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1. Abstract 

 

Background: Type two diabetes mellitus is a complex metabolic disorder accompanied by 

vascular complications. Failure to maintain good glucose homeostasis is associated with 

increased risk of micro- and macrovascular complications. Insulin resistance is a hallmark of 

the disease. Early intensive glycemic control and induction of normoglycemia in type 2 

diabetes resulted in an improved insulin sensitivity. Furthermore, short term (2- or 3-week 

long) intensive insulin therapy results in improved glycemic control, endothelial function, 

decrease of insulin resistance, and leads to extended remissions in which only diet is needed 

to maintain normoglycemia. However the exact mechanisms of the disease modifying effects 

of transient intensive insulin therapy are still unclear. Eliminating glucotoxicity by achieving 

normoglycemia could be a reasonable mechanism. Furthermore, a wealth of evidence 

implicates that increased oxidative stress plays a major role in the pathogenesis of insulin 

resistance. Redox state has been implicated in regulating vasomotor activity; however, the 

effect of acute and chronic oxidative stress on insulin-induced vasomotor responses is 

relatively unknown.  

 

Aims: In order to study the effect of prevailing redox state i.) insulin-, SNP- and 

acetylcholine-evoked relaxations of consecutive arterial segments of different redox state 

were studied. In additional experiments the effect of modulation the redox state by pro- and 

antioxidant substances and arterial hypertension on vascular insulin sensitivity was 

investigated. The role of ii.) extracellular signal-regulated kinase (ERK) pathway was studied 

in various redox environments. Furthermore, we hypothesized, that – beyond the acute 
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effect of oxidative stress on vascular function – after acute exposure to oxidative stress long-

lasting alterations in vasomotor activity are mediated by oxidative modified molecules. 

Therefore, we tested the hypothesis if iii.) the incorporation of exogenously applied ortho-

tyrosine - an oxidized amino acid - in the arterial wall in vivo iv.) and in endothelial cells in 

vitro impairs insulin-dependent eNOS phosphorylation and vascular functions. Our results 

may shed a light on a completely new mechanism by which deterioration of the regulation of 

vascular redox state might lead to chronic alterations of vascular function. 

 

Methods: The animal experiments were conducted on male Sprague-Dawley rats. The effect 

of arterial hypertension on vascular activity and redox state was studied in an aortic banding 

model. In the tyrosine isomer incorporation studies rats were fed with o-Tyr for 4 weeks. 

Insulin-induced vasomotor responses of isolated aortic segments and femoral artery were 

studied using wire myography. Oxidative state of the vascular segments was increased by 

preincubation of the arteries by hydrogen peroxide/aminotriazole (H2O2+AT) and decreased 

by superoxide dismutase/catalase (SOD+CAT) pretreatment. Primary cultures of mouse 

endothelial cells (ECs) were used in cell culture experiments. Vascular and endothelial o-Tyr 

content was measured by HPLC, whereas immunoblot analyses were preformed to detect 

eNOS phosphorylation in endothelial cells. 

 

Results: The oxidative state, as assessed by ortho-tyrosine was higher in thoracic aorta of 

rats, followed by the abdominal aorta, and was the lowest in the femoral artery. ad i) 

Insulin-induced relaxations increased toward the periphery (i.e. thoracic < abdominal < 

femoral). ad ii) Hydrogen peroxide/aminotriazole treatment and aortic banding increased 
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oxidative state of the thoracic aorta that was accompanied by ERK activation and decreased 

relaxation to insulin, and vice versa, acutely lowered oxidative state by superoxide 

dismutase/catalase improved relaxation. In contrast, insulin-induced relaxation of the 

femoral artery could be enhanced with higher, and reduced with lower oxidative state. ad iii) 

Sustained oral supplementation of rats with ortho-tyrosine increased the ortho-tyrosine 

content and reduced the relaxations to insulin in all arterial segments. ad iv) Incorporation 

of ortho-tyrosine in endothelial cells mitigated eNOS phosphorylation to insulin. 

 

Conclusions: Our results indicate, that prevailing redox state of vessels modulates the 

magnitude of vasomotor responses to insulin, which appears to be mediated via the ERK 

signaling pathway. Experimental induced hypertension leads to increased oxidative burden, 

accompanied by decreased vascular insulin sensitivity. In absence of acute oxidative stress, 

incorporation of the oxidative modified ortho-tyrosine attenuates insulin-induced 

vasorelaxations, at least in part, by decreasing eNOS activation. Our results provide a novel 

mechanistic insight for the higher prevalence of vascular dysfunction among diabetic 

patients. 
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2. Összefoglalás 

Háttér: A 2-es típusú cukorbetegség komplex metabolikus rendellenesség, mely súlyos 

érszövődményekkel társul. A vércukorháztartás kisiklása a mikro- és makrovaszkuláris 

szövődmények előfordulásának drasztikus növekedéséhez vezet. Az inzulin-rezisztencia a 

kórkép központi problémája. A korai és megfelelő glikémiás kontroll jelentősen javítja az 

inzulin-érzékenységet. Ezenkívül ismert, hogy a rövidtávú, intenzív inzulin terápia javítja a 

glikémiás kontrollt, az endothel funkciót, csökkenti az inzulin-rezisztenciát és akár a betegség 

remisszójához is vezethet, mely alatt csupán a megfelelő diétás kezelés is elegendő lehet a 

normoglikémia fenntartásához. Ezt a jelenséget "áttörésnek" hívják. Mindazonáltal 

ismeretlen, hogy pontosan miként vezet e rövidtávú, intenzív inzulinkezelés a betegség 

remissziójához. Feltételezhető, hogy többek között a glukotoxicitás csökkenése játszhat 

fontos szerepet a folyamatban. Ezenkívül jelentős mennyiségű kísérletes adat támasztja alá 

az oxidatív stressz szerepét az inzulin-rezisztencia pathogenezisében. A vaszkuláris redox 

státusz jelentős szerepet játszik az értónus szabályozásában, azonban az akut és krónikus 

oxidatív stressz szerepe a vaszkuláris inzulin-rezisztenciában és ennélfogva az inzulin által 

kiváltott vazodilatációra kevésbé tisztázott.  

Célkitűzés: Az érfalban a fiziológiás jelátvitelben résztvevő oxidatív hatások jelentőségének 

vizsgálatához i.) az artériás rendszer különböző szegmenseinek redox szintjét és vazomotor 

válaszát vizsgáltuk inzulin, SNP illetve acetilkolin hatására. Kísérleteink során továbbá azt 

vizsgáltuk, hogy pro- illetve antioxidáns vegyületek hozzáadása, illetve kísérleti hipertenzió 

előidézése miként befolyásolja a vaszkuláris inzulin rezisztenciát. ii.) Különös figyelmet 

szenteltünk az ERK jelátviteli útvonal inzulin rezisztenciában betöltött szerepének 

vizsgálatára. Feltételezésünk szerint az oxidatív stressz közvetlen, akut érhatásain felül az 

oxidatívan módosított molekulák krónikus érfunkció károsodáshoz vezethetnek, akár az akut 



 11 

oxidatív behatás elmúlta után is. Ezen elmélet alapján vizsgáltuk iii.) az exongén hozzáadott 

o-tyr beépülését az érfalba in vivo és az endothelialis sejtekbe in vitro, majd tanulmányoztuk, 

iv.) hogy ez a beépülés miként befolyásolhatja az érfunkciót és az inzulin indukálta eNOS 

foszforilációt az endothelben. Vizsgálataink célja egy - az érfunkció krónikus oxidatív 

károsodásához vezető - eddig ismeretlen mechanizmus felderítése volt. 

Methodika: Az állatkísérleteket hím Sprague-Dawley patkányokon végeztük. A hipertónia 

érfunkcióra és vaszkuláris redox állapotra kifejtett hátasait “aortic banding” modellen 

vizsgáltuk. A tirozin izomer érfalba történő beépülését 4 hétig o-tyr-al etetett patkányok 

artériáiban vizsgátuk. Az inzulin indukált vazorelaxaciót különböző aortaszakaszokban és a 

femorális artériában myograf segítségével teszteltük. Az erek oxidatív állapotát 

H2O2/aminotriazole-al (H2O2+AT) emeltük és szuperoxid dizmutáz/kataláz-zal (SOD+CAT) 

csökkentettük. Az in vitro endothel kísérletekben primer egér endothelsejtkultúrát 

használtunk. A vaszkuláris és endotheliális o-tyr mennyiséget HPLC-vel mértük, míg az 

endotheliális eNOS foszforilaciót immunblot analízissel határoztuk meg.  

