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1. INTRODUCTION 

The metabolic syndrome is a multifactorial condition leading to accelerated atherosclerosis 

and increased risk for type 2 diabetes. It is associated with major cardiovascular events and 

high mortality rate (Alberti et al 1998). The metabolic syndrome is characterized by different 

combinations of three or more of the following features: abdominal obesity, blood 

hypertension, hyperglycaemia and serum dyslipidemia (Ford et al 2005). The prevalence of 

the metabolic syndrome in general population is about 30% and alarming increased.  

The fact that insulin resistance and abdominal obesity are associated with imbalance in 

plasma adipokine levels, altered fatty acid metabolism, endothelial dysfunction, procoagulant 

state and systemic inflammation underlines the complexity of the pathophysiology of this 

clustering. Novel component of metabolic syndrome is non-alcoholic fatty liver disease, the 

most often chronic liver impairment representing the hepatic counterpart of the metabolic 

syndrome (Rector et al 2008). This disorder associated with increased lipid accumulation in 

the liver and negative affect metabolic complications of insulin resistance and metabolic 

syndrome. Pathogenic consequences of lipotoxicity occur in many other organs and contribute 

to accelerated atherosclerosis and ectopic lipid depots. 

The pathogenetic mechanism of the metabolic abnormalities associated with metabolic 

syndrome is not fully clarified and than make it difficult for effective pharmacological 

therapy. Recent studies suggest that oxidative stress could play a key role in pathogenesis of 

metabolic syndrome and its complications (Roberts et al 2009) and could be common 

pathogenic factor underlying insulin resistance, diabetes type 2 and cardiovascular disease 

(Ceriello et al 2004).  

Oxidative stress occurs when there is imbalance between the generation of reactive oxygen 

(ROS) or nitrogen species (RNS) and antioxidant defence system. There are multiple sources 

of oxidative stress in metabolic syndrome including nonenzymatic, enzymatic and 

mitochondrial pathways. Nonenzymatic source include glucose autooxidation, formation of 

AGE products, activation of polyol and hexosamine pathway and increasing FFA (Haidara et 

al 2006). The main enzymatic sources present endothelial NADPH oxidase, xanthine oxidase, 

cyclooxygenase and uncoupled NOS. Intracellular source of oxidative stress present 

mitochondrial respiratory chain.  

There is growing evidence that excess generation of ROS and RNS in oxidative stress has 

pathological consequences including damage to proteins, lipids and DNA. ROS can stimulate 

oxidation of LDL and ox-LDL can be taken up by scavenger receptors in macrophages 
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leading to foam cell formation and atherosclerotic plaque. ROS-induced peroxidation of 

membrane lipids alter the structure and the fluidity of biological membrane, which ultimately 

affects functions. Peroxynitrite radicals decrease NO bioavailability causing impaired 

vasorelaxation and leading to endothelial dysfunction. ROS not only direct impair 

macromolecules but indirect stimulate stress-related signalling mechanisms such as NFkB, 

p38-MAPK and STAT-JAK resulting in VSCM migration and proliferation (Evans et al 

2003). ROS can activate several damaging pathways including accelerated formation AGE, 

polyol pathway, hexosamine pathway and PKC activation, all of which have been proven to 

be involved in micro- and macrovascular complications (Schwarz et al 2006). Oxidative stress 

has been shown to play an integral role in the formation, progression and rupture of the 

atherosclerotic plaque via modification of proteins and DNA, alteration in gene expression, 

promotion of inflammation and endothelial dysfunction, enhancement of surface adhesion 

molecules expression, LDL oxidation, metalloproteinases production and consequently plaque 

rupture (Mehta et al 2006). 

ROS generation can be eliminated by antioxidant defence system mechanism including 

nonenzymatic and enzymatic antioxidant. Antioxidant defence system present system, where 

all antioxidant interplay and where function of the one follows to the others. Interruption of 

the balance in this system may cause to pathological conditions. The key role in antioxidant 

system plays superoxide dismutase, to which follow other antioxidant enzyme catalase and 

seleno-dependent glutathioneperoxidase (GPx). Central role between nonenzymatic 

antioxidant represent glutathione, the main intracellular thiole (Wu et al 2004). Glutathione is 

cofactor for glutathione-dependent antioxidant enzymes, can regenerate vitamin E and C, may 

directly act as antioxidant and through the GPx removes products of lipoperoxidation. The 

rate of reduced and oxidisied form of glutathione is important factor of oxidative stress. 

Important lipid soluble antioxidant is vitamin E, mix of tocopherol and tocotrienols, which 

prevent lipid and membrane from lipoperoxidation. The biologically most active form present 

α-tocopherol. The recent studies suggest, that other members of vitamin E family especially 

γ-tocopherol have different and unique properties (Traber 2007).  

