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Background and purpose: This study was conducted to investigate the effects of a-lipoic acid (a-LA) on endothelial function
in diabetic and high-fat fed animal models and elucidate the potential mechanism underlying the benefits of a-LA.
Experimental approach: Plasma metabolites reflecting glucose and lipid metabolism, endothelial function, urinary albumin
excretion (UAE), plasma and aortic malondialdehyde (MDA) and urinary 8-hydroxydeoxyguanosine (8-OHdG) were assessed
in non-diabetic controls (Wistar rats), untreated Goto-Kakizaki (GK) diabetic and high-fat fed GK rats (fed with atherogenic diet
only, treated with a-LA and treated with vehicle, for 3 months). Vascular eNOS, nitrotyrosine, carbonyl groups and superoxide
anion were also assessed in the different groups.
Key results: a-LA and soybean oil significantly reduced both total and non-HDL serum cholesterol and triglycerides induced by
atherogenic diet. MDA, carbonyl groups, vascular superoxide and 8-OHdG levels were higher in GK and high-fat fed GK
groups and fully reversed with a-LA treatment. High-fat fed GK diabetic rats showed significantly reduced endothelial function
and increased UAE, effects ameliorated with a-LA. This endothelial dysfunction was associated with decreased NO production,
decreased expression of eNOS and increased vascular superoxide production and nitrotyrosine expression.
Conclusions and implications: a-LA restores endothelial function and significantly improves systemic and local oxidative stress
in high-fat fed GK diabetic rats. Improved endothelial function due to a-LA was at least partially attributed to recoupling of
eNOS and increased NO bioavailability and represents a pharmacological approach to prevent major complications associated
with type 2 diabetes.
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Introduction

Endothelial dysfunction is an early and crucial event in the

pathogenesis of atherosclerosis and cardiovascular disease. It

is characterized by a shift in the actions of the endothelium

towards reduced vasodilation, a proinflammatory state, and

prothrombic properties and is associated with several risk

factors, such as hypercholesterolaemia, hypertension, dia-

betes and ageing (Schalkwijk and Stehouwer, 2005). The

predisposition to atherosclerosis in diabetes appears to be the

consequence of pathogenic dyslipidaemia in insulin-resistant

states, which is characterized by hypertriglyceridaemia, as

well as increased concentrations of low-density lipoprotein

cholesterol and reduced levels of high-density lipoprotein

(HDL) cholesterol (Goldberg, 2001).

Diabetes-associated vascular disease affects multiple vas-

cular beds (Goraya et al., 2002) and displays a significant

inflammatory component (Burke et al., 2004). The cellular

and molecular mechanisms underlying diabetic vascular

disease remain to be clarified. The pathogenesis of endo-

thelial dysfunction in type 2 diabetes is multifactorial.

Hyperglycaemia, insulin resistance, dyslipidaemia, hyperten-

sion and advanced glycation end products have all been

implicated in the pathogenesis of accelerated arterial disease

in patients with diabetes (Creager et al., 2003). The fact that

experimentally induced hyperglycaemia and hyperinsuli-
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naemia can reduce endothelium-dependent vasodilation

suggests that these metabolic parameters can have direct

effects on the arterial wall (Arcaro et al., 2002). Reduced

endothelium-derived nitric oxide (NO) is thought to con-

tribute to endothelial dysfunction and atherosclerosis

through the loss of the vasodilatory, anti-inflammatory and

antiproliferative properties of NO, respectively (Cai and

Harrison, 2000; Creager et al., 2003). NO availability is the

result of a delicate balance between NO production via

endothelial nitric oxide synthase (eNOS) and inactivation by

reactive oxygen species (ROS), such as superoxide. Elevated

blood glucose levels drive production of ROS via multiple

pathways, resulting in uncoupling of mitochondrial oxida-

tive phosphorylation and eNOS activity, reducing NO

availability and generating further ROS (Cai and Harrison,

2000).

a-Lipoic acid (a-LA) is a naturally occurring compound

that appears to be useful in treating pathologies associated

with oxidative stress. For example, a-LA has been safely used

for more than 30 years in Europe to prevent and treat

complications associated with diabetes, such as protein

glycation, abnormal glucose utilization, polyneuropathy

and cataracts (Ziegler and Gries, 1997). a-LA can also bind

to, or chelate, metals like iron and copper. Exogenously

supplied a-LA is readily absorbed by cells and tissues and

then rapidly reduced to its potent antioxidant form,

dihydrolipoate (Packer et al., 2001).

The influence of a-LA on the development of diabetes-

associated vascular changes is poorly understood. It has

recently been reported that a-LA can reduce dyslipidaemia

associated with obesity in rats (Lee et al., 2005) and with the

development of diabetes in streptozotocin-treated/apolipo-

protein E-deficient mice (Yi and Maeda, 2006). The aim of

our study was to assess the effect of a-LA on development of

dyslipidaemia, local and systemic oxidative stress and NO-

related endothelial dysfunction in aged Goto–Kakizaki (GK)

rats, a model of non-obese type 2 diabetes. We show here

that a-LA leads to significant diminishing of all biomarkers

of oxidative stress evaluated and significantly ameliorates

the accelerated atherosclerosis, microalbuminuria and en-

dothelial dysfunction observed in aged diabetic GK rats with

hyperlipidaemia through a mechanism that involves eNOS

recoupling.