Eredmények: Az o-tyr mennyisége alapján mért oxidativ terhelés a mellkasi aortában a 

legmagasabb, ezt követi a hasi aorta, végül a femoralis arteriában a legalacsonyabb. Ad i.) Az 

inzulin kiváltotta vazorelaxáció mérteke a perifériás erek irányba nőtt (értsd: mellkasi aorta < 

hasi aorta < femoralis artéria). Ad ii.) Mind a H2O2+AT kezelés, mind a kísérletes hipertenzió 

emelte a mellkasi aorta redox szintjét, valamint aktiválta az ERK jelátviteli útvonalat, így 

csökkentve az inzulin okozta vazorelaxációt. Fordítva, a SOD+CAT előkezelés csökkentette a 

mellkasi aorta oxidatív állapotát és növelte az inzulin által kiváltott vazorelaxációt. Ezzel 

ellentétben, a femoralis artériában a magasabb oxidatív állapot növelte, míg az alacsonyabb 

csökkentette az inzulin okozta vazodilataciót. Ad iii.) A patkányok rendszeres, orális úton 

történő o-tyr bevitele növelte az érfalak o-tyrozin tartalmát és csökkentette az inzulin okozta 
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vazorelaxációt az összes vizsgált érszegmensben. Ad iv.) Az o-tyrozin beépülése az 

endothelsejtekbe csökkentette az inzulin indukálta eNOS foszforilációt. 

Következtetések: Eredményeink alapján elmondható, hogy a fennálló oxidatív státusz 

jelentősen befolyásolja az inzulinra adott vasomotor választ, melyben az ERK jelátviteli 

útvonal jelentős szerepet játszik. A prooxidánsokkal való előkezelés valamint a kísérletes 

hypertónia egyaránt megnövekedett oxidatív terhelést jelent az érrendszer számára, mely 

csökkent vaszkuláris inzulinérzékenységgel jár. Az o-tyr – a hidroxil szabad gyök által keltett 

kóros fenilalanin származék - beépülése az érfalba akut oxidatív stressz hiányában is 

csökkenti az inzulinra adott vazorelaxáció mértékét. Ennek egyik oka valószínűleg a csökkent 

inzulin indukálta eNOS foszforiláció. Eredményeink egy eddig ismeretlen, a vaszkuláris 

inzulinrezisztencia kialakulásában szerepet játszó mechanizmusra világítanak rá, melynek 

potenciális szerepe lehet a diabéteszes érdiszfunkció kialakulásában. 
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3. Introduction – Clinical significance of the vascular insulin resistance 

 

The worldwide prevalence of type 2 diabetes mellitus is increasing rapidly and is a major 

cause of mortality. The chronic complications of the disease are responsible for the majority 

of morbidity and mortality. Chronic complications can be divided into vascular and non-

vascular complications. Failure to maintain good glucose homeostasis is associated with 

increased risk of macrovascular complications, first of all stroke and heart attacks, which are 

the main causes of mortality. Furthermore, lower extremity arterial disease is one of the 

leading causes of nontraumatic amputations. The role of hyperglycemia has been 

established by many prospective studies, however hemoglobin A1c (HbA1c) and duration of 

diabetes explained only a part of the variation of vascular complications, suggesting other 

factors in the pathogenesis of cardiovascular complications of diabetes mellitus.1-3 

 Development of insulin resistance is the hallmark of the disease and the pathogenesis of 

vascular complications. The development of vascular insulin resistance is multifactorial: it 

may involve genetic factors, structural changes of the arterial wall, inflammation, metabolic 

disturbances and oxidative stress. Vascular insulin resistance is an early event in the 

development of hypertension and may increase arterial stiffness, which could explain why 

hypertension is associated tightly with type 2 diabetes mellitus.4 

 

4. Insulin induced vasomotor response and vascular redox state 

Regulation of redox state plays a pivotal role in the regulation of physiological 

vascular function. Variation of redox state along the arterial tree may explain – at least in 

part – the differences between the response of various arterial segments to vasoactive 
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agents like insulin, acetylcholine or SNP. Deterioration of the delicate balance between pro- 

and antioxidative factors results in impaired endothelial function, vasomotor activity and 

redistribution of tissue blood flow. Vascular oxidative stress is thought to be the link in 

diabetic and hypertensive vascular disease. An impaired insulin signaling has been observed 

in essential hypertension.5 The role of redox signaling in vascular insulin signaling and the 

multiple mechanisms leading to vascular insulin resistance will be discussed below. 

 

4.1 Physiological effects of insulin on the vasomotor activity 

 Insulin is one of the major hormonal regulators of tissue metabolism, but it has also a 

pivotal role in regulating vasomotor activity.6, 7 Vascular effects of insulin could be 

manifested in dilation and/or constriction.8  

 The vasodilator action of insulin is primarily attributed to the release of nitric oxide 

(NO) from the endothelium produced via the phosphatidylinositol 3-kinase/Akt (PI3K/Akt) 

pathway.9, 10  

 However, insulin is able to cause rapid release of endothelin-1 (ET-1) via ERK 

activation.11 Inhibition of PI3K has been observed in insulin-induced vasoconstriction, which 

is abolished by the extracellular signal-regulated kinase (ERK)-inhibitor PD98059.8  

Moreover, insulin-induced dilation of skeletal muscle arteries is uncovered by inhibiting ERK, 

in the absence of PI3K-inhibition8, indicating that insulin-induced vasoconstriction is mainly 

mediated by the activation of ERK pathway.  

 Also reactive oxygen and nitrogen species thought to play an important role in the 

physiological insulin signaling; oxidants like hydrogen peroxide have insulin-mimicking 
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effects, on the other hand insulin induces ROS and RNS production.12 These reactive species 

act as second messenger in insulin signal transduction.  

Insulin receptor

PI3K/AKT
Ras/MAPK/

ERK

1. eNOS/NO ↑
2. Vasodilaton

1. ROS ↑
2. ET-1 ↑
3. Vasoconstriction

 

Figure 1. Dichotomization of vascular insulin signaling. The PI3K pathway mediates 
vasodilatation by stimulation of NO production via phosphorylation of eNOS at Ser1179 via 
AKT pathway. On the other hand, the MAPK/ERK pathway is thought to mediate 
vasoconstriction by release of ET-1 and generation of reactive oxygen specieses (ROS). A 
possible imbalance in the downstream signaling by PI3K and MAPK/ERK pathway is 
hypothesized in insulin resistance. 

 

4.2 Role of reactive oxygen species in the vascular insulin signaling 

Oxidative stress is a consequence of imbalance between free radical production and 

antioxidant capacity. The oxygen molecule can be reduced by non-enzymatic and enzymatic 

reactions to chemically inert water (Figure 2). The first step of reactive oxygen specieses 

(ROS) production is often the 1 electron reduction of molecular oxygen to superoxide anion 

(•O2
-). Superoxide anion reacts with itself in a constant rate, but superoxide dismutase is 
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able to accelerate the reaction to form hydrogen peroxide (H2O2) and water (H2O). Next, we 

will discuss the main signaling pathways, by which redox state influences the physiological 

vascular function.  

O2
.O2 H2O2

.OH               H2O
e- e- e- e-

4 e-

catalase/peroxidases (2 e-)

Oxidases SOD Fenton
Haber-Weiss

NO

ONOO-

 

Figure 2. Formation of reactive oxygen species and peroxinitrite. 

 

4.2.1 Redox signaling and the regulation of the vascular tone 

Reactive oxygen species are now considered as important regulators of physiological 

vascular function. NAD(P)H oxidases (Nox), mitochondria, nitric oxide synthases, xanthine 

oxidase, cytochrome P 450 and cyclooxygenases are important sources of ROS in vascular 

smooth muscle cells (VSMC) and endothelium. Numerous physiological and 

pathophysiological stimuli can lead to acute changes in redox state in the vessel wall, e.g. 

hemodynamic forces - intraluminal pressure and blood flow/shear, several hormones, 

glucose, and other plasma constituents. 13-16 There is a variety of different mechanisms for 

interaction of ROS with vascular signaling systems (Figure 3). 
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Reacive species Interaction

•O2
- • Inactivation of NO

• Production of ONOO-

H2O2 • Stimulation of ERK
• Interaction with COX, PGI2 and GSH peroxidase
• Stimulation of sGC

•OH • Generation of lipid oxidation products
• Oxidation of thiols

 

Figure 3. Interaction of reactive oxygen species with vascular signaling pathways. 