A large body of evidence suggests that oxidative stress is increased in metabolic syndrome 

patients, as well as obesity and diabetes. Although oxidative stress has been associated with 

all the component of the metabolic syndrome, antioxidant therapy failed in most clinical 

studies. 

To better understanding mechanism of oxidative stress in insulin resistance and metabolic 

syndrome we focus on tissues where oxidative stress stress really takes play.  
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2. AIM OF THE THESIS 

The aims of the Thesis were as follows: 

- the attention was focused on the pathophysiological mechanism of oxidative stress in 

tissues in insulin resistance and metabolic syndrome in relation to impairment of glucose 

tolerance, tissue insulin sensitivity and lipid metabolism 

- evaluation of the possibilities of modulating of oxidative stress in insulin resistance by 

nutritional and pharmacological intervention 

 

3. METHODS 

Experimental models:  

HHTG rats – As a model of metabolic syndrome were used hereditary hypertriglyceridemic 

strain of rats (HHTg) with genetic fixed hypertriglyceridemia (Vrána et al 1990). This strain 

of rats exhibits many of features of metabolic syndrome such as hypertension, 

hyperinsulinemia, impaired glucose tolerance, tissue resistance to insulin action, but with 

absence of obesity. 

SHR transgenic rats, that overexpress a dominant positive form of the human SREBF1 gene 

(sterol regulatory element factor 1 coding for SREBP-1a isoform) under control of the 

PEPCK promotor (Qi et al 2005). These rats are genetically predisposed to lipid accumulation 

in the liver. Expression of SREBP-1a was associated with hepatic steatosis, dyslipidemia and 

insulin resistance. 

Experimental diabetes was induced by intravascular administration of streptozotocin in dose 

55 mg/b.wt 4 weeks before ending the experiments.  

As a control rats were used Wistar strain of rats. 

The rats were fed a standard or high carbohydrate diet (70%cal as sucrose, 20cal % as protein, 

10cal% as fat). 

 

Parameters of oxidative stress. Parameters of lipid peroxidation were determined according 

to the levels of TBARS by the reaction with thiobarbituric acid (Yokode et al. 1988) and 

according to the levels of conjugated dienes (Ward et al. 1985). The levels of conjugated 

dienes were analyzed by extraction in the media (heptane : isoproapnol = 2:1) and measured 

spectrophotometrically in heptane’s layer.  

The activity of superoxide dismutase (SOD) was analyzed using the reaction of blocking 

nitrotetrazolium blue reduction and nitroformazan formation (Concetti et al. 1976). Catalase 

(CAT) activity measurement is based on the ability of H2O2 to produce with ammonium 
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molybdate a colour complex detected spectrophotometrically (Aebi 1984). The activity of 

seleno-dependent glutathione peroxidase (GPx) was monitored by oxidation of glutathione by 

Ellman reagent (0.01M solution of 5,5‘-dythiobis-2 nitrobenzoic acid) (Kagawa et al. 1998). 

Glutathione reductase  (GR) activity was measured by the decrease of absorbance at 340 nm 

using a millimolar extinction coefficient of 6220 M-1cm-1 for NADPH (using Sigma assay 

kit). The whole blood level of reduced (GSH) and oxidized form of glutathione (GSSG) was 

determined by high performance liquid chromatography (HPLC) method with fluorescent 

detection according to HPLC diagnostic kit from Chromsystems (Camera and Picardo 2002).  

Serum concentrations of α- and γ-tocopherol were determined by reverse-phase HPLC 

method with fluorescence detection according to the modified method of Catignani and Biery 

(Catignani et al 1986). Ascorbic acid was determined spectrophotometric reaction with 

dinitrophenylhydrazine (Nakagawa K 1997). 

 

Parameters of lipid and glucose metabolism:  

The levels of serum triglycerides, glucose, FFA and cholesterol were measured by 

commercial available kits (Pliva Lachema). Serum insulin concentration was determinated 

using Mercordia Rat Insulin ELISA kit (Uppsala Sweden). For OGTT test, plasma glucose 

was determinated after a glucose load (3g of glucose /kg b.wt.) administrated by intragastric 

probe after overnight fasting. For tissue triglycerides determination, tissues were powdered 

under liquid N2 and extracted in chloroform: methanol. After centrifugation the organic phase 

was removed and the pellet was dissolved in isopropyl alcohol and triglycerides content was 

determined by enzymatic kits.  

Fatty acid oxidation was determinated in vitro by incubation with 14C-palmitate and adipose 

tissue lipolysis was estimated according to releasing FFA in incubating medium (Qi et al 

2002). Insulin sensitivity of skeletal muscle was determinated in isolated musculus soleus by 

measuring the incorporation of 14C-U glucose into glycogen. Insulin sensitivity of adipose 

tissue was determinated after distal parts of epididymal adipose tissue in incubation medium. 

Estimation of 14C-glucose incorporation into lipids was performed after extraction of lipids 

into chloroform:methanol by scintillation counting (Qi et al 2002).  

 

Statistical analysis:  

All data are expressed as means ± SEM. Statistical evaluation of the data was performed 

using the unpaired Student's t test and analyzed by ANOVA. Statistical significance was 

defined as P< 0.05. 
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4. PRINCIPAL RESULTS OF THE THESIS AND DISSCUSION 

Hypertriglyceridemia 

Hypertriglyceridemia increased cardiovascular risk and belong to potent independent 

cardiovascular risk factor. Aim of our study was to investigate further information in 

antioxidant system in arterial wall and myocardium in an experimental model of metabolic 

syndrome with genetic fixed hypertriglyceridemia.  

Triglycerides accumulation in aorta in HHTg rats was associated with decreased levels of 

antioxidants in aorta and myocardium and increased lipoperoxidation products. HHTg rats 

have significantly decreased level of glutathione, α- and γ-tocopherol in aorta and decreased 

activity of antioxidant enzymes in aorta. Products of lipoperoxidation (TBARS) positively 

correlated with serum level of triglycerides, on the other hand serum level of glutathione and 

γ-tocopherol negatively correlated with serum level of triglycerides. Results indicate an 

important role of glutathione and γ-tocopherol in pathogenesis of vascular disorders. 

Interestingly in small clinical study in patients with cardiovascular disease were observed 

decreased serum level of γ-tocopherol, while level of α-tocopherol weren’t changed (Kontush 

et al 1999). As compared with α-tocopherol little is known about possible effect of reduced 

levels of γ-tocopherol that is more potent by scaveranging of peroxynitrite radicals, effects 

SOD and cyclooxygenase activity and has antiinflammatory and anticoagulant properties 

(Traber 2007). According to these mechanisms may decreased level of γ-tocopherol 

contribute to cardiovascular impairment. Although serum concentration of γ-tocopherol is 10-

fold lower as compared with α-tocopherol, pursuing level of γ-tocopherol in clinical practice 

could be beneficial for better understanding vitamin E metabolism. In term of cardiovascular 

prevention are important effects of antioxidants in arterial wall and myocardium, where takes 

place damage of lipoproteins, first of all LDL. With regard to forceful plasma antioxidant 

capacity is not possible oxidative damage of lipoproteins in plasma.   

Increased lipoperoxidation and oxidative stress in arterial wall in HHTg rats compared with 

control group were associated with decreased level of NO. Increased oxidative stress in aorta 

and myocardium together with impaired vasodilatation may contribute to development of 

cardiovascular disease associated with hypertriglyceridemia and insulin resistance. The results 

indicate key role of oxidative stress in the pathogenesis of cardiovascular complications in 

metabolic syndrome. To increased oxidative stress contribute ectopic lipid accumulation as 

well as reduced antioxidants capacity.    
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Recently, disorders in lipid metabolism play a key role in the pathogenesis of insulin 

resistance and its complications. Insulin resistance is associated with hypertriglyceridemia, 

elevated levels of FFA as well as ectopic lipid depots. Genetic fixed hypertriglyceridemia in 

HHTg rats was associated with other metabolic disorders accompanied metabolic syndrome – 

hyperinsulinemia, tissue resistance to insulin action, impaired glucose tolerance and 

hypertension. This strain of rats is extremely sensitive to nutritional stimulation such as high 

sucrose diet.  

For a long time has been observed negative effect of hyperglycemia-induced oxidative stress 

(Evans et al 2003). Considering insulin resistance goes before hyperglycemia, it is not likely 

to only hyperglycemia-induced oxidative stress in prediabetic state such as metabolic 

syndrome. High sucrose diet administration in hypertiglyceridemic rats only slightly effect 

glucose tolerance but markedly increased levels of triglycerides and FFA that can induce 

oxidative stress. These facts support hypothesis that claimed lipotoxicity-induced oxidative 

stress by insulin resistance and metabolic syndrome.  

  

 

Obesity 

The obesity is other factor frequently accompanied metabolic syndrome, that markedly further 

impaired insulin resistance and elevated risk of accelerated atherosclerosis. Aim of our study 

was find out how diet-induced or genetic-fixed obesity influenced oxidative stress parameters.  

Obesity in HHTg rats was induced long term administration high sucrose diet during  4 

months. This model of diet-induced obesity better corresponded to situation in humans, 

because recently markedly consumption of sucrose is consider of the one of cause higher 

prevalence of obesity and cardiovascular disease. Lower levels of antioxidants (glutathione, 

α- and γ-tocopherol) in aorta and myocardium in HHTg rats were further decreased by 

dietary-induced obesity. Genetic fixed obesity in Koletsky SHR obese rats was also associated 

with decreased level of α- and γ-tocopherol in aorta. It is interesting that genetic fixed obesity 

does not influenced serum concentration of α- and γ-tocopherol, while levels in aorta were 

decreased in the same way. Results indicate that serum concentration of α- and γ-tocopherol 

may not reflect their levels in arterial wall or myocardium. Decreased level of α- and γ-

tocopherol in genetic or diet-induced obesity may contribute to the oxidative stress and 
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accelerated atherosclerosis frequently observed with insulin resistance states. Results indicate 

synergic negative effect hypertriglyceridemia and obesity on development cardiovascular risk. 

 

Hypertension 

Hypertension is often associated with metabolic abnormalities such as dyslipidemia, impaired 

glucose tolerance, insulin resistance, and obesity. It is estimated that 30-60% of diabetic 

patients have associated hypertension. Recently oxidative stress has been proposed as the 

cause of endothelial dysfunction and hypertension (Ceriello 2008), but the mechanism has not 

been clarified yet. In our clinical study we tested how much changes in antioxidant system in 

initial state of hypertension influenced serum level of NO – an important vasodilatation.  

In clinical study were compared serum parameters of oxidative stress between control 

normotensives group (n=94) and patients with juvenile essential hypertension (n=49). 

Elevated levels of systolic and diastolic blood pressure, BMI and serum triglycerides in 

juvenile hypertensive subjects was accompanied with decreased serum level of ascorbic acid 

and α-tocopherol. There are no differences in serum level of cholesterol, MDA and NO 

between normotensive and hypertensive subjects. Juvenile hypertension was associated with 

oxidative stress, when there are no differences in important vasodilator NO. Decreased levels 

of ascorbic acid indicate its possible protective role in endothelial cells. Increased oxidative 

stress in arterial wall can cause endothelial dysfunction as a consequence of decreased 

bioavailability of NO (Ceriello 2008).   

 

 

 

Hyperglycemia 

Hyperglycamia-induced oxidative stress has been intensively studied with context of 

pathogenesis of microvascular diabetic complications. Excess of  ROS generation can be 

cause by metabolic and humoral disorders - hyperglycemia and dyslipidemia, and can develop 

before manifestation of diabetes. In recent years, the role of oxidative stress in diabetes as a 

possible link between metabolic control and vascular complications has been a subject of 

great interest. 

Streptozotocin-induced experimental diabetes in control Wistar rats was accompanied by 

aggravation of oxidative stress parameters in serum. Surprisingly diabetic animals exhibit 

elevated lipoperoxidation in aorta with increased concentration of α-tocopherol in aorta. The 

same outcome was observed in diabetic SHR rats and transgenic SHR rats with increased 
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expression of nuclear transcriptional factor SREBP-1c. When was observed intracellular 

compartments in diabetic rats myocardium, α-tocopherol accumulation exhibits mitochondrial 

membrane, on the contrary in cytosol were decreased level of glutathione and ascorbic acid 

and activity of glutathione peroxidase. Results indicate that vitamin E can have prooxidant 

effect, when there are not enough vitamin E-regenerating substances. 

Increased oxidative stress in arterial wall and myocardium in diabetic animals is not probably 

as a consequence of tocopherol decreasing, but rather associated with reduced level of 

glutathione, which plays important role in intracellular system.  

Association α-tocopherol accumulation with elevated lipoperoxidaton was observed in other 

experimental study in diabetic rat myocardium (Jain et al 1995). Similar surprising finding in 

diabetic rat myocardium are in agreement with those reported by Shirpoor et al, who 

demonstrated elevated activity SOD and catalase with increased lipoperoxidation and protein 

oxidation products (Shirpoor et al 2009, Stefek et al 2000). These results suggested that no 

vitamin E supplementation seems necessary in diabetic patients. It seems that possible more 

important role in antioxidant system in diabetic state can has impairment of glutathione 

synthesis and utilisation of ascorbic acid in tissue, where there is used the similar mechanisms 

as glucose transport to the cell. 

 

 

Non-alcoholic fatty liver 

Non-alcoholic fatty liver disease (NAFLD) affects approximately 20-30% of the population in 

developed countries and is often associated with obesity and insulin resistance. In the 

development of NAFLD play genetic predisposions as well as nutritional factors. The 

pathophysiology of NAFLD is not fully understood. According to the „two-hit“ hypothesis, 

hepatic steatosis represents only the first hit that predisposes fatty liver to various second hits, 

such as oxidative stress or proinflammatory cytokines (Rector et al 2008).   

Triglycerides accumulation in the liver in HHTg rats was associated with impaired 

glutathione metabolism in the liver. HHTg rats exhibit decreased level of reduced glutathione 

and increased oxidised glutathione in the liver. Rate of reduced and oxidised form of 

glutathione is important factor of oxidative stress. Results support hypothesis, that glutathione 

may play key role in mechanism of NAFLD development. 

In transgenic rats with over expression of SREBP-1a isofor, an experimental model of hepatic 

steatosis, excess fat accumulation in the liver was associated with increased lipoperoxidation 

in the liver and decreased level of reduced glutathione and decreased activity of SOD and 
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GPx in the liver. Concentrations of α- and γ-tocopherol in serum, aorta and myocardium were 

also reduced in transgenic rats compared with non-transgenic controls. Increased oxidative 

stress in the liver in young transgenic SREBP-1a rats (2 months) leads in old rats (16 months) 

to the development steatohepatitis support histological analysis. Results indicate that 

increased oxidative stress with excess fat accumulation may play a causal role in the 

pathophysiology of steatohepatitis. 

Hepatic steatosis induced by transgenic expression of SREBP-1a was accompanied with 

marked changes in fatty acid composition of serum phospholipids, namely depletion of n-3 

and n-6 PUFA. These changes can negative affect membrane permeability and predisposition 

to inflammatory and insulin resistance. Decreased level of vitamin E may contribute to PUFA 

depletion. Vitamin E is well known for its protective effect on lipids and membrane. 

Decreased serum levels of vitamin E was previously reported in humans with NASH 

(Bahcecioglu et al 2005).  

 

 

 

 

Nutritional intervention 

Metabolic effect of conjugated linoleic acid: 

Some dietary lipids may have beneficial effect on impairment associated with obesity and 

metabolic syndrome. Conjugated linoleic acid (CLA) n-6 PUFA is known for its beneficial 

effect on weight gain, plasma lipids as well as body composition. In some studies dietary 

intervention with CLA showed diminution of fat depots, antidiabetic and antiatherogenic 

effects. The mechanism of these actions of CLA are not fully clarified at present and 

effectiveness of CLA in humans is not concluding. Our study investigated whether dietary 

CLA could attenuate visceral adiposity, insulin-resistance state and improve oxidative stress. 

Group of HHTg rats were fed for 2 months high sucrose diet with CLA (2g/100g) or with the 

same amount of sunflower oil (control group). CLA supplementation ameliorates insulin 

resistance, serum lipids levels and protect against weight of visceral adipose tissue and was 

not accompanied with ectopic lipid storage. Increased fatty acid oxidation in muscle and 

elevated adiponectin secretion after CLA supplementation may play a role in the mechanism 

of CLA actions. Beneficial effect of CLA-administration on serum lipids was not associated 

with amelioration parameters of oxidative stress in myocardium. But CLA supplementation 
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improves oxidative stress in the liver. Results support hypothesis on beneficial effects CLA-

treatment by metabolic syndrome.  

In our study CLA administration increased level of glutathione and activity antioxidant 

glutathione-dependent enzymes in liver. Beneficial effect of CLA on glutathione homeostasis 

may protect against the development of NAFLD. Beneficial effect of CLA on prevention and 

development NAFLD was observed in obese fa/fa Zucker rats (Nagao et al 2005). In other 

study, that compared effect CLA and PUFA n-3 and n-6, only CLA increased glutathione 

synthesis without increasing lipoperoxidation (Arab et al 2006). Via elevation of glutathione 

CLA may modulate cell redox status. Some authors noticed to different effects of  two main 

isomers of CLA (Riserus et al 2004).   

 

 

Effect of vitamin E administration: 

There is growing evidence that oxidative stress plays important role in cardiovascular 

disorders, but antioxidant supplementation is still controversial. Group of HHTg rats were fed 

for 3 weeks high sucrose diet with or without vitamin E in dose 500mg/kg as α-tocopherol 

acetate. α-Tocopherol supplementation elevated levels of this antioxidant in arterial wall and 

myocardium, where oxidative stress may induce cardiovascular impairment. α-Tocopherol 

supplementation had no negative effect on γ-tocopherol levels, than distribution between both 

tocopherols is not based on competition. Vitamin E administration markedly decreased 

lipoperoxidation in serum and myocardium and confirmed its protective effect on lipids and 

membrane. Other antioxidant system components and parameters of glucose metabolism were 

not affected after vitamin E administration.   

Although observational clinical and experimental studies support the beneficial effect of 

vitamin E on cardiovascular impairment, most of the interventional studies fail to show 

positive effect on cardiovascular mortality. Supplementation of vitamin E present only α-

tocopherol form and according to experimental studies α-tocopherol administration may 

decrease level of γ-tocopherol (Traber 2007) because α-tocopherol has higher affinity to liver 

TTP (tocopherol transpher protein), which prefentionaly incorporate it to nascent VLDL 

particles. Interestingly in small clinical study serum level of γ-tocopherol was decreased in 

patients with cardiovascular disorder, but levels of α-tocopherol wasn´t changed (Örwall 

1996). In our study we didn’t observe any decreasing of γ-tocopherol levels in serum or in 
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myocardium. It is possible when dietary intake of γ-tocopherol is enough, α-tocopherol 

supplementation does not reduce levels of γ-tocopherol. 

 

Metabolic effect of glutathione: 

Glutathione is a central component of many metabolic pathways. Recent studies suggest that 

glutathione is not only one of the most important antioxidant and a major regulator of the 

redox balance in the cell, but it can affect prostaglandin synthesis, tranmembrane transport of 

the amino acids, gene expression and cytokine production (Franco et al 2007). The liver is the 

main site of glutathione synthesis from where GSH is transported to other organs. 

Administration of oral glutathione increases hepatic GSH levels, however it is to be taken up 

poorly by cells and rapidly degraded by circulation. Precursors of glutathione such as GEE 

have not these disadvantages.  

The effect of glutathione precursor supplementation – glutathione ethyl esters (GEE) in dose 

30 mg/kg b.w. i.p. twice a day for 4 days were investigated in HHTg rats. Administration of 

GEE markedly increased level of glutathione in plasma and myocardium. Other antioxidants 

(ascorbic acid and α-tocopherol) as well as activities of antioxidant enzymes were 

significantly elevated in GEE-treated rats. GEE was also effective in reducing of parameters 

of lipoperoxidation in serum and myocardium. Results indicate that glutathione may 

significantly increased antioxidant defence capacity and may be thus beneficial in preventing 

of oxidative stress associated with insulin resistance and metabolic syndrome. 

Group of HHTg rats were subjected to oxidative stress by glutathione depletion by means of 

the glutathione synthase inhibitor buthionine sulfoximine  (BSO, 30mmol/l in drinking water) 

for one week. BSO-treated rats resulted in decreased plasma and myocardium glutathione 

concentration and elevated lipoperoxidation products, indicating increased oxidative stress. 

BSO-treated animals exhibited a reduction in other components of antioxidant system 

(ascorbic acid, α-tocopherol). BSO-administration reduced serum triglycerides. Glutathione 

depletion impaired the glucose tolerance and reduced insulin sensitivity in adipose tissue. 

Results indicate that glutathione depletion by BSO was associated with increasing oxidative 

stress, impaired glucose tolerance and insulin sensitivity of adipose tissue. Our date support 

hypothesis that increased oxidative stress can potentiate metabolic abnormalities associated 

with insulin resistance and metabolic syndrome.  

In clinical studies glutathione supplementation is used for improving diabetic complications 

or as consequences of dietary protein depletion. In patients with type 2 diabetes infusion of 
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insulin reduced oxidative stress and elevated intracellular GSH/GSSG rate, while infusion of 

glutathione improved insulin sensitivity in these patients (Bravi et al 2006). Impairment of 

balance between reduced and oxidizied form of glutathione can activate intracellular redox-

sensitive pathways, which involve cell proliferation and apoptosis and than can contribute to 

insulin resistance and cardiovascular disease (Wu et al 2004).  

 

 

Metabolic effect of lipoic acid: 

The possible therapeutic effect of lipoic acid (LA) concentrated on reduced cardiovascular 

risk for its beneficial effect on LDL oxidability, plasma lipids as well as hypertension. LA 

supplementation also improved diabetic polyneuropathy. Metabolic effect of  LA after 

intragastric administration in dose 30mg/kg/day for 2 weeks were investigated in HHTg rats. 

LA supplementation increseases glutathione concentration and antioxidant enzyme activity 

and decreased lipoperoxidation in myocardium and in the liver. But LA administration had no 

effect on α- and γ-tocopherol levels. On the other hand, LA supplementation decreased 

skeletal muscle triglycerides concentration and improved insulin sensitivity in muscle. LA has 

been involved in the recycling of the other antioxidants and also may improve peripheral 

glucose utilization. These different properties render LA a potentially attractive therapeutic 

agent for the treatment of insulin resistance. Our results support positive effect of LA 

supplementation on disorders associated with oxidative stress and insulin resistance and 

indicate dual effect of LA.  

Beneficial effect of LA can associated with its ability to maintain the redox state in cell. It is 

assumed positive effect of LA on glucose transporters GLUT4. In diabetes state is not 

impaired LA transport into cell, in comparison with ascorbic acid ( Singh a Jialal 2008). 

Lipoic acid acts as a multifunctional antioxidant, both form of LA (lipoic and dehydrolipoic 

acid) work as an antioxidant, LA can regenerate many others antioxidant.   

Many clinical studies with diabetic patients demonstrated beneficial effect of LA on insulin 

sensitivity, however only a few studies concentrated on its effect on cardiovascular 

complications associated with diabetes and metabolic syndrome. Positive results of LA on 

oxidative stress in our study conform to another study in diabetic apoE-/- mice (Yi  a Maeda 

2006. In this study LA supplementation decreased oxidative stress in serum and reduced 

atherosclerotic plaque, but there is not pursued oxidative stress in myocardium or other 

tissues. 
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Pharmacological intervention 

Fibrates (as gemfibrozil) are primarily used for the treatment of dyslipideamia. These agents 

regulate lipid metabolism by reducing triglycerides and increasing HDL cholesterol as well as 

by modulating LDL cholesterol (Calkin et al 2006). More recently it has been postulated that 

fibrates exert antiatherogenic actions independently of their effects on lipid metabolism. 

Oxidative stress could be one of the mechanisms, which is involved.  

Hypolipidemic therapy after gemfibrozil administration in a dose 0.1% for 3 weeks were 

investigated in HHTg rats. Gemfibrozil belongs to fibric acid drugs and acts as a PPARα 

ligands. Gemfibrozil treatment markedly reduced hypertriglyceridemia, decreased level of 

lipoperoxidation products and improved antioxidants status by increasing antioxidant 

enzymes SOD and catalase in blood, liver and myocardium. On the other hand gemfibrozil 

treatment did not affect the levels of α- and γ-tocopherol in myocardium. Results indicate that 

gemfibrozil has both hypolipidemic and antioxidant effect but improved oxidative stress don’t 

have be effective for all components of antioxidant system.  

According to Inoue (Inoue et al 1998) increased expression of antioxidant enzymes can be 

involved in mechanism of increasing activity of these enzymes after gemfibrozil 

administration. In HHTg rats we observed the similar antioxidant effect with PPRAγ agonist 

rosiglitazone (Šeda et al 2008).  
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5. CONCLUSION 

Clustering of cardiovascular risk factors – hypertriglyceridemia, elevated FFA, impaired 

glucose tolerance and hypertension in HHTg rats as a model of metabolic syndrome increased 

lipoperoxidation and aggravated antioxidant system in arterial wall and myocardium. 

Increased oxidative stress in arterial wall impaired bioavailability of NO. Obesity and 

growing age further potentiated these disturbances. 

Results of levels of antioxidant in diabetic rats indicated, that serum concentrations of 

antioxidant may not reflect their tissue levels and when are not enough α-tocopherol-

regenerating species, may potentiate prooxidant effect of vitamin E.  

Fat accumulation in the liver with increasing oxidative stress in SREBP-1a transgenic rats  

may play a causal role in the pathophysiology of non-alcoholic steatosis and its progression to 

steatohepatitis.   

Oxidative stress potentiated with glutathione depletion impaired glucose tolerance and 

reduced insulin sensitivity in adipose tissue. Thus increased oxidative stress can potentiate 

metabolic abnormalities associated with insulin resistance and metabolic syndrome.  

 

Nutritional supplementation with conjugated linoleic acid, vitamin E, glutathione ethyl esters 

or lipoic acid improve oxidative stress and may have a positive effect on abnormalities 

associated with insulin resistance and metabolic syndrome. 

On the other hand results with gemfibrozil administration indicate, that this fibrate has both 

hypolipidemic and antioxidant effect but improved oxidative stress do not have be effective 

for all components of antioxidant system.  
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6. SUMMARY 

Metabolic syndrome is a common and complex disorder combining obesity, dyslipidemia, 

hypertension and insulin resistance. It is primary risk factor for type 2 diabetes and 

cardiovascular disease. The metabolic syndrome includes an increased waist circumference, 

elevated serum glucose, triacylglycerols and blood pressure, as well as a low HDL-cholesterol 

concentration. The pathogenetic mechanism of the metabolic abnormalities associated with 

metabolic syndrome is not fully clarified, but recent studies suggest that oxidative stress could 

play a key role in the pathogenesis of metabolic syndrome and its complications and could be 

common pathogenic factor underlying insulin resistance, diabetes type 2 and cardiovascular 

disease. Excess generation of highly reactive free radicals and/or decreased antioxidant 

defence system cause oxidative stress. The really places, where free radicals originated and 

antioxidant effected, are tissues. Than the Thesis focus on parameters of oxidative stress in 

tissues and their metabolic consequences.  

Clustering of cardiovascular risk factors – hypertriglyceridemia, elevated FFA, impaired 

glucose tolerance and hypertension in HHTg rats as a model of metabolic syndrome increased 

lipoperoxidation and aggravated antioxidant system in arterial wall and myocardium. 

Increased oxidative stress in arterial wall impaired bioavailability of NO. Obesity and 

growing age further potentiated these disturbances. Results in diabetic and 

hypertriglyceridemic rats indicated, that serum and tissue levels of antioxidant could be 

different. Results also suggest that when are not enough α-tocopherol-regenerating species, 

prooxidant effect of vitamin E may be induced. 

Fat accumulation in the liver with increasing oxidative stress in SREBP-1a transgenic rats  

may play a causal role in the pathophysiology of non-alcoholic steatosis as a novel component 

of metabolic syndrome and may participate on progression of steatosis to steatohepatitis. 

Oxidative stress potentiated with glutathione depletion impaired glucose tolerance and 

reduced adipose tissue insulin sensitivity. Thus increased oxidative stress can potentiate 

metabolic abnormalities associated with insulin resistance and metabolic syndrome. 

It may be concluded that metabolic syndrome and its complications are characterized by 

increased oxidative stress in arterial wall, myocardium and liver, a relevant factor contributing 

to the development of metabolic and cardiovascular disorders.   

 

The next part of the Thesis concentrated on the possibilities of positive affect on oxidative 

stress by nutritional or pharmacological intervention. CLA-administration improved oxidative 

stress in the liver and had a beneficial effect on body composition, plasma lipids as well as 
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insulin sensitivity. Vitamin E supplementation markedly reduced lipoperoxidation in 

myocardium and had a protective effect on lipids and membranes. Glutathione precursor 

treatment markedly increased not only levels of glutathione in myocardium but also other 

enzymatic as well as non-enzymatic antioxidants. Lipoic acid administration confirmed its 

pleiotropic metabolic effect. Lipoic acid improved insulin sensitivity and decreased oxidative 

stress in the liver and myocardium. Gemfibrozil administration indicates, that this fibrate has 

both lipolipidemic and antioxidant effect but improved oxidative stress do not have be 

effective for all components of antioxidant system.  

Oxidative stress in tissues well correlates with relevance of metabolic abnormalities 

accompanying metabolic syndrome and could be a target for nutritional and pharmacologic 

intervention, that affect more components of antioxidant system. 
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8. LIST OF ABBREVIATIONS 

AA  ascorbic acid 
AGE  advanced glycosylation endproduct 
AUC  area under curve 
BMI  body mass index 
BSO  buthionine sulfoximine 
CAT  catalase 
CD  conjugated diens 
CLA  conjugated linoleic acid 
CRP  C-reactive protein 
DAG  diacylglycerol  
DHLA  dihydrolipoic acid  
ELISA  enzyme-liked imunosorbent assay       
FFA  free fatty acid 
GEE  glutathione ethyl ester 
GLUT  glucose transporter 
GPx  glutathione peroxidase 
GR  glutathione reductase 
GSH  reduced glutathione 
GSSG  oxidisied glutathione 
HDL  high density lipoprotein 
HHTg  hypertriglycerideamia 
4-HNE  4-hydroxide nonenale 
HPLC  high performance liquid chromatography 
ICAM  intercellular adhesion molecule 
JNK/SAPK NH2-terminal Jun kinase/stress activated protein kinase 
LA  lipoic acid 
LDL  low density lipoprotein 
MAPK  mitogen-activated protein kinase 
MDA  malonedialdehyde 
NADPH nicotinamide adenine dinucleotide phosphate 
NAFLD non-alcoholic fatty liver disease 
NASH  non-alcoholic steatohepatitides 
NFκB  nuclear factor κ B 
NO  nitric oxide 
eNOS  endothelial nitric oxide synthase 
OGTT  oral glucose tolerance test  
PKC  protein kinase C 
PPARα peroxisome proliferator-activated receptor α 
PPARγ  peroxisome proliferator-activated receptor γ 
PUFA  polyunsaturated fatty acid 
RNS  reactive nitrogen species 
ROS  reactive oxygen species 
SHR  spontaneously hypertensive rats 
SOD  superoxide dismutase 
SREBP-1a sterol regulatory element-biding protein-1a 
VLDL  very low density lipoprotein 
VSMC  vascular smooth muscle cell 
TBARS thiobarbituric reagent species 
Tg  triglycerides 
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