Materials and methods

Animals

All animal procedures and care were in accordance with the

Portuguese Law on Experimentation with Laboratory Ani-

mals (last amendment, 2004), which is based on the

principles of laboratory animal care as adopted by the

American Heart Association and the Declaration of Helsinki.

Adult male Wistar and spontaneously diabetic GK rats (15

months of age) were obtained from the local breeding colony

in Coimbra (Portugal). Control animals were fed, ad libitum,

with a standard commercial pellet chow (Diet AO4; Panlab,

Barcelona, Spain) and allowed free access to water; they were

kept in rooms with 12-h periods of light and darkness. The

GK rats were divided into four groups. One group served as

control, whereas the other three experimental groups of GK

rats were fed with an atherogenic diet (AD) containing 70%

AO4 standard Chow, 7.5% cocoa butter and 1.25% choles-

terol for 3 months. (1) Control GK group with AD only; (2)

GK/SO group in which rats received, 3 days per week during

3 months, an intraperitoneal injection of soybean oil (SO;

2 ml kg�1 body weight, the vehicle of a-LA) and (3) GK/a-LA

group in which rats received intraperitoneal (7) a-LA

(50 mg kg�1 body weight) in SO, again 3 days per week for

3 months. Urine and blood were collected at the end of

treatment. After 3 months, the animals were killed. The aorta

was excised and used for vascular function studies and

histological examination.

Determination of metabolic and oxidative stress parameters

After a 15-h fast, animals were anaesthetized with ketamine/

chlorpromazine. Blood was taken by heart puncture for

determination of lipids, lipid peroxides, free fatty acid levels

and insulin. For glucose tolerance tests, rats were fasted

overnight and were given an intraperitoneal injection of

glucose (1.75 g kg�1 body weight) in phosphate-buffered

saline. Blood glucose was determined by sampling from the

tail vein at 0, 30, 60, 90 and 120 min after injection by a

glucose-oxidase method using a glucometer (Glucometer-

Elite; Bayer Portugal SA, Lisbon, Portugal) and compatible

reactive test strips. Fasting plasma lipids (total and HDL

cholesterol, triglycerides and phospholipids) and plasma

insulin levels were quantified using commercially available

kits and by an in-house enzyme-linked immunosorbent

assay (Seiça et al., 2004), respectively. Plasma free fatty acid

levels were evaluated using enzymatic assay kits (Roche

Applied Science, Amadora, Portugal). Rats were placed in

metabolic cages for 24 h and urine was collected. Urinary

8-hydroxydeoxyguanosine, albuminuria and plasma malon-

dialdehyde (MDA) were measured using competitive

enzyme-linked immunosorbent assay (OXIS Health Pro-

ducts, Portland, OR, USA and Nephrat II, Exocell, Philadel-

phia, PA, USA) and HPLC (Santos et al., 2001), respectively.

Isometric tension studies

The aorta was rapidly excised, freed of connective tissue and

divided into two segments (4 mm width). Ring segments

were mounted between stainless steel triangles into indivi-

dual organ chambers filled with oxygenated (95% O2 and 5%

CO2) Krebs–Henseleit buffer (37 1C, pH 7.4) (composition in

mM: NaCl 119; KCl 4.7; CaCl2 1.6; MgSO4 1.2; NaHCO3 25;

KH2PO4 1.2; glucose 11.0). Indomethacin at a concentration

of 10 mM was present in some experiments to inhibit

prostaglandin synthesis. Aortic rings were subject to a resting

tension of 2 g. After equilibration for 60 min, all vessels were

preconstricted with 0.3mM phenylephrine. Ligand-stimu-

lated receptor-mediated NO bioavailability was assessed by

a dose-dependent relaxation to acetylcholine (ACh; 10 nM–

1 mM), whereas sodium nitroprusside (SNP, from 10 nM to

1 mM) was used as an endothelium-independent agonist.

Relaxation responses to ACh and SNP were expressed as

percentage of relaxation from a submaximal phenylephrine-

induced constriction (10�7
M). Other aortic rings were used
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to test the contractile response to phenylephrine (from 1 nM

to 10 mM). A cumulative dose–efficacy curve was determined.

Regression analysis using three data points along the linear

section of the concentration–response curve was applied to

generate an equation from which the EC50 values were

determined.

Detection of superoxide

Unfixed frozen, 30-mm-thick cross sections of proximal aorta

were incubated with dihydroethidium (DHE; 2�10�6
M) in

phosphate-buffered saline for 30 min at 37 1C in a humidi-

fied chamber protected from light. DHE is oxidized on

reaction with O2
� to ethidium bromide, which binds to DNA

in the nucleus and fluoresces red (Miller et al., 1998).

Polyethylene glycol-superoxide dismutase (500 U ml�1) abol-

ished ethidium bromide fluorescence, confirming specificity

of the fluorescent signal for O2
� (Supplementary Figure 1). For

ethidium bromide detection, images were obtained with a

Bio-Rad MRC-600 laser scanning confocal microscope

equipped with a krypton/argon laser. Fluorescence was

detected with a 568-nm filter. Normal and diabetic tissues

were processed and imaged in parallel. Laser settings were

identical for acquisition of images from normal and diabetic

specimens.

Assessment of aortic atherosclerosis

The whole aortas were collected and stained with Oil Red O

(60% solubilized in propylene glycol) to detect the lipids

present in lesions, as described previously (Cayatte et al.,

2001). The entire aortic wall was photographed and scanned

digitally, and planimetry of Oil Red O-positive stained

lesions was performed on the digitized images using Scion

Image software.

Nitrite detection

Nitrite levels were determined as an index of NO generation

in aortic homogenates by the Griess reaction after conver-

sion of nitrate into nitrite by nitrate dehydrogenase (Green

et al., 1982). An aliquot of the supernatant was mixed with

an equal volume of Griess reagent (sulphanilamide, 1% w/v;

naphthylethylenediamine dihydrochloride, 0.1% w/v and

orthophosphoric acid, 25% v/v) and incubated at room

temperature for 10 min. The absorbance of the samples at

540 nm was determined and compared with those of known

concentrations of sodium nitrite. The amount of nitrite

formed was normalized to the protein content of the

respective aorta.

Aortic MDA content

Lipid peroxidation was assessed by measuring the content of

MDA, one of the end products of lipid peroxidation in

tissues. Aortic samples were homogenized in ice-cold 10%

(w/v) trichloroacetic acid (100 mg of tissue per 5 ml of

trichloroacetic acid). After centrifugation, a portion of the

supernatant was added to an equal volume of 0.6% (v/v)

thiobarbituric acid, and the mixture was heated at 100 1C for

20 min. The resulting MDA concentration was calculated

from the absorption at 532 nm using a molar extinction

coefficient of 1.49�10�5 and was expressed as nm per (mg

tissue)� 10�7 (Cassini et al., 1986).

Protein-bound carbonyl determination

Evaluation of aorta protein oxidation was performed by a

modification of the method described by Levine et al. (1990).

Protein carbonyl formation was used as an indicator of

oxidized proteins. Briefly, frozen aortas were homogenized at

4 1C in 10 mM (Tris(hydroxymethyl)aminomethane)-HCl

(pH 7.6, 1:10, w/v) containing 1% Nonidet P-40, 0.1% SDS

and complete protease inhibitor cocktail (Roche Applied

Science). Following vigorous vortexing, the homogenates

were centrifuged at 14 000 g for 10 min at 4 1C and aliquots of

the supernatant were used for protein determination. For

derivatization of carbonyl-containing proteins, equal

amounts of proteins were mixed with equal volume of

10 mM 2,4-dinitrophenylhydrazine in 10% trifluoroacetic

acid and incubated at room temperature for 15 min. The

reaction was stopped by precipitation of proteins with 20%

trichloroacetic acid. The resulting pellet was washed with

ethyl acetate/ethanol (1:1) to remove free 2,4-dinitrophe-

nylhydrazine. The pellet was then solubilized with Laemmli

sample buffer. For western blots, samples were resolved by

SDS-polyacrylamide gel electrophoresis (PAGE) using 12%

gels and transferred to polyvinylidene fluoride (PVDF)

membranes. The membranes were probed with antibody to

dinitrophenylhydrazone derivatives (Dako, Hamburg, Ger-

many). Levels of carbonyl were quantified by densitometric

analysis of all bands of the blot.

Nitrotyrosine

Nitrotyrosine, a biomarker of peroxynitrite formation, was

determined in the aorta by estimating the levels of protein

nitration using immunochemical methods. Existing anti-

bodies were removed from aortic homogenates by incubat-

ing first with protein A/G agarose, followed by an overnight

incubation with a rabbit anti-nitrotyrosine antibody (Up-

state Biotechnology, Lake Placid, NY, USA). Protein A/G

agarose was added to precipitate the nitrotyrosine-com-

plexed antibody. Proteins were separated on 8% denaturing

polyacrylamide gels, and the resulting blots were incubated

with mouse anti-nitrotyrosine antibody (Upstate Biotech-

nology). Detection of nitrotyrosine was achieved using

alkaline-phosphatase secondary antibody. A duplicated blot

of conditions in Figure 7a incubated with sodium dithionite

prior to incubation with anti-nitrotyrosine antibody was

performed (Supplementary Figure 2).

Western blot analysis for eNOS

Segments of endothelium-intact thoracic aortas were washed

with cold phosphate-buffered saline and chilled in buffer

containing (in mM) Tris-HCl 50, NaCl 150, EDTA 1, ethylene

glycol tetraacetic acid 0.1, as well as Nonidet P-40 0.1%,

SDS 0.1% and deoxycholate 0.5%. Phenylmethylsulphonyl

fluoride (1mM), aprotonin (10mg ml�1), leupeptin (10mg ml�1)
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Table 1 Body weight, and plasma and urine metabolic markers in Wistar and GK rats, and in GK rats fed with AD with or without a-LA and SO at the
end of treatment

Wistar (n¼20) GK (n¼20) GKþAD (n¼10) GKþADþ SO (n¼10) GKþADþ LA (n¼10)

Body weight gain (g) 2.470.8 1.570.7 7.672.6 50.176.4a 11.973.7
FBG (mg dl�1) 75.671.9 115.375.6b 151.777.9c 129.674.5 122.379.3d

BG 2 h after a load (mg dl�1) 116.374.0 332.5747.7b 419.1728.5b 338.6723.4b 365.679.5b

FFAs (mmol l�1) 0.5470.15 0.7470.1e 0.6970.09f 0.970.12e 0.8970.06b

UAE (mg/24 h) 2.270.4 29.274.7b 35.774.1b 30.972.8b 17.872.9d,g

Body weight gain, fasting blood glucose (FBG), blood glucose (BG) 2 h after a glucose load in the tolerance test, plasma free fatty acids (FFAs) and urinary albumin

excretion (UAE). Values are mean7s.e.
aPo0.001 vs all groups.
bPo0.001 vs Wistar rats.
cPo0.001 vs GK control group.
dPo0.05 vs GKþAD group.
ePo0.05 vs Wistar rats.
fPo0.01 vs Wistar rats.
gPo0.05 vs GKþADþ SO group.