 

4.2.2 Interaction of superoxide anion with NO 

ROS can inhibit the release of NO by several ways. Despite its short half-life and low 

intracellular concentration, superoxide anion (•O2
-) is able to interact with NO - resulting in 

reduced bioavailability of NO - and forming different reactive species, including the strongly 

oxidant peroxynitrite, which directly modify protein tyrosine groups, unsaturated fatty acids 

and thiols by nitrosation, oxidation or nitration, leading to altered protein function or even 

irreversible protein damage. Peroxynitrite and other ROS are able to uncouple eNOS leading 

to decreased NO production. ROS can also reduce tetrahydrobiopterin (BH4) availability - a 

cofactor of eNOS - which is required to NO synthesis.  

 

4.2.3 Formation of hydrogen peroxide 

Compared to •O2
- hydrogen peroxide (H2O2) is more stable and has a higher 

intracellular concentration. Due to its non-polar structure H2O2 is able to pass cell 

membranes with a relative long diffusion distance, allowing to act as an ideal messenger 
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molecule in cellular signaling.17 The generation of H2O2 by SOD from superoxide is the major 

cellular defense against superoxide and another important pathway, by which ROS can 

interact with vascular signaling systems. Enzymatic metabolism of H2O2 by catalase, 

gultathion peroxidase and peroxiredoxins is the most efficient way to interact with vascular 

signaling: catalase is able to activate sGC while metabolizing peroxide, gluthation peroxidase 

and peroxiredoxins are regulating thiol-status of proteins acting in vascular signal 

transduction. Vasomotor effects of H2O2 have been widely investigated, the nature of which 

however varied.18-20 Accordingly, H2O2 elicited relaxation through the activation of soluble 

guanylate cyclase (sGC)21, 22, whereas H2O2 was shown to result in constriction both in 

arterioles and venules.18 All these responses could be inhibited by catalase.23, 24  Of note, ERK 

inhibitors are able to attenuate the contractile effect of H2O2, suggesting that ERK may play a 

role in the development of contraction. 23, 24  

Insulin induces the production of H2O2 by activating Nox4 through PI3K and Rac, 

which in turn leads to enhanced insulin receptor autophospholylation and the inhibition of 

PTP1B and PTEN, which are negative regulators of insulin signaling.12 It has been 

demonstrated, that impairment of Nox4 activity leads to decreased IR and IRS-1 decreased 

insulin action.17 Moreover, insulin-induced vasoconstriction appears to be mediated in part 

by H2O2.12, 25 ERK ½ has been shown to be activated by either endogenous generated ROS or 

exogenous H2O2, mediating insulin-evoked vasoconstriction by release of ET-1. 

 

4.2.4 Role of the hydroxyl radical in vascular signaling 

The highly reactive hydroxyl radical (•OH) originating from endothelial superoxide 

has been shown to stimulate COX through activating ERK 26 and mediates the augmented 
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angiotensin II evoked vascular responses in thoracic aorta of spontaneously hypertensive 

rats.27 Moreover, exogenous hydroxyl radical may inactivate sGC in cerebral arterioles.28 It 

has been demonstrated, that hydroxyl radical is implicated in diabetes-induced vascular 

dysfunction.29, 30 

 

4.2.5 Physiological variation of redox state along the arterial tree 

 Regional differences of vascular redox state due to ROS and their interaction with 

vascular signaling systems is thought to contribute to the variability in vascular regulation of 

different arterial segments. 

 Protein expression levels of Cu/Zn and Mn SOD, glutathione peroxidase and catalase 

have been shown to be higher in the abdominal aorta compared with the thoracic aorta of 

rats 31. Protein expression of SOD3 is higher in the femoral artery of the swine compared to 

the thoracic aorta; SOD activity in rat femoral artery is also 1.5 fold higher than in thoracic 

aorta 32, 33. Acetylcholine-induced relaxation of femoral artery is less disturbed by diabetes in 

rats compared to iliac arteries, which may indicate greater antioxidant capacity 34. 

 

4.3 Impact of various pathophysiological conditions on vascular redox state 
 

 Various pathopysiological processes are accompanied by changes in vascular 

oxidative state. Diseases like hypertension, kidney disease and diabetes can alter the balance 

between pro- and antioxidant forces, resulting in flawed vascular function. The most 

established effects of common pathologic states on vascular redox state are discussed 

below. 
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4.3.1 Hypertension and vascular redox state 

 Hypertension is associated with fundamental functional and vascular alterations, 

such as endothelial dysfunction, vascular remodeling and altered vascular contractility. 

Vascular ROS und RNS generation is stimulated by mechanical forces, vasoactive and 

hormonal agents such as angiotensin II or aldosteron. ROS influence various downstream 

signaling pathways, resulting in altered vascular reactivity, expression of pro-inflammatory 

mediators and structural changes in vascular wall. 35 Of note, central aortic pressures may be 

an independent predictor of cardiovascular morbidity and mortality.36 Stiffeness of conduit 

arteries have a major impact on central aortic pressure. Aortic stiffness is often simplified as 

a thickening of the vessel wall. However, it is regulated by various factors, such as 

inflammatory cytokines, alterations in vascular smooth muscle cells and the extracellular 

matrix and endothelial dysfunction. Interestingly, pre-diabetic state is associated with 

increased aortic stiffness unrelated to wall thickness, suggesting other pathomechanisms. 

Endothelial cells are now thought to be an important regulator of arterial stiffness by 

influencing vascular tone, permeability and inflammation. Endothelial dysfunction is 

associated with insulin resistance and increased aortic stiffness. Deterioration of insulin- but 

not acetylcholine induced vasorelaxation is prior in hypertensive rats, suggesting, that 

vascular insulin resistance is an early event in the development of hypertension.4 

 

4.3.2 Diabetes mellitus and vascular redox state 
 

 There is a huge body of evidence in involvement of ROS in diabetic vascular disease. 

Increased ROS levels are important trigger for insulin resistance in different models of insulin 

resistance.37 It has been hypothesized, that mitochondrial overproduction of ROS might be 
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the common activator of the most damaging pathways in diabetes, such as AGE-, PKC-, 

hexosamine- and polyol pathway or inhibition of GAPDH.1 Increased NAD(P)H-oxidase 

dependent superoxide production was observed in human saphenous vein or uterine 

arteries obtained from diabetic patients. Similar results were obtained in experimental 

hyperglycaemia. Treatment with SOD and catalase or gene transfer of CuZnSOD and MnSOD 

reversed endothelial dysfunction in diabetic animals. eNOS uncoupling and mitochondria are 

also thought to contribute to increased superoxide production in diabetes.38  

 

4.4 Vascular insulin resistance  

 Loss of NO bioavailability, accumulation of ROS, metabolic alterations, impaired 

insulin signaling and inflammatory responses of the endothelium leading to endothelial 

dysfunction are thought to be the hallmark of vascular insulin resistance. Both acetylcholine 

and insulin are known to stimulate vasodilation and increased blood flow in an NO-

dependent fashion. Insulin induced NO production is blunted under conditions of insulin 

resistance 39 and increased ET-1 production further aggravates the imbalance between 

insulin-induced vasoconstriction and vasodilation, resulting in diminished insulin-dependent 

vasorelaxation. It has been shown that acetylcholine dependent endothelium derived 

relaxations are impaired in diabetes 29, 40-43, two recent reports have demonstrated regional 

differences along the arterial tree under normal and diabetic conditions 34, 44. Acetylcholine-

induced relaxations were progressively smaller along the arterial tree, i.e. in the femoral 

artery vs. iliac artery vs. aorta. The diabetic group exhibited an overall slower rate of 

relaxation compared to control, but the femoral vessels were less likely to be affected by 

diabetes, which suggest a possible resistance of this vascular region to diabetes.  
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4.4.1 Role of hyperglycemia in the vascular insulin resistance 

Hyperglycemia is the major risk factor of microvascular complications of diabetes. 

Every 1% decrement of HbA1c is associated with 25-30% reduction of microvascular 

complications like retinopathy, neuropathy and nephropathy. Moreover macrovascular 

complications, such as stroke and myocardial infarction are the primary cause of mortality in 

type 2 diabetic patients. It has been demonstrated, that hyperglycemia is associated with 

endothelial barrier injury and vascular hyperpermeability.  

A number of pathophysiological processes are involved in vascular and endothelial 

defects caused by hyperglycemia, such as production of ROS, PARP-activation, inhibition of 

the glycolysis enzyme D-glyceraldehide-3-phosphate dehydrogenase (GAPDH) with 

subsequent activation of protein kinase C (PKC), hexosamine pathway, generation of 

methylglyoxal, advanced glycation end products (AGEs) and reduction of NADPH/NAHP+ 

ratio by activating the polyol pathway (Figure 4). 
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Figure 4. Mechanism of hyperglycemia induced cellular damage. (Adapted from Ferdinando 
Giacco and Michael Brownlee. Oxidative Stress and Diabetic Complications. Circ. Res. 
2010;107;1058-1070) 

 

A number of vascular regulatory systems are influenced by NAD(P)H redox, which is in 

particular affected by glucose metabolism and mitochondrial function. Glucose-6-phosphate 

dehydrogenase and phosphogluconate dehydrogenase are the main sources of NADPH 

generation in the cytosol of vascular tissue. NAD(P)H may function as substrates of Nox 

oxidases, thus could directly influence superoxide generation and hence ROS signaling. 

Moreover, influencing the peroxide metabolism by interfering with glutathione peroxidase 

and peroxiredoxins is the major route for ROS to interact with thiol-redox signaling.  

AGEs are formed by the non-enzymetic reaction of glycating compounds like glucose 

and proteins (Figure 5). The reaction leading to the formation of AGES may take several 
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weeks or months. Beyond the endogen production of AGEs, dietary intake is another 

important source of circulating AGEs.45 
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Figure 5. Non-enzymatic synthesis of advanced glycation endproducts (AGEs). 

 

AGEs can alter intra- and extracellular protein function or induce ROS production via RAGE 

(receptor for AGEs) subsequently activating NF-κB signaling. This pathway plays an important 

role in diabetic neuropathy, and atherosclerosis. AGEs might play a crucial role in post-

ischemic angiogenesis and impaired wound healing. 1 

 

4.4.2 Inflammation in the vascular insulin resistance 

 Type II diabetes and obesity are associated with chronic low grade inflammation. 46 

AGEs, reduced NO bioavailability and increased ROS production due to glucotoxicity leads to 

exaggerated inflammatory activation mainly by NF-kB pathway.11, 46 This in turn leads to 

leukocyte adhesion and activation through expression of cell adhesion molecules and 

production of cytokines.11 The influx of leukocytes through the arterial wall is considered 

one of the major hallmark of endothelial damage and atherosclerosis. Moreover, infiltrating, 

activated macrophages in the adipose tissue are thought to be one of the main sources of 

systemic inflammation through secreting various pro-inflammatory cytokines. The increased 
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production of cytokines from fat and other cells aggrevates the oxidative burden by 

activating the NAD(P)H oxidase, thus closing a vicious circle (Figure 6). 

 

Glucotoxicity Oxidative stress

NF-κB

Production of cytokines

NAD(P)H
oxidase

 

Figure 6. Gucotoxicity induced viciosus circle of production of reactive oxygen species.  

 

4.4.3 Redox state and acute oxidative stress in the vascular insulin resistance 

 Increased ROS levels play an important role in the development of impaired response 

to insulin.37 Vasodilation to insulin (similarly to acetylcholine) is mainly NO dependent.47 An 

increased vasorelaxation to acetylcholine in the arterial tree towards the periphery was 

reported in other studies. 34, 44, 48 These findings are supporting the role of endothelium in 

the regional differences of insulin-induced vasorelaxation.  Therefore, regional differences in 

endothelial NO availability (in part by NO inactivation) and endothelial dysfunction could be 

a common mechanism resulting in different magnitude of vasorelaxation to acetylcholine 

towards the peripheral arteries and – at least in part - in the pathogenesis of acetylcholine- 

and insulin-resistance. In addition, in rat aorta H2O2 (both in the absence or presence of 3-

amino-1,2,4-triazole) led to profound inhibition of acetylcholine-induced vasorelaxation. 49, 50 

On the other hand, pretreatment with SOD+CAT resulted in enhanced vasorelaxation to 
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acetylcholine in rat aorta. 51, 52 Acethylcoline-induced vasorelaxation was also widely 

investigated in different animal models and under differential experimental settings, like 

coarctation-induced hypertension, diabetes or increased oxidative stress. 31-33, 44, 47, 52, 53 

Coarctation induced hypertension was associated with increased nitrotyrosine abundance in 

the aorta, denoting enhanced ROS-mediated inactivation and sequestration of NO. 54 

Moreover, increased levels of aorta thiobarbituric acid reactive substance (TBARS) 50 and 

superoxide levels are found in the vasculature of diabetic rats indicating increased oxidative 

damage 29, 42. 

 

4.4.4 Long term consequences of oxidative stress 

 

One target of the oxidative damage is proteins, which could lead to cellular dysfunction 

and serve as an ideal biological of oxidative burden. Oxidation of the Low Density 

Lipoprotein (LDL) plays a crucial role in the atherogenesis. Peroxynitrite and other RNS cause 

nitration on thiol or tyrosine groups of proteins leading also to altered protein function. 

Protein tyrosine nitration of SOD, prostacyclin synthase, tyrosine hydroxylase, aldolase A and 

Ca2+-ATPase (SERCA) inhibits the enzymatic activity. 55 Formation of mixed disulfide bridges 

between a reactive cysteine molecules and glutathione - called S-glutathyonylation - may 

regulate eNOS, ryanodine receptor, Na+/K+ Pump and SERCA. However, measurement of 

nitrotyrosine or S-glutathyonylation as a clinical biomarker hampered by i.a. methodological 

difficulities. 
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4.4.4.1 Oxidative modifications of L-tyrosine by hydroxyl radical 

H2O2 may give rise to the production of more reactive intermediates like hydroxyl 

radical (·OH)29, which can attack e.g. phenylalanine residues to form para-, meta- and ortho-

tyrosine (p-, m- and o-Tyr; Figure 7).56-59 Moreover, also peroxinitrite has hydroxyl radical-

like properties and generates o- and m-tyrosine from phenylalanine. 

p-Tyr

m-Tyr

o-Tyr

•OH

 

Figure 7. Conversion reactions of phenylalanine to para-, meta- and ortho-tyrosine. The wide 
arrow represents the enzymatic reaction, while the narrow arrow () shows the reactions in 
the presence of hydroxyl free radical. Phe: phenylalanine; p-Tyr: para-tyrosine; m-Tyr: meta-
tyrosine; o-Tyr: orthotyrosine; ˙OH, hydroxyl free radical. (Molnar et al.) 

 

Oxidized amino acids could originate from protein bound amino acids 56, or may 

incorporate into proteins during synthesis resulting in a polypeptide without direct oxidative 

damage of the protein itself.60-62 In line, free m-Tyr are incorporated into cellular proteins 

possibly via protein synthesis to exert cytotoxic actions.62 Furthermore, o-Tyr and m-Tyr 

levels were found to be significantly higher in the aortic tissue of hyperglycemic cynomolgus 
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monkeys compared to control littermates.56 Misincorporation of m-Tyr into structural or 

catalytic proteins could also contribute to the impaired cellular function, such as 

erythropoietin-hyporesponsiveness in erythroblasts (as verified by our workgroup) and 

inhibition of tumor growth in vivo, possibly by interfering with MAP/ERK signaling 63, 64.  Of 

note, cytotoxicity of m-Tyr can be blocked in vitro with phenylalanine60, which suggests that 

L-phenylalanine tRNA synthase recognizes m-Tyr to affect incorporation of ROS-damaged 

amino acids into cellular proteins.60 However, incorporation of m-Tyr and o-Tyr into proteins, 

as well as the physiological consequences of exogenous administration of these tyrosine 

isomers have not been investigated in experimental models. The pathophysiological role and 

consequences of this pathway in vivo are unknown. 

 

4.4.5 Hyperglycemic memory 

Generally, most of the deteriorated signaling pathways due to insulin resistance are 

of reversible nature, if euglycemia is restored. Improvement in glucose homeostasis − due to 

intensive insulin treatment − could lead to reduced oxidative damage. However, there is 

solid evidence that the cardiovascular complications progress after correcting hyperglycemia 

- called “hyperglycemic memory” -, suggesting that not only acute oxidative stress is 

responsible for the beneficial effect.65  Conversely it was shown that early and tight glucose 

control has beneficial effects on cardiovascular complications even after subsequent 

worsening of glucose homeostasis − called “glycemic memory” − suggesting other patho-

mechanisms as well.65, 66 The underlying mechanisms are still elusive. Since the process is 

potentially reversible, it is highly unlikely that direct DNA damage or mutations play a causal 

role. On the other hand, acute changes in oxidative state should have an immediate effect 

on the progress of the disease. These observations may be explained rather by various 
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changes in cellular function, e.g. protein modification by advanced glycation end products 

(AGEs) or ROS, which could lead to altered protein-function. Indeed, transient hyperglycemia 

induces posttranslational changes, which persisted at least 6 days under subsequent 

normoglycemic conditions. Generation of AGEs and oxidative stress are hypothesized to 

induce structural and functional (i.e.: inflammation) changes, explaining in part the 

phenomenon.37, 46, 65 
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5. Aims 

We hypothesized that redox state of consecutive segments of the arterial tree 

decreases toward the periphery and concomitantly, NO-mediated insulin-induced 

relaxations increases toward the periphery. Our work was also designed to study the in vivo 

effects of oxidized amino acid (o-Tyr) supplementation on vascular function. 

In order to test our hypotheses: 

- we determined and modulated the redox state of three consecutive segments of 

the arterial tree, the thoracic and abdominal aorta, and the femoral artery.(A) 

- we also measured the relaxation of these consecutive arterial segments in response 

to insulin (A) 

- decrease in vasorelaxation due to insulin was tested under control conditions and 

after modulating their redox state by aortic banding14-16, 67 and H2O2-aminotriazole49, 

68, both of which are known to increase vascular redox state. (A) 

- Also, we studied the role of ERK pathway in mediating the insulin-induced 

 vasomotor responses. (A)  

- Furthermore, we determined the effects of o-Tyr and p-Tyr supplementation on 

vascular insulin resistance(B), and  

- the mechanism of action using endothelial cells in vitro and vascular segments ex 

vivo, in both acute and chronic conditions. (B) 
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6. Methods 

6.1 Animals and tissue preparation(A,B) 

Animal experiments were carried out with the permission of the Animal Experiment 

Committee of the University of Pécs, Hungary. Adult (11-13 week-old, 320-380 g), male 

Sprague-Dawley fed with regular diet ad libitum were employed in the non-interventional 

experiments. Prior to studies, rats were anesthetized with intraperitoneal ketamine 

injections (50 mg/ bw kg, i.p.; Richter Gedeon, Budapest, Hungary) and sacrificed by 

decapitation. 

As previously described 15, aortic banding was conducted using male Sprague-Dawley 

rats (8 week-old) with an average weight of 220 g. Under general anesthesia with ketamine 

(50 mg/ bw kg, i.p.) and diazepam (5 mg/ bw kg, i.p.; Richter Gedeon, Budapest, Hungary), 

the abdominal cavity was opened, and the abdominal aorta was surgically dissected from 

the inferior vena cava at a site slightly above the iliac bifurcation. A 21-gauge needle was 

then placed along the side of the isolated segment of the aorta. Thereafter, a 2-0 suture was 

tightly tied around the aorta and the overlying needle. The needle was then gently removed, 

generating thus severe aortic banding above the iliac bifurcation (Figure 8). After four weeks, 

rats were anesthetized and decapitated as described above. Aortic banded rats exhibited 

elevated mean arterial blood pressure proximally from the banding. 15 
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Figure 8. Schematic view of consecutive arterial segments of Sprague-Dawley rats used in 
the experiments. The proximal segments of the thoracic (a) and abdominal aorta (c) and the 
femoral artery (e) were used to determine o-Tyr content with HPLC analysis. The distal parts 
of the same thoracic aorta (b), abdominal aorta (d) and femoral artery (f) segments were 
used to assess vasomotor function. Arrow indicates the site of aortic banding. 

 

 

Male Sprague-Dawley rats (5-6 week-old, 100-140 g) were used in the tyrosine 

isomer incorporation studies. Two-hours fasted rats were orally supplied by gavage with 

either 1.76 mg/die of p-Tyr or o-Tyr (Sigma-Aldrich, St. Louis, MO, USA) dissolved in saline or 

vehicle (saline only) during six days per week for four weeks (Figure 9). At the end of four-

week treatment, one group of rats was sacrificed after anesthesia with ketamine, and HPLC 

(high-performance liquid chromatography) and vasomotor studies were performed. In 

another group of rats, p-Tyr/o-Tyr supplementation was discontinued for four weeks 

(“washout” period) after which they were sacrificed for HPLC and vasomotor studies (Figure 

9). 
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Figure 9. Experimental study protocol of tyrosine isomer supplementation in Sprague-
Dawley rats. At the start, fasted, male rats (5-6 week-old) were orally supplied with either 
para-tyrosine (p-Tyr) or ortho-tyrosine (o-Tyr) dissolved in saline or vehicle (saline only) for 
four weeks (see also in Methods section). At the end of four-week supplementation, rats 
were either sacrificed for HPLC and vasomotor studies or subjected to a four-week long 
‘washout period’ by stopping the tyrosine isomer supplementation and sacrificed at the end 
of 8th week for HPLC and vasomotor studies. 

 

 

The descending thoracic aorta, the abdominal aorta, and the femoral arteries were 

removed (Figure 8), cleaned from connective tissue followed by their dissections into two 

sections. The proximal sections were immediately hydrolyzed for HPLC analyses. The distal 

parts were used for vasomotor studies. 

 

6.2 Assessment of oxidative status and tyrosine isomer incorporation in the 

consecutive arterial segments(A,B) 

Due to the fact that hydroxyl free radical has extremely short half-life and its 

detection is very limited69; we used an alternate approach to detect the stable end-product 

of oxidative reactions, o-Tyr, which is an isomer of the natural amino acid L-tyrosine.56-59 The 

proximal sections of the given vascular segments were hydrolyzed in well-closing, O-ring 

protected polypropylene tubes. Desferrioxamine and butylated hydroxytoluene (at final a 
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concentration of 3.6 mM and 45 mM, respectively) were added to the samples to avoid a 

possible free radical formation during hydrolysis. Then 200 µl of 12N hydrochloric acid was 

added, and we performed an overnight acid hydrolysis of the proteins at 120°C.58 The 

hydrolyzates were then filtered through a 0.2 µM filter (Millipore Co., Billerica, MA, USA), 

and 20 µL of the filtrate was injected onto the HPLC column of a Shimadzu Class LC-10 ADVP 

HPLC system (Shimadzu USA Manufacturing Inc., Canby, OR, USA) using a Rheodyne manual 

injector. Quantitative analysis of the amino acids was carried out upon their 

autofluorescence using a LiChroCHART 250-4 column (Merck KGaA, Darmstadt, Germany), in 

an isocratic run using aqueous solution containing 1% acetic acid and 1% sodium acetate as 

the mobile phase. The tyrosine isoforms were measured at 275 nm excitation and 305 nm 

emission wavelengths, so were the phenylalanine levels at 258 nm excitation and 288 nm 

emission wavelengths using a Shimadzu RF-10 AXL fluorescent detector (Shimadzu USA 

Manufacturing Inc., Canby, OR, USA) upon their autofluorescence (Figure 10). Therefore, no 

pre-column or post-column staining or derivatization was required.58, 59 The area under-the-

curve (AUC) was determined for the amino acids, and exact concentrations were calculated 

using external standard calibration. In some cases the elution time of the substances was 

also verified by standard peak-addition method. The amino acid concentrations were 

corrected for phenylalanine concentrations. 
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Figure 10. Representative HPLC chromatograms showing amino acid analyses of para-
tyrosine (p-Tyr), ortho-tyrosine (o-Tyr) and phenylalanine (Phe) in the wall of consecutive 
arterial segments: A) thoracic aorta; B) abdominal aorta; C) the femoral artery isolated from 
non-supplemented rats. Interruptions of curves are due to change in detection sensitivity, 
which was 32-times higher in case of o-Tyr elution (10.5 min to 19 min) and was lower 
during the detection of Phe (at 18-19 min). 
 
 
 

6.3 Assessment of vasomotor function of the consecutive arterial segments(A,B) 

The modified method described by Fésüs et al.70 was used. The distal parts of the 

vessels were dissected into 2 mm long segments in ice-cold Krebs buffer, and rings were 

mounted on two stainless steel wires (40 μM in diameter) in a Danish Multimyograph Model 

610M (DMT-USA Inc., Atlanta, GA, USA) (Figure 11).  
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Figure 11. Danish Multimyograph Model 610M (left) and a mounted 2 mm long arterial ring 
(right).70 

 

Vessels were bathed at 37˚C in Krebs buffer (pH 7.4) containing (in mM) NaCl 119.0, 

KCl 4.7, KH2PO4 1.2, NaHCO3 25.0, Mg2SO4 1.2, glucose 11.1, CaCl2*2H2O 1.6 and gassed with 

5% CO2 and 95% O2. The resting tension/internal circumference relationship for each vessel 

was determined and then the internal circumference was set to 0.9 x L100, where L100 is 

the internal circumference of the vessel that would have in vivo when being relaxed under a 

transmural pressure of 100 mmHg. After this normalization procedure, vessels were allowed 

to stabilize for 30 min, then isometric tension was continuously recorded. Rings were pre-

constricted with 100 nM epinephrine. After reaching a stabile contraction plateau, relaxant 

responses to increasing doses of acetylcholine (ACh), insulin, and sodium nitroprusside (SNP) 

were assessed. The magnitude of relaxation caused by ACh, insulin, and SNP was expressed 

as the percentage of the contraction evoked by epinephrine which was taken 100% (Figure 

12).  
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Figure 12. Original recording of relaxation of femoral artery isolated from rat in response to 
increasing concentrations of insulin. Insulin-evoked vasorelaxation were expressed as the 
percentage of the contraction evoked by 100 nM epinephrine which was taken 100%. 

 

Further enhancement of antioxidant capacity was achieved by catalase (CAT; 1000 

U/ml) and superoxide dismutase (SOD; 200 U/ml). The pro-oxidant effect of H2O2 (50µM) 

was enhanced with the CAT-inhibitor aminotriazole (AT; 1 mM).68 On the other hand, in the 

presence of inhibition of endogenous catalase activity we were able to investigate the 

effects of peroxidases.49 SOD and CAT (SOD+CAT) and H2O2 and AT (H2O2+AT) were added to 

the vessel chamber 20 min before epinephrine to modulate vascular redox state. To test the 

role of ERK pathway in mediating the H2O2+AT-induced vasoconstriction and the attenuation 

of insulin-evoked vasorelaxation, we used PD98059 (PD; 10 µM and 50 µM) – an inhibitor of 

the mitogen-activated protein kinase kinase (MAPKK) – to inhibit ERK activation.24 PD was 

added to the vessel chamber 30 min prior to the addition of epinephrine. 

Acetylcholine, sodium nitroprusside, insulin, epinephrine, H2O2, aminotriazole, 

superoxide dismutase, catalase, PD98059, and Mg2SO4 were obtained from Sigma-Aldrich 

(St. Louis, MO, USA). The NaCl, KCl, KH2PO4, NaHCO3, CaCl2*2H2O, and glucose were 

purchased from Merck (Merck KGaA, Darmstadt, Germany). 
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6.4 Cell culture(B) 

Primary cultures of mouse endothelial cells (ECs) from endothelioma were purchased 

from LGC Promochem (Taddington, UK). ECs were grown in Dulbecco’s modified Eagle 

medium (DMEM; Gibco, Csertex, Budapest, Hungary) supplemented with 10% Fetal Bovine 

Serum (Gibco) and 2% mixture of penicillin-streptomycin (Gibco) in a humidified incubator at 

37°C and 5% CO2. The medium was changed every 2 days. ECs cultures were randomly 

assigned into three groups and were incubated in media containing 1) 400 µM p-Tyr 

(Control); 2) 800 µM p-Tyr (p-Tyr); and 3) 400-400 µM p-Tyr and o-Tyr (o-Tyr); for 8 days or 

30 min to detect chronic vs. acute effects. ECs were incubated with insulin (400 µM, 5 min) 

to assess the changes of its downstream effects on eNOS phosphorylation. At the end of 

experiments, ECs were scraped off mechanically and processed for further analyses. 

 

6.5 Assessment of tyrosine isomer incorporation in endothelial cells(B) 

The total protein-bound cellular tyrosine content of ECs was measured by a method 

described by Molnár et al.58 After adding 200 μl of distilled water, samples were sonicated 

for 2 min with ultrasonic homogenizer to obtain cell lysates. After the addition of 100 μL of 

60% trichloroacetic acid, samples were centrifuged (4000 rpm, 10 min) and the sediment 

was resuspended in 200 μL of 1% trichloroacetic acid. After resuspension, 100 μl of 60% 

trichloroacetic acid was added to the lysates followed by a second centrifugation (4000 rpm, 

10 min) then previous steps were repeated once again. Finally, 4 µL of 400 mM 

desferrioxamine and 40 µL of 500 mM butylated hydroxytoluene were added to the 

sediments to avoid a possible free radical formation during hydrolysis. Then 400 µL of 6N 
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hydrochloric acid was added to the samples followed by processing steps for HPLC method 

as described above. 

 

6.6 Western blot analyses(B) 

To assess eNOS phosphorylation, immunoblot analyses as we previously described 

were used.71 ECs were solubilized in Tris-Triton extraction buffer [1 M Tris-HCl (pH 7.4), 

1.15% Triton X-100, 500 mM EDTA, 200 mM EGTA supplemented with a mixture of protease 

and phosphatase inhibitors] on ice for 30 min. Cell lysates were centrifuged (13,000 rpm, 10 

min) then protein content of the supernatants was determined with the Bio-Rad protein 

assay kit (Hercules, CA, USA) using bovine serum albumin (BSA) as the standard. Equal 

amounts of proteins were resolved by SDS-PAGE and transferred to PVDF membranes 

(Millipore, Billerica, MA, USA). Equal protein loading was confirmed by Ponceau-S staining. 

Membranes were blocked in Tris base saline containing 0.1 v/v % Tween and 5 w/v % BSA 

(TBS-T-5% BSA) for 60 min at room temperature. The blots were then probed with primary 

antibody against phospho-(Ser1177)-eNOS (1:1000; Cell Signaling, Beverly, MA, USA) diluted 

in TBS-T-5% BSA for overnight at 4°C, followed by washing steps and incubation with 

secondary, HRP-conjugated anti-rabbit IgG antibody (1:2000; Cell Signaling) for 60 min at 

room temperature. Immunoblots were the visualized by enhanced chemiluminescence (ECL; 

Super-Signal West Pico, Thermo Fisher Scientific, MA, USA) and developed on X-ray films 

(Kodak XAR, Sigma-Aldrich). For densitometric analyses the Scion Image for Windows 

Software (Frederick, MD, USA) was used. Phospho-(Ser1177)-eNOS levels were corrected for 

total eNOS which was detected by reprobing the blots after stripping as described 

elsewhere.71 
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6.7 Statistical analyses(A,B) 

Data are expressed as means ± SEM. All distributions were tested by Kolmogorov-

Smirnov test. Statistical analyses were performed with ANOVA, extra sum-of-squares F test, 

non-parametric tests as appropriate using SPSS 15.0 (SPSS Inc., Chicago, IL, USA) and 

GraphPad Prism5 (GraphPad Software Inc., La Jolla, CA, USA). Statistically significant 

differences were defined as P ≤ 0.05. 
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7. Results 

7.1 Redox state, as indicated by ortho-Tyrosine (o-Tyr) levels in the wall of consecutive 

arterial segments isolated from untreated rats(A) 

The highest o-Tyr content was measured in the thoracic aorta, followed by the 

abdominal aorta, and the lowest amount was measured in the femoral artery, indicating that 

the redox state of consecutive arterial segments assessed by o-Tyr decreases toward the 

periphery (Figure 13A). In addition, in the presence of H2O2+aminotriazole (AT) the o-Tyr 

content was higher in the thoracic aorta, but there was no difference in the o-Tyr content of 

the abdominal aorta and femoral artery compared to control (Figure 13B). In case of aortic 

banding, changes in the o-Tyr content closely mirrored that seen with H2O2+AT treatment, 

showing significantly higher levels in the thoracic aorta of rats and with no difference in the 

abdominal aorta or the femoral artery compared to controls (Figure 13B). Addition of 

superoxide dismutase and catalase (SOD+CAT) resulted in significantly lower o-Tyr content in 

the thoracic aorta and the femoral artery, but not in the abdominal aorta compared to 

control vessels (Figure 13B). 
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Figure 13. A) The ortho-tyrosine (o-Tyr) levels of consecutive arterial segments isolated from 
non-supplemented rats. B) The changes of o-Tyr levels in consecutive arterial segments of 
rats after H2O2+AT treatment (i.e. high redox state), SOD+CAT treatment (i.e. low redox 
state) and aortic banding compared to control vessels. Control: untreated, control vessels; 
H2O2+AT: hydrogen peroxide and aminotriazole incubated vessels; SOD+CAT: superoxide 
dismutase and catalase incubated vessels. Data are means ± SEM (n=4-9). The o-Tyr levels 
are relative to the phenylalanine (Phe) levels (Panel A, B) and expressed as the percentage of 
control vessels (panel B). 
* P < 0.05; NS P > 0.05 (ANOVA); 
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7.2 Vasomotor responses of consecutive arterial segments isolated from untreated 

rats(A) 

 

In response to insulin, we found clear differences in the magnitude of relaxation of 

the consecutive arterial segments (Figure 14). The EC50 value of insulin was lower in the 

femoral artery compared to both the thoracic and abdominal aorta.  
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Figure 14. The dose-response curve of insulin-induced relaxation of consecutive arterial 
segments isolated from non-supplemented rats. Relaxation is depicted as a function of 
logarithm of insulin dose. Data are means ± SEM (n=7). 
* P < 0.05; NS P > 0.05 (Extra sum-of-squares F test); 
 

 

Moreover, the EC50 value of insulin was lower in the abdominal aorta compared to 

thoracic aorta (Figures 13 and 14). Together, the results indicate that insulin-induced 
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vasorelaxation increases towards the periphery. We also found similar differences in the 

relaxation of the same arterial segments in response to acetylcholine (ACh; Figure 15A) and 

sodium-nitroprusside (SNP; Figure 15B). 
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Figure 15. The dose-response curve of A) acetylcholine- and B) sodium-nitroprusside induced 
relaxations of consecutive arterial segments isolated from non-supplemented rats. Data 
indicate that acetylcholine- and sodium-nitroprusside-induced relaxations increase towards 
the peripheral segments. Relaxation is depicted as a function of logarithm of the agonist 
dose. Data are means ± SEM (n=4-7). 

* P < 0.05; NS P > 0.05 (Extra sum-of-squares F test); 
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Insulin induced vasodilatation is mediated mainly through the PI3K/AKT/eNOS 

pathway. Inhibition of eNOS with L-NAME almost abolished insulin-evoked vasodilatation 

(Figure 16). 
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Figure 16. Insulin-induced relaxations of abdominal aortae: in presence or absence of L-
NAME. Data are means ± SEM (n=4). (Two-Way ANOVA) * P < 0.05 

 

 

However, the partipication of eNOS derivered NO in the insulin-induced 

vasorelaxation decreases towards the pariphery (Figure 17). Morover, a major proportion of 

the vasorelaxant effect in response to insulin is endothelium-independent in the femoral 

artery (Figure 17C).  
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Figure 17. Insulin-induced relaxations of the thoracic (A) and abdominal aorta (B) and of the 
femoral artery (C): under control conditions, in presence of L-NAME or after endothelial 
denudation. Data are means ± SEM (n=3-4). 
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7.3 Effects of the redox state modulation by SOD+CAT and H2O2+AT on vasomotor 

responses of consecutive arterial segments isolated from untreated rats(A) 

In order to test the hypothesis that redox state plays an important role in the 

modulation of the magnitude of vasomotor responses of different vascular segments to 

insulin, the vessels were incubated with SOD+CAT to decrease, or with H2O2+AT to increase 

redox state, respectively. 

In the thoracic aorta, insulin-induced relaxation was significantly enhanced in the 

presence of SOD+CAT (Figure 18). In the abdominal aorta, SOD+CAT did not change the 

relaxation in response to insulin (Figure 18), whereas in the femoral artery SOD+CAT 

treatment reduced relaxation to insulin (Figure 18). However, the magnitude of aortic 

responses to insulin+SOD+CAT did not reach the level of the untreated femoral artery. 

Noteworthy, there were significant differences in insulin-induced relaxations between the 

thoracic aorta after SOD+CAT and the untreated femoral artery (Figure 18); and between the 

ACh-induced relaxations in the thoracic or abdominal aorta with SOD+CAT and the untreated 

femoral artery (Figure 19).  
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Figure 18. The effect of low redox state with superoxide dismutase and catalase (SOD+CAT) 
treatment on insulin-induced relaxation of consecutive arterial segments isolated from non-
supplemented rats. Logarithms of the half-effective doses of insulin (logEC50) are shown for 
all segments after insulin and insulin+SOD+CAT treatment. A value closer to zero indicates 
that higher insulin doses are required to achieve the same magnitude of relaxation (i.e. less 
sensitive to insulin). Data are means ± SEM (n=6-7). * P < 0.05; NS P > 0.05 (Extra sum-of-
squares F test); 
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Figure 19. The effect of low redox state elicited with superoxide dismutase and catalase 
(SOD+CAT) treatment on acetylcholine (ACh)-induced relaxation of consecutive arterial 
segments isolated from non-supplemented rats. Logarithms of the half-effective doses of 
acetylcholine (logEC50) are shown for all segments after ACh and ACh+SOD+CAT treatment. 
A value closer to zero indicates that higher ACh doses are required to achieve the same 
magnitude of relaxation (i.e. less sensitive to ACh). Data are means ± SEM (n=6-7). 

* P < 0.05; NS P > 0.05 (Extra sum-of-squares F test); 

 

Addition of H2O2+AT significantly attenuated the insulin-induced relaxation in the 

thoracic aorta (Figure 20), but did not alter the response of the abdominal aorta (Figure 20). 

In contrast, presence of H2O2+AT significantly augmented the insulin-induced relaxation in 

the femoral artery (Figure 20). 
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Figure 20. The effect of high redox state with hydrogen peroxide and aminotriazole 
(H2O2+AT) treatment and ERK inhibition (PD, PD98059) on insulin-induced relaxation of 
consecutive arterial segments isolated from non-supplemented rats. The effect of PD98059 
could not be tested in the femoral artery due to methodological reasons. Data are means ± 
SEM (n=4-7). 

* P < 0.05; NS P > 0.05 (Extra sum-of-squares F test); 

 

 

7.4 Effects of the redox state modulation by aortic banding on vasomotor responses of 

consecutive arterial segments isolated from untreated rats(A) 

We also used aortic banding to modulate the redox state and hence the vascular 

ortho-tyrosine content, which we showed earlier in rats to increase blood pressure 

proximally from the banding in both the thoracic and abdominal segments of the aorta.14, 15 

Here we have found that aortic banding significantly diminished the insulin-induced 

relaxations in both the thoracic and abdominal aortic segments (Figure 21). However, distal 
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to the banding, relaxation of the femoral artery remained unaltered in response to insulin 

(Figure 21). 
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Figure 21. The effect of high redox state by aortic banding and ERK inhibition (PD, PD98059) 
on insulin-induced relaxation of consecutive arterial segments isolated from non-
supplemented rats. Logarithms of the half-effective doses (logEC50) are shown in segments 
after insulin. Data are means ± SEM (n=5-7). 
* P < 0.05; NS P > 0.05 (Extra sum-of-squares F test); 

 

 

7.5 Effects of the ERK pathway inhibition on insulin-induced vasomotor responses of 

consecutive arterial segments isolated from untreated rats(A) 

To test the hypothesis that ERK signaling pathway contributes to the vasomotor 

responses to insulin, vessels were pre-incubated with the ERK-inhibitor PD98059 (PD; 10 µM, 

30 min). In the thoracic aorta, we found that PD98059 completely prevented the H2O2+AT-
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induced impairment of insulin-induced relaxations (Figure 20). Similar effects of PD98059 

were observed in aortic banding-induced impairment of insulin-induced relaxations (Figure 

21). In the abdominal aorta, PD98059 did not change the insulin-induced relaxation in the 

presence of H2O2+AT (Figure 20), but in the aortic banding model PD98059 partially reversed 

its diminished relaxation in response to insulin (Figure 21). In contrast, PD98059 completely 

inhibited the epinephrine-induced vasoconstriction in the femoral artery, thus enabling 

studies with femoral arteries under the preexisting, endogenous conditions, which are not 

shifted to another redox state by exogenous factors, i.e. by H2O2+AT or aortic banding. 

 

7.6 Effects of H2O2+AT and the ERK pathway inhibition on vasomotor responses of 

consecutive arterial segments isolated from untreated rats(A) 

In a subsequent set of experiments, H2O2+AT-induced transient constrictions were 

detected in all consecutive arterial segments in the absence of insulin (Figures 22A, B, and 

C).  
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Figure 22. The effect of high redox state with hydrogen peroxide and aminotriazole 
(H2O2+AT) treatment and ERK inhibition (PD, PD98059) on vasomotor responses of 
consecutive arterial segments isolated from non-supplemented rats. Original myograph 
recordings illustrate the H2O2+AT-induced transient constriction of the A) thoracic aorta 
(greatest response); B) abdominal aorta (smaller response); and C) femoral artery (poor 
response). D) Summary of data shows that addition of 10 μM and 50 μM PD98059, an 
inhibitor of the ERK pathway markedly prevented the H2O2+AT-induced constrictions of all 
three segments in a dose-dependent manner. H2O2+AT+PD(10): hydrogen peroxide and 
aminotriazole incubated vessels in the presence of 10 μM PD98059; H2O2+AT+PD(50): 
hydrogen peroxide and aminotriazole incubated vessels in the presence of 50 μM PD98059. 
Data are means ± SEM (n=4-24). 
* P < 0.05; NS P > 0.05; † P < 0.05 Vs. H2O2+AT Thoracic aorta; ‡ P < 0.05 Vs. H2O2+AT 
Abdominal aorta; # P < 0.05 Vs. H2O2+AT Femoral artery (Extra sum-of-squares F test); 

 

Results revealed the greatest constriction in the thoracic aorta, followed by a 

reduced response in the abdominal aorta, and a relatively weak constriction in the femoral 

artery (Figures 22A, B, and C). Addition of the ERK pathway inhibitor PD98059 dose-
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dependently prevented the H2O2+AT-induced constrictions in all consecutive arterial 

segments (Figure 22D). 

 

7.7 Effects of chronic oral o-Tyr supplementation of rats on the o-Tyr level in the 

vascular wall of isolated arterial segments(B) 

After one month oral supplementation of rats with p-Tyr, o-Tyr or vehicle, we 

measured the o-Tyr content in the thoracic and abdominal parts of the aorta and the 

femoral artery (Figure 23). Sustained administration of o-Tyr resulted in significant increases 

in the o-Tyr content of all three arterial segments, including the thoracic and abdominal 

aorta and the femoral artery compared to the control vessels of vehicle-treated rats (Figure 

23).  
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Figure 23. The effect of tyrosine isomer supplementation of rats on the vascular o-Tyr levels 
of isolated consecutive arterial segments (4th week). Sustained oral o-Tyr supplementation 
of rats (o-Tyr) significantly increased the o-Tyr content in all three arterial segments (i.e. 
thoracic and abdominal aorta, and femoral artery), while p-Tyr supplementation (p-Tyr) did 
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not alter o-Tyr levels compared to the vehicle-treated rats (Control). Vascular o-Tyr levels are 
relative to the phenylalanine (Phe) levels. Data are means ± SEM (n=4). 

 

Four weeks after the termination of tyrosine supplementation (at the 8th week) we 

also assessed the o-Tyr content of the same arterial segments and found no differences in 

the o-Tyr content between any of the treatment (o-Tyr, p-Tyr and vehicle) groups (data not 

shown). 

 

7.8 Effects of chronic p-Tyr and o-Tyr supplementation of rats on insulin-induced 

relaxation of isolated arterial segments(B) 

We determined whether sustained in vivo supplementation of rats with o-Tyr had any 

impact on insulin-induced relaxation ex vivo. We obtained significantly diminished response 

to insulin in the abdominal aorta and femoral artery of o-Tyr-treated rats compared to the 

vehicle- or the p-Tyr-treated groups (Figure 24). 
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Figure 24. The effect of tyrosine isomer supplementation of rats on insulin-induced 
relaxation of isolated consecutive arterial segments (4th week). Data are means ± SEM (n=4). 
* P < 0.05; NS P > 0.05; Panel B: (ANOVA); Panel C: # P < 0.05 Vs. Para (Extra sum-of-squares 
F test) 

 

In the thoracic aorta, there was no significant difference between the control and o-

Tyr-treated groups. In contrast, we found increased relaxation in response to insulin in the 

thoracic aorta isolated from p-Tyr-treated rats compared to other groups (Figure 24). Four 

weeks after the termination of tyrosine isomer supplementation (at the 8th week) we also 

assessed vasomotor responses of the arterial segments to insulin and found comparable 

insulin-induced relaxations in each arterial segment regardless of treatments (i.e. o-Tyr, p-

Tyr and vehicle) (data not shown). 
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7.9 Acute effects of tyrosine isomers on insulin-induced relaxation of the isolated rat 

arterial segments(B) 

In an additional set of experiments, we demonstrated that insulin-induced 

relaxations of each arterial segment remained unchanged after acute treatments (30 min) 

with p-Tyr, o-Tyr or vehicle (Figure 25). 
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Figure 25. Acute effects of tyrosine isomers on insulin-induced relaxations of the isolated rat 
arterial segments. Logarithms of the half-effective doses of insulin (logEC50) are shown for 
all examined segments. Data are means ± SEM (n=4). NS P > 0.05 (Extra sum-of-squares F 
test); 

 

7.10 Incorporation of p-Tyr and o-Tyr into proteins of cultured endothelial cells(B) 

To investigate the incorporation of different tyrosine isomers into proteins, we 

measured the relative concentration of protein-bound o-Tyr levels in ECs cultured in control 

and p-Tyr or o-Tyr supplemented media for 30 minutes (acute experiment) or 8 days 

(chronic experiment). In acute experiments, we found no differences between protein-

bound o-Tyr content of ECs incubated with different tyrosine isomers (Figure 26).  
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Figure 26. Incorporation of tyrosine isomers into proteins in cultured endothelial cells. 
Protein-bound o-Tyr levels are shown after short-term (Acute; 30 min) incubation of 
endothelial cells with normal medium (Control), p-Tyr- (p-Tyr) or o-Tyr- (o-Tyr) 
supplemented media. There was no change in the acute experiment. Cellular o-Tyr levels are 
relative to the phenylalanine (Phe) levels. Data are means ± SEM (n=7) 

 

In chronic experiments, proteins from o-Tyr-cultured ECs showed a higher relative o-

Tyr content compared to control and p-Tyr-cultured ECs (Figure 27). The o-Tyr content of 

control and p-Tyr-cultured ECs were comparable (Figure 27). 
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Figure 27. Incorporation of tyrosine isomers into proteins in cultured endothelial cells. 
Protein-bound o-Tyr levels are shown after long-term (Chronic; 8 days) incubation of 
endothelial cells with normal medium (Control), p-Tyr- (p-Tyr) or o-Tyr- (o-Tyr) 
supplemented media. As a result of chronic treatment, increased o-Tyr incorporation could 
be observed. Cellular o-Tyr levels are relative to the phenylalanine (Phe) levels. Data are 
means ± SEM (n=4-7) 

 

7.11 Effects of tyrosine isomers on insulin-induced eNOS phosphorylation in 

cultured endothelial cells(B) 

To determine whether decreased relaxation in response to insulin seen with 

increased o-Tyr levels was also associated with decreased eNOS activity, we assessed the 

activating phosphorylation of eNOS in response to insulin in endothelial cells cultured for 8 

days under normal condition (Control) or increased p-Tyr and o-Tyr isomer levels. 

Immunoblot analyses showed that activating eNOS phosphorylation in response to insulin 

was significantly attenuated in endothelial cells cultured with o-Tyr compared to control cells 

(Figure 28). 
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Figure 28. The effect of tyrosine isomers on insulin-induced eNOS phosphorylation in 

cultured endothelial cells. Upper panel: Representative immunoblots show the changes in 

eNOS Ser(1177) phosphorlyation (P-eNOS) in untreated and insulin-treated (Insulin; 400 nM) 

endothelial cells cultured in normal medium (Control), p-Tyr- (p-Tyr) or o-Tyr-(o-Tyr) 

supplemented media. Lower panel: Densitometric results showing that insulin-induced eNOS 

phosphorylation was significantly blunted in o-Tyr-cultured cells compared to control cells 

(Control). The phospho-eNOS level is expressed as the percentage of insulin-untreated cells 

after normalization to total eNOS (T-eNOS). Data are means ± SEM (n=4-7).* P < 0.05; NS P > 

0.05 (ANOVA) 
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8. Discussion 

Our study produced four novel findings:  

First, the redox state of consecutive arterial segments decreases towards the 

periphery and influenced the magnitude of vasomotor responses to insulin.  

Second, aortic banding increases redox state and decreases the relaxation to insulin 

in segments proximal from the ligation. This increased redox state of the thoracic aorta 

activates the ERK pathway leading to constriction and diminished insulin-induced relaxation. 

In contrast, in the femoral artery, the increased H2O2 level is associated with increased 

relaxation in response to insulin.  

Third, the redox state of the vessels can be acutely lowered (by SOD+CAT) to affect 

insulin-dependent relaxation of both thoracic aorta and femoral artery.  

Fourth, we propose a novel mechanism by which oxidative end-products, such as o-

Tyr may further impair vascular function. We found that chronic oral supplementation of 

rats with o-Tyr led to higher vascular o-Tyr content as well as reduced insulin-evoked 

relaxations of all vascular segments, whereas acute administration was ineffective. 

Moreover, chronic in vitro supplementation of cells with o-Tyr impaired the activation of 

eNOS. Taken together, our results suggest that ortho-tyrosine incorporation into the vessel 

wall attenuates insulin-induced relaxations, at least in part, by decreasing eNOS activation. 

 

Previous studies showed that redox state of vessels is an important determinant of 

their vasomotor function.13 However, the role of the redox state is not clear in vascular 

insulin signaling. Impaired coronary vasomotor response to insulin in diabetic Zucker rats has 

been explained by reactive oxygen species.72 On the other hand, there is convincing data 
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that the redox state influences physiological insulin signaling in adipocytes.12 Therefore, we 

hypothesized that delicate balance between insulin-evoked relaxation and constriction of 

vessels could be modulated by acute and chronic redox state changes. In line, the activation 

of ERK signaling by H2O2 is a well-known mechanism to impair the insulin action on 

vasomotor activity.73 Our results demonstrate that different redox state levels along the 

arterial tree concur and are responsible for the variability of insulin-induced vasomotor 

responses. Acutely increