parameters tested. Table 1
summarises the metabolic data of the experimental groups.

Chronic hyperglycaemia causes increased formation of
AGE and, subsequently, the activation of RAGE. We as-
sessed the AGE-RAGE pathway, and the effect of R-(+)-«-
lipoic acid in retinae from the experimental groups using
quantitative immunoblotting of retinal protein extracts and
image analysis. Compared with non-diabetic controls, the
level of methylglyoxal-type AGE was elevated 2.4-fold
(Fig. la,b). R-(+)-a-lipoic acid-treated diabetic rats had
retinal methylglyoxal-type AGE levels comparable with
non-diabetic animals. RAGE, the receptor for AGE, was
upregulated 2.4-fold compared with non-diabetic control
rats, and completely normalised in R-(+)-o-lipoic acid-
treated animals (Fig. 1a,b). The downstream signalling of the
AGE-RAGE pathway involves activation of NFkB, which,
in turn, can induce RAGE expression. Chronic hypergly-
caemia increased NF-kB p65 expression and activation in
the retinae of the diabetic group, while R-(+)-«-lipoic acid
completely prevented this activation (Fig. 1a,b).

We have previously reported that reduction of the hex-
osamine pathway activation is part of the beneficial effects
observed in successful treatment of experimental diabetic
retinopathy [6]. We measured the retinal protein modifica-
tion by O-GlcNAc using protein extracts. In normal reti-
nae, protein modification was virtually not detectable.
Compared with untreated diabetic retinae, R-(+)-oc-lipoic
acid-treated retinae exhibited a substantial reduction in the
protein modification (Fig. Ic).

Next, the capacity of R-(+)-«-lipoic acid to reduce
markers of oxidative stress in the retinae of diabetic rats
was evaluated. We used retinal nitrotyrosine as an indicator
of nitration of tyrosine residues of proteins induced by the
breakdown of peroxynitrite. In diabetic retinae, nitro-
tyrosine-modified proteins were increased twofold, as
assessed by Western blotting of retinal protein extracts.
This increase was completely prevented in R-(+)-a-lipoic
acid-treated diabetic retinae (Fig. 2a,b).
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Fig. 1 Effect of R-(+)-o-lipoic
acid administration on the AGE-
RAGE-NF«B axis, and on the
hexosamine pathway in the
three experimental groups.

a Representative immunoblots
of retinal protein extracts probed
against methylglyoxal (MG)-
type AGE, RAGE and NF«B
p65, and an electrophoretic mo-
bility shift assay of retinal cell
nuclear extracts showing NFkB
activation. N non-diabetic, D
diabetic, D+ Dex R-(+)-a-lipoic
acid-treated diabetic, DC-cons
diabetic controls+excess of cold
consensus NFkB oligonucle-
otide. b—d Densitometric quan-
tification of the immunoblots for
MG-type AGE (b), RAGE (c)
and NFkB p65 (c¢). Each bar
graph represents the mean+tSD
of three N and four D and D+
Dex individual retinae. e Den-
sitometric quantification of
O-linked glycosylation of retinal
proteins in N, D and D+Dex
rats. MG-type AGE: N vs D and
D vs D+Dex p<0.001; RAGE:
N vs D and D vs D+Dex
p<0.001; NFkB p65: N vs D
and D vs D+Dex p<0.0001;
O-GlcNac-P: N vs D and D vs
D+Dex p<0.0001. AU arbitrary
units of ratio of the individual
signal normalised to the actin
signal of the respective samples

Fig. 2 Effect of R-(+)-o-lipoic
acid on parameters of nitrative
and oxidative stress in the retina.
a Representative immunoblots
of retinal proteins extracts
probed against nitrotyrosine,
oxidised proteins and CML.

N non-diabetic, D diabetic,

D+ Dex R-(+)-«-lipoic acid-
treated diabetic. b—d Densito-
metric quantification of the
immunoblots for nitrotyrosine
(b), oxidised proteins (oxyblot)
(¢) and CML (d). Retinal protein
extracts (n=3 for non-diabetic,
and n=4 for both diabetic
groups) were analysed in dupli-
cate, and densitometric levels
were expressed as means+SD.
Nitrotyrosine: N vs D and D vs
D+Dex p<0.001; Oxyblot N vs
D p<0.001, D vs D+Dex
p<0.01; CML: N vs D and D vs
D+Dex p<0.001. AU arbitrary
units of ratio of the individual
signal normalised to the actin
signal of the respective samples
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Fig. 3 Effect of R-(+)-«-lipoic acid on growth factors in the retina.
a Representative immunoblots of retinal protein extracts for Ang-2
and VEGF of the three experimental groups. N non-diabetic, D
diabetic, D+Dex R-(+)-a-lipoic acid-treated diabetic. b,¢ Quantifi-
cation of the immune complexes of Ang-2 and VEGF protein
expression, respectively. Retinal protein extracts (n=3 for non-

Oxidative stress in diabetic retinae is verified by
measuring retinal proteins by derivatisation of carbonyl
groups with 2,4-dinitrophenylhydrazine. Using this meth-
od, we found a 3.1-fold increase of oxidative protein
modifications in diabetic animals, which was reduced by
60% in the diabetic group treated with R-(+)-«-lipoic acid
(Fig. 2a,b).

CML is a marker of oxidation and glycation, and,
through its interaction with RAGE, it can propagate pro-
oxidative signals via NFkB. Diabetic retinal extracts had
sevenfold more CML-modified proteins than retinal
extracts from non-diabetic rats. R-(+)-x-lipoic acid treat-
ment inhibited CML modification of proteins by 79.2%
(Fig. 2a,b).

We assessed downstream effectors of cellular response
to hyperglycaemic retinal injury. Ang-2 is an important
modulator of pericyte recruitment in diabetes. We found
detectable Ang-2 protein levels only in diabetic retinae.
R-(+)-a-lipoic acid treatment reduced completely this
upregulation to levels below detection limits in retinal
extracts, when assessed by immunoblotting (Fig. 3a,b).

VEGF is an important survival factor for retinal
endothelial (and possibly neuroglial cells) in vivo. We
found a major increase of VEGF protein in retinal extracts
of diabetic rats. R-(+)-a-lipoic acid treatment of diabetic
rats reduced VEGF upregulation by 43% (Fig. 3a,b).

The formation of acellular capillaries is considered the
most important marker of experimental diabetic retinopathy.
We analysed retinae of the three experimental groups by
quantitative morphometry (Fig. 4a). After 30 weeks of dia-
betes, retinae of untreated rats had developed threefold more
acellular capillaries, compared with control rats (57.1+£10.6
acellular capillary segments [ac]/mm?® of retinal area vs
19.8+5.1 ac/mm? of retinal area; p<0.001) (Fig. 4b). This
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N D D+Dex
N D D+Dex

diabetic, and n=4 for both diabetic groups) were analysed in
duplicate. Individual bars represent mean+SD. Ang-2: N vs D and D
vs D+Dex p<0.0001; VEGF: N vs D p<0.0001, D vs D+Dex
p<0.01. AU arbitrary units of ratio of the individual signal
normalised to the actin signal of the respective samples

increase was corrected by 93% through administration of
R-(+)-a-lipoic acid (22+4 ac/mm? of retinal area; p<0.001
vs diabetic controls). Pericyte dropout in diabetic animals
reached almost 34% after 30 weeks. R-(+)-a-lipoic acid
treatment reduced it by 56% (p<0.01) (Fig. 4b).

Discussion

We demonstrated that the interference with the sequelae of
mitochondrial overproduction of ROS by the catalytic
antioxidant R-(+)-o-lipoic acid in a model of experimental
diabetic retinopathy normalises parameters of oxidative
stress in the diabetic retina and prevents the activation of
major pathways involved in hyperglycaemia-induced vas-
cular damage. R-(+)-o-lipoic acid reduced or even
completely normalised downstream effectors of vascular
response to injury, and treatment over 30 weeks in diabetic
rats inhibited structural vascular damage in the retina,
including pericyte dropout.

Our in vivo data show evidence of oxidative protein
modification. Earlier short-term studies using pr-alpha-
lipoic acid at similar doses showed inhibition of retinal
lipid peroxidation products and superoxide dismutase, but
no change in enzymes of glutathione metabolism [4]. In
addition, the capacity to reduce mitochondrial ROS
overproduction and the concomitant reduction of both
intracellular methylglyoxal-type AGE and CML suggests
an indirect AGE-inhibiting effect of R-(+)-a-lipoic acid.

One important receptor for mediating AGE effects is
RAGE [24]. RAGE is expressed in the inner vascularised
part of the diabetic retina, both in neuroglial and in vascular
cells [25]. Binding of AGE such as CML to RAGE
augments and propagates oxidative stress in retinal tissue
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Fig. 4 Effect of R-(+)-o-lipoic
acid on parameters of experi-

mental diabetic retinopathy.

a Photomicrographs of retinal
blood vessels isolated from non-
diabetic (N), diabetic (D) and
R-(+)-o-lipoic acid treated dia-
betic (D+ Dex) rats. Original
magnification 200x; * acellular
capillaries in diabetic rats.

b Quantification of pericyte
numbers/mm? of capillary area

N
=3
(=]
=}

(b) and acellular capillary seg-
ments/mm? of retinal area

(¢) in retinal vessels from N
(n=5), D (n=8), and D+Dex rats
(n=8). Acellular capillaries:
p<0.001 for differences ob-
served (each comparison) be-
tween the N and the D, and the
D and the D+Dex groups. The
differences in pericyte numbers

Pericytes/mm? of capillary area ==

1

D+Dex

2,000 -
- ] '
0 : :
N D

80 -

were significant (p<0.01) be-

area

tween the D and the N, and the
D and the D+Dex groups

[25, 26]. RAGE signals via the transcription factor NFkB
to activate target genes which have deleterious potential for
the diabetic retina [23, 27, 28]. R-(+)-a-lipoic acid reduced
RAGE expression, NFkB p65 antigen and NF«kB binding
activity. The pivotal role of RAGE in the mediation of
ROS/AGE-induced diabetic microangiopathy is supported
by experiments using transgenic and knock-out mice.
RAGE-null mice are protected from diabetes-induced
retinal damage (H.-P. Hammes, A. Bierhaus et al., unpub-
lished observations). Thus, our data suggest that part of the
beneficial effect of R-(+)-a-lipoic acid includes the
disruption of the detrimental AGE-RAGE-NFkB axis.

The prevention of pericyte loss by R-(+)-x-lipoic acid
treatment is a novel finding. Pericytes exert a survival-
promoting function on retinal capillaries, indicated by the
fact that capillaries covered by pericytes are more resistant to
regressive signals than capillaries with reduced pericyte
coverage [29]. One mechanism by which diabetic pericyte
loss can be reduced or even prevented is by the inhibition of
Ang-2. Ang-2 is upregulated prior to the onset of pericyte
dropout in the diabetic rat, Ang-2 deficiency prevents peri-
cyte dropout, and intravitreal Ang-2 injection induces peri-
cyte dropout in non-diabetic rats [22]. R-(+)-o-lipoic acid
normalises Ang-2 expression in hyperglycaemia, suggesting
a mechanism by which pericyte preservation could be ex-
plained, and linking Ang-2 regulation to the overproduction
of mitochondrial ROS.

B

D+Dex

Acellular capillaries/mm? of retinal

60 -

40 4

.

0 ‘ ‘
N D

Increased retinal oxidative stress invokes upregulation of
VEGF, not only in proliferative diabetic retinopathy, but
during incipient diabetic retinopathy, i.e. in the absence of
neovascularisation [30—35]. Interestingly, other formulations
of «-lipoic acid, given for shorter periods, produced
complete inhibition of VEGF in the diabetic retina [10]. It
remains to be seen whether this discrepancy is due to dif-
ferences in rat strains, relative concentrations of compounds,
or other characteristics. However, our data support the
concept that R-(+)-a-lipoic acid interacts with important
inducers of VEGF, such as ROS and AGE. R-(+)-«-lipoic
acid reduces but does not normalise VEGF, in association
with an improved survival of endothelial cells in retinal
capillaries as reflected by the reduced numbers of acellular
capillaries.

Previous studies using oral R-a-lipoic acid (0.05%/kg
diet), a different rat strain and sex, and a different dose of
STZ for diabetes induction, failed to observe the prevention
of experimental retinopathy despite some effects on
transcription of collagen IV, and a partial inhibition of
retinal CML [36]. These data indicate that a threshold dose
of R-(+)-a-lipoic acid exists under which some biochem-
ical markers may still be modulated, but acellular capillar-
ies are not inhibited.

While this paper was being prepared, Kowluru and
Odenbach published data on the racemic mixture of x-lipoic
acid [37]. They showed that the oral administration of
400 mg/kg body weight over 11 months in Wistar rats



reduced retinal oxidative stress and the formation of acellular
capillaries. A direct comparison between the isomer and the
racemic mixture may be difficult, given the different routes
of administration. However, a comparative study in a model
of buthionine sulphoximine-induced cataract indicates that
R-(+)-a-lipoic acid is selectively taken up by ocular cells
[38]. Thus, it cannot be excluded that differences exist
between the biological effect of the R-isomer compared with
other mixtures of lipoic acid.

In summary, we provide evidence that catalytic reactive
oxygen scavenging is an effective approach for the
prevention of diabetic retinopathy. R-(+)-«-lipoic acid is
a paradigm compound with a broad spectrum of beneficial
biochemical and cell biological effects, based on its ability
to reduce the sequelae of hyperglycaemia-induced mito-
chondrial ROS overproduction. Since R-(+)-a-lipoic acid
also has beneficial effects on other target tissues of diabetic
angiopathy, and shows beneficial effects of mediators of
large vessel damage, this concept appears attractive for the
prevention or delay of diabetic angiopathy.
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