Figure 1 Effects of a-lipoic acid (a-LA) treatment on plasma lipid levels. Cholesterol (a), non-HDL cholesterol (b), triglycerides (c) and
phospholipids (d) of Wistar and diabetic Goto–Kakizaki (GK) rats fed with standard chow (GK) or atherogenic diet (AD) with or without vehicle
(soybean oil, SO) or a-LA. Data are expressed as mean7s.e. (n¼10 animals in each group). In (a–d), ***Po0.001 vs Wistar group; yyyPo0.001
vs GK group; ffPo0.01, fffPo0.001 vs GKþAD group.
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and pepstatin (10mg ml�1), all from Sigma Chemicals

(St Louis, MO, USA), were added as the protease inhibitors.

Tissues were homogenized in a standard fashion, followed by

centrifugation at 14 000 g for 20min at 4 1C. The supernatants

were collected and total protein concentration was deter-

mined. Samples containing 50mg of protein were loaded onto

an 8% SDS–PAGE gel, run and electroblotted onto nitrocellu-

lose membrane. Prestained molecular weight marker proteins

were used as standards for the SDS–PAGE. A Ponceau staining

was performed to verify the quality of the transfer and to

ensure equal protein loading. Blots were blocked in 5%

skimmed non-fat milk in phosphate-buffered saline for 1 h,

treated overnight with antibody against eNOS (Transduction

Laboratory, Madrid, Spain) and then incubated with alkaline

phosphatase secondary antibodies for 1 h. Immunoblots were

developed with an ECF western blotting detection system

(Amersham Biosciences, Carnaxide, Portugal).

Protein

Protein content was determined using a Bio-Rad protein

assay kit.

Statistical analysis

All data were analysed by standard computer programs

(GraphPad Prism PC Software version 3.0, analysis of

variance) and are expressed as mean7s.e. Significant

Figure 2 Effects of ageing and a-lipoic acid (a-LA) treatment on vasodilatory responses to acetylcholine (ACh) (a and b) and sodium
nitroprusside (SNP) (c and d) in Wistar and Goto–Kakizaki (GK) rats after phenylephrine preconstriction of aortic segments. Vasorelaxation was
measured using an isometric force displacement transducer. Data are expressed as mean7s.e. (n¼7, 21 vascular ring preparations in 7 animals
per group). Rats are 18 months old. In (a–d), ***Po0.001 vs Wistar 18 month group; yyyPo0.001 vs GK group; $$$Po0.001 vs Wistar 6 month
group; fPo0.05, ffPo0.01, fffPo0.001 vs GKþAD group.
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differences were evaluated using either the t-test or analysis

of variance. Po0.05 was considered significant. Dose–

response curves were fitted by nonlinear regression with

simplex algorithm. Relaxation responses were given as the

percentage of phenylephrine preconstriction. Comparisons

of dose–response curves were evaluated by two-way analysis

of variance for repeated measures.

Reagents

(7)-a-Lipoic acid (DL-6,8-thioctic acid, T-5625) and SO (S-

7381) were from Sigma Chemicals; DHE was from Invitro-

gen-Molecular Probes (Barcelona, Spain) and the plasma free

fatty acid enzymatic assay kit was from Roche Applied

Science. All other reagents were from Sigma or Merck

(Darmstadt, Germany) where not specified.

Results

Animal characteristics

Food consumption and water intake did not significantly

change over the experimental period among the different

groups studied (data not shown). GK rats (15 months old)

destined to be treated with vehicle or a-LA were initially

matched with regard to plasma levels of glucose, insulin and

plasma free fatty acids. These indices are commonly used as

indicators of the severity of the diabetic state. Indeed, most

of the rats used in our experiments exhibited, in the

beginning of the study, similar fasting plasma glucose levels.

Physical and metabolic parameters concerning the above

animals revealed that the gain in body weight among the

three different groups, including control, GK and a-LA-

treated GK rats was similar during the 3-month experimental

period, the exception being the GK group treated with SO

(Table 1). Fasting and 2 h after load, glucose levels and

plasma free fatty acids during the post-absorptive state were

elevated in GK rats when compared to their corresponding

control Wistar values. Treatment with a-LA for 3 months

effectively reduced circulating concentrations of fasting

glucose, an effect also observed with SO treatment (Table 1).

Urinary albumin excretion was significantly higher in GK

rats compared to age-matched Wistar rats. Feeding the AD

diet for 3 months to GK rats did not further increase urinary

albumin excretion, and supplementation with a-LA signifi-

cantly reduced it (Table 1).

Although GK rats exhibited normal lipid profile, high-fat-

fed GK rats had elevated levels of triglycerides, total and

non-HDL cholesterol and phospholipids when compared to

control diabetic rats (Figure 1). The plasma levels of

cholesterol, triglycerides, phospholipids and non-HDL

cholesterol were completely brought down to normal in

the GK groups treated with SO and with a-LA.

NO-dependent vascular relaxation in rat aorta

Ageing progressively impairs endothelium-dependent vaso-

dilation in aorta arterial rings. Indeed, maximal endothe-

lium-mediated relaxation of phenylephrine-precontracted

rings in response to ACh declined by 23 and 55% for Wistar

and GK rats, respectively (Figure 2a). In 6-month-old GK rats,

endothelium-mediated vascular relaxation of phenylephr-

ine-precontracted aorta arterial rings in response to ACh was

impaired compared with age-matched Wistar rats, but the

endothelium-independent relaxations to SNP were similar in

both strains (Figures 2c and d). Preincubation of the arterial

rings with the NOS inhibitor No-nitro-L-arginine methyl

ester HCl and the cyclooxygenase inhibitor indomethacin

almost completely abolished relaxation by ACh in GK and

Wistar rats (Supplementary Figure 3). The residual compo-

nent due to other vasodilators is around 15% in our

experimental conditions (18-month-old male rats). This

residual response is expected in large conducting vessels

such as aorta. The AD diet did not further impair vascular

relaxation in response to ACh in aged GK rats. a-LA

treatment (but not the SO vehicle) improved endothelium-

dependent vascular relaxation during the AD diet

(Figure 2b), but had no effect on endothelium-independent

vascular relaxation responses to SNP (Figure 2d). No

differences in maximal relaxation were observed in the

concentration–effect curves for SNP between any of the

groups of rats. Vascular sensitivity to SNP is decreased in

Wistar rats, probably due to increased arterial stiffness.

Endothelium-denuded rings from all groups showed a

Table 2 Maximal relaxation responses (%) and �log EC50 in isolated aorta arteries of 18-month-old variously treated spontaneously diabetic Goto–
Kakizaki (GK) rats and age-matched non-diabetic Wistar rats

Wistar GK GKþAD GKþADþ SO GKþADþ LA

Acetylcholine
EC50 6.8570.1 5.8770.07a 6.1670.07b,c 6.2370.23b 6.670.1d

Maximal relaxation (%) 78.573.1 45.072.2a 49.073.2a 55.072.5a 70.072.1e,f

Sodium nitroprusside
EC50 5.8770.04 6.470.03a 6.470.015a 6.4770.03a 6.2570.07a

Maximal relaxation (%) 99.970.1 99.670.01 99.570.15 99.570.11 99.570.05

Values are mean7s.e. (n¼ 7; 21 vascular ring preparations in seven animals per group). EC50 values are presented as the negative logarithm (�log10 EC50) of

concentration of the agonist.
aPo0.001.
bPo0.01 vs Wistar rats.
cPo0.01 vs GK control group.
dPo0.05.
ePo0.001 vs GKþAD group.
fPo0.01 vs GKþADþ SO group.
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similar relaxation to SNP, whereas no relaxation to ACh was

observed. Detailed data on maximal relaxations and EC50

values are summarized in Table 2. These results indicated

that treatment with a-LA improved this index of endothelial

function in aged GK rats.

Oxidative stress biomarkers

Plasma levels of MDA and urinary levels of 8-hydroxydeox-

yguanosine were significantly higher in GK rats when

compared to age-matched Wistar rats (Figure 3). Feeding

AD diet for 3 months to GK rats further increased these

values by 20 and 47%, respectively (Figures 3a and b).

Supplementation with a-LA reduced these oxidative stress

parameters to basal levels (Figures 3a and b).

Diabetes-associated alterations in the eNOS enzyme system

Incubation of aortic rings in the presence of ACh (10 mM)

increased the levels of NO metabolites (Figure 4a, right bar).

Unstimulated values (Figure 4a, left bars) in the different

groups did not differ. NO metabolites in aortic tissue of GK

rats were reduced when compared with corresponding

Wistar control values (Figure 4a). As NO in vascular

endothelial cells is synthesized primarily by eNOS, we

examined the possibility that a diabetes-related decrease in

NO bioavailability might be due to a change in the

expression of the NO-producing enzyme. Our data revealed

that the expression of eNOS was decreased as a function of

diabetes (Figures 4b and c). Densitometric analysis of the

bands revealed that eNOS expression decreased by 25% in

GK rats. There was a further increase with the AD diet,

accompanied by a concomitant decrement in NO metabo-

lites in aortic tissue of the high-fat-fed GK rats. Supplemen-

tation with a-LA (but not SO) completely restored NO output

(Figure 4a) while partially restoring the eNOS expression in

the aortic tissue (Figures 4b and c).

Diabetes-dependent elevation in vascular superoxide formation

Superoxide anion (O2
�) constitutes the main oxidant of NO

(Gryglewski et al., 1986). Accordingly, the premise that a

diabetes-related decrease in NO bioavailability stems from an

increase in O2
� levels leads us to investigate in situ production

of superoxide in the thoracic aorta. As illustrated by

representative images and quantitative analysis, there was a

threefold increase in superoxide production in diabetic aorta

compared with control vessels (Po0.05; Figures 5a, b and e).

The density of DHE staining was twofold higher in the aorta

of diabetic rats fed with high-fat diet compared to GK control

rats (Po0.05; Figures 5c and e). a-LA significantly reduced

superoxide production in diabetic GK rats (Po0.001; Figures

5c–e). No-Nitro-L-arginine methyl ester HCl (100 mM) signifi-

cantly reduced superoxide production in diabetic GK rats fed

with high-fat diet (Supplementary Figure 1b).

MDA, protein-bound carbonyl and nitrotyrosine in aortic vessels

Further experimentation was conducted to investigate the

hypothesis that the state of oxidative stress is heightened in

diabetic aortic vessels. Aortic contents of MDA and protein-

bound carbonyls in GK rats were elevated by 85 and 30%,

respectively, when compared to corresponding control

values (Figures 6a–c). MDA and protein-bound carbonyl

levels are sensitive indicators for lipid peroxidation and

protein oxidation, respectively (Dalle-Donne et al., 2003; Del

Rio et al., 2005). These indicators were further increased with

high-fat diet by 107 and 77%, respectively, when compared

to GK control group (Figures 6a–c). The MDA content of the

aortic vessel wall was significantly reduced to control levels

after treatment with a-LA, while levels of protein-bound

carbonyls were also significantly decreased (Figures 6a–c).

Figure 3 Reduction of oxidative stress parameters by a-lipoic acid
(a-LA). Plasma malondialdehyde (MDA) (a) and urinary 8-hydro-
xydeoxyguanosine (b) levels in Wistar, Goto–Kakizaki (GK) control
and GK rats fed with high-fat diet with or without vehicle (soybean
oil, SO) or a-LA with 18 months old. Results are mean7s.e. (n¼10
animals in each group). In (a) and (b), **Po0.01, ***Po0.001 vs
Wistar group; yPo0.05 vs GK group; ffPo0.01, fffPo0.001 vs
GKþAD group; ###Po0.001 vs GKþ SO.
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Accordingly, we sought to investigate whether the

decrease in eNOS expression, together with enhanced O2
�

production in aortic tissue of GK rats, was associated with

peroxynitrite formation and the nitration of tyrosine

residues. A western blot analysis of aortic proteins revealed

that the immunoreactive nitrotyrosine levels (an index of

peroxynitrite formation in vivo) were elevated in GK rats

compared with the Wistar counterpart (Figures 7a and b, and

Supplementary Figure 5). The data are consistent with the

concept that the overproduction of superoxide during

diabetes results in the formation of peroxynitrite at the

expense of NO. The latter oxidant is merely responsible for

the nitration of aortic proteins. Similar to the other

parameters, we observed an aggravation with high-fat diet

that was decreased by the antioxidant a-LA.

Atherosclerotic lesions

Next, we evaluated how supplementation with a-LA affects

atherosclerotic lesion development in 18-month-old GK rats

(Figures 8a–d). Oil Red O staining showed the presence of

intracellular lipid droplet accumulation only in the intima

layer of GK arteries, while these lesions extended to the other

layers in the GK rats fed with AD diet (76% of positive

sections in hyperlipidaemic arteries). The atherosclerotic

lesions both in long-term diabetes vs Wistar control and

high-fat-fed GK vs GK control rats were significantly

increased (Figures 8a–d and Supplementary Figure 4).

Supplementation with a-LA prevented the enhancement of

atherosclerosis that was induced by high-fat diet in GK rats

(Figure 8d).

Discussion

The data from the present study demonstrate a novel role for

a-LA in diabetes. Specifically, this treatment improved

endothelial dysfunction by restoring NO signalling and

abolishing eNOS-derived ROS production in aorta. Our

observations are consistent with the earlier study by Hink

et al. (2001), in which the lucigenin chemiluminescent

signal of O2
� was first found to be sensitive to No-nitro-L-

arginine methyl ester HCl in diabetes. The important novel

findings are that a-LA was effective in partially restoring

eNOS expression from its uncoupled state, and was also able

to improve endothelial function and microalbuminuria in

GK rats with hyperlipidaemia.

The GK rat is a non-obese spontaneous model of type 2

diabetes with mild hyperglycaemia, hyperinsulinaemia and

insulin resistance. It has been previously shown that these

animal models exhibit endothelial dysfunction as early as 4

months of age (Cheng et al., 2001). Feeding a high-fat,

cholesterol-containing diet (AD) to GK rats resulted in a type

2 diabetes phenotype characterized by an increase in fasting

hyperglycaemia, plasma triglycerides and cholesterol, and

no changes in circulating free fatty acids, adipose mass and

hyperinsulinaemia. Hyperlipidaemia and diabetes have been

previously shown to induce endothelial dysfunction and

increase neointimal formation in human and animal models

Figure 4 Effects of a-lipoic acid (a-LA) on aortic NO bioavailability and endothelial nitric oxide synthase (eNOS) expression in aortic tissue. (a)
NO metabolites were assessed in aortic homogenates using the Griess reaction. In each group, left and right bars represent basal and
acetylcholine (ACh)-stimulated NO synthesis, respectively. (b) Representative western blot analysis of eNOS protein expression in aortas of
Wistar, Goto–Kakizaki (GK) control and GK rats fed with high-fat diet with or without vehicle (soybean oil, SO) or LA; 30 mg of protein from
aortic lysates was resolved by SDS–polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose membrane and probed with anti-
eNOS antibody as described in Materials and methods. (c) Averaged densitometry data for diabetic group expressed as a percentage of
elevation over the control value established as 100% previously normalized with b-actin values. Data are expressed as mean7s.e. (n¼7
animals per group). In (a–c), *Po0.05, ***Po0.001 vs Wistar group; yPo0.05 vs GK group; fPo0.05, ffPo0.01 vs GKþAD group; #Po0.05
vs GKþ SO group.
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(De Vriese et al., 2000; Reis et al., 2000). In the current study,

long-term hyperglycaemia and hyperinsulinaemia in this

animal model of aged type 2 diabetes lead to severe

endothelial dysfunction and microalbuminuria that was

not exacerbated by hyperlipidaemia induced with the AD

diet. It has recently been suggested that diabetes without

associated dyslipidaemia accelerates atherosclerosis by me-

chanisms that are also activated by hyperlipidaemia (Kanter

et al., 2007). In contrast, diabetes alone does not increase

vascular disease in a vast number of animal models with

hyperlipidaemia (Goldberg and Dansky, 2006). Thus, if the

underlying mechanisms that accelerate atherosclerosis seem

to be common, there is no further impairment in endothelial

dysfunction and microalbuminuria with hyperlipidaemia.

The underlying cellular and molecular mechanisms asso-

ciated with aged diabetes-related endothelial dysfunction

were explored in the context of a number of possibilities.

These include changes in the NO bioavailability and in the

expression of eNOS, increased breakdown of NO due to

augmented production of O2
� and an imbalance in the rate of

reactive oxygen/nitrogen species production and disposal

within the microenvironment of the vessels. In this connec-

tion, we have demonstrated a marked reduction in aortic NO

metabolites during diabetes and diabetes with hyperlipidae-

mia. This phenomenon appears to be due to a defect in NO-

producing enzymes since the level of eNOS was down-

regulated in GK vascular tissues (control and with high-fat

diet induced hyperlipidaemia) compared with their corre-

sponding Wistar control values. Other authors, in agreement

with this work, have previously shown that a prolonged

diabetic state leads to downregulation of eNOS (Nagareddy

et al., 2005). A decreased eNOS expression has also been

reported in diabetic mice (Brownlee, 2001). The observation

of diabetes-induced downregulation of eNOS combined with

a decrease in vascular NO bioavailability led us to measure

O2
� anion, a well-known factor in the degradation of NO and

its conversion into peroxynitrite (Gryglewski et al., 1986).

We found that the level of this free radical was elevated in

the aortic segments of the GK and GKþAD rats. In the

current study, the potential mechanism of reduced eNOS

function was explored to explain the reduced endothelium-

dependent vasodilation in the model of type 2 diabetes with

high-fat-diet-induced hyperlipidaemia. Enhanced oxidative

stress in the vascular wall of diabetic rats led to diminished

eNOS expression and reduced NO production. No-nitro-L-

arginine methyl ester HCl (100 mM) almost completely

attenuated aortic O2
� in the diabetic high-fat-fed rats,

strongly suggesting uncoupling of eNOS (Supplementary

Figure 1b). Uncoupling of eNOS by ROS has been described

as an additional mechanism by which glucose contributes to

endothelial dysfunction (Zou et al., 2002). Hyperglycaemia

increases superoxide generation in endothelium by several

different pathways (Molnar et al., 2005), and superoxide is

known to inactivate NO and produce peroxynitrite (Cai and

Harrison, 2000), which in turn, rapidly oxidizes the eNOS

cofactor tetrahydrobiopterin to its inactive form and leads to

uncoupling of eNOS (Alp and Channon, 2004). Hypergly-

caemia has been shown to inhibit eNOS activity by

phosphorylation by Akt. In addition, the lack of insulin in

diabetes may contribute to the effect of decreased eNOS.

Defective insulin signalling or insulin resistance in the

arterial wall may lead to reductions of Akt-mediated

activation of eNOS (Du et al., 2001; Kobayashi et al., 2004).

Impaired endothelium-dependent relaxation has been

demonstrated in various vascular beds in different animal

models of diabetes. It has been suggested that the excessive

elevations in plasma glucose, insulin, low-density lipopro-

tein cholesterol, endothelin-1, angiotensin II and ROS that

occur in diabetes are involved in the development of this

dysfunction in several blood vessels (De Vriese et al., 2000).

Several antioxidants have been proved to be beneficial by

decreasing oxidative stress in improving endothelium-

Figure 5 In situ detection of superoxide in rat aorta. Representative
dihydroethidium (DHE)-stained aorta artery sections reflect O2

�

production with the different treatments. Arrows point to the
endothelium. At identical laser and photomultiplier settings,
fluorescence in diabetic Goto–Kakizaki (GK) and GK atherosclerotic
vessel (b and c, respectively) was markedly increased compared with
normal vessel (Wistar, a). Note the increased fluorescence reflecting
O2

� levels in the endothelium, intima and media (M) of GK aorta.
DHE fluorescence decreased to basal levels in the GKþ a-LA-treated
group (d). Panel e contains quantification of the fluorescent
ethidium signal in the different groups of arteries. Results are
mean7s.e. (n¼10 animals in each group). *Po0.05, ***Po0.001 vs
Wistar group; yPo0.05 vs GK group; fffPo0.001 vs GKþAD group;
###Po0.05 vs GKþ SO group.
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dependent vascular relaxation (Da Ros et al., 2005). The

potent antioxidant capacity of a-LA, which reduces oxida-

tive stress both at systemic and local levels, was responsible

for its beneficial action on atherosclerosis and vascular

relaxation.

It has been previously shown that constituents of SO, such

as a-linolenic acid, are capable of reducing cholesterol in

hypercholesterolaemic patients (Lichtenstein et al., 2006).

SO, the vehicle of a-LA in this study, had a significant effect

in lipid profile with a significant reduction of plasma

triglycerides, cholesterol and phospholipid levels, while no

significant change was observed with respect to the oxidative

stress parameters evaluated and on endothelium-dependent

vascular relaxation. A reduction in circulating levels of

cholesterol and triglycerides alone did not ameliorate

endothelial dysfunction in this model of aged type 2

diabetes. In agreement with this work, several studies have

reported a lack of effect of SO in endothelial function in

humans (de Roos et al., 2002).

Kim et al. (2004) have recently reported that a-LA, a

cofactor in the pyruvate dehydrogenase complex, exerts

certain actions that mimic those of leptin, including reduced

food intake and increased energy expenditure. a-LA, which is

widely available as a powerful antioxidant, has been shown

to protect against oxidative injury in various disease

processes, including hypertension (Vasdev et al., 2005),

diabetes (Song et al., 2005) and ischaemia reperfusion

(Muller et al., 2003). a-LA has been previously demonstrated

to inhibit endothelial dysfunction in other models of

diabetes (Kocak et al., 2000; Lee et al., 2005). In addition,

a-LA was able to upregulate eNOS expression in this study. In

agreement with our work, it has been found that a-LA

increases eNOS activity in human aortic endothelial cells

(Visioli et al., 2002). It has also been shown that a-LA

activates AMP-activated protein kinase in endothelial cells

(Lee et al., 2005), an effect that was found to increase eNOS

and NO production (Murakami et al., 2006). Another

probable mechanism of action of a-LA involves activation

of mitogen-activated protein kinase, which in turn will

upregulate eNOS and increase NO production (Anter et al.,

2004). It has recently been shown that asymmetric dimethy-

larginine plasma levels were significantly attenuated by a-LA

in patients with end-stage renal disease (Chang et al., 2007).

Asymmetric dimethylarginine is a known endogenous

inhibitor of NOS and increased levels have been associated

with ageing, type 2 diabetes and endothelial function.

Modification of the redox status of thiol-containing proteins

and attenuation of asymmetric dimethylarginine levels are

possible mechanisms of action of a-LA.

In this study, the antiatherosclerotic effects of a-LA are not

only due to a hypolipidaemic action, since SO has no effect

on endothelial dysfunction and has also a lipid-lowering

action. GK rats exhibited a severe impairment in endothelial-

dependent vasodilation, partially due to ageing, and ob-

served in age-matched Wistar control rats and also described

in other animal models (Payne et al., 2003). Vascular

sensitivity to SNP is increased in GK rats. Ageing and

diabetes are known to increase chronic hypoxia and the

expression of inducible NOS, conditions that have been

suggested to increase sensitivity to NO donors (Nagareddy

et al., 2005; Williams and Pearce, 2006). The transient

increase in oxidative stress and hyperlipidaemia induced by

high-fat diet did not cause further reduction in the

endothelial function. Remarkably, a-LA was able to reverse

the impairment in endothelial vasorelaxation to levels not

significantly different from non-diabetic Wistar rats. a-LA

Figure 6 Effects of a-lipoic acid (a-LA) on aortic contents of malondialdehyde (MDA) (a) and protein-bound carbonyls (b and c) during
diabetes. Markers of oxidative stress including MDA and protein-bound carbonyls were measured in aortic homogenates according to the
procedures described in Materials and methods. Results are mean7s.e. (n¼10 animals in each group). In (a–c), *Po0.05, **Po0.01,
***Po0.001 vs Wistar group; yPo0.05, yyyPo0.001 vs GK group; fffPo0.001 vs GKþAD group; ###Po0.001 vs GKþ SO group.
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completely decreased all the biomarkers of oxidative stress as

well as the hyperlipidaemia and atherosclerotic lesions.

In addition to oxidant-generating pathways characterized

in the current work, accumulating studies have suggested

that other pathways, such as protein kinase C-dependent

signal transduction, aldose reductase and peroxisome pro-

liferator-activated receptor activation (Creager et al., 2003;

Da Ros et al., 2005), may also contribute to development of

diabetic vascular diseases. Potential interactions among

these pathways are possible and warrant future investigation.

Conclusions

In summary, we have demonstrated that ageing associated

with long-term type 2 diabetes induces a progressive depres-

sion of endothelial vasodilator responsiveness. This endo-

thelial dysfunction was associated with an apparent decrease

in NO production, decrease in the expression of eNOS and

with a marked increase in vascular O2
� production and

nitrotyrosine expression. The data from the present study

demonstrate a novel role for a-LA in diabetes associated with

hyperlipidaemia, with an improvement of endothelial func-

tion at least partially attributed to recoupling of eNOS and

increased NO bioavailability. The ability of LA to restore

endothelial function, decrease systemic and local oxidative

stress and lower fasting glycaemia in aged diabetic rats with

hyperlipidaemia represents a possible pharmacological ap-

proach to treat type 2 diabetes patients and prevent major

complications associated with this disease.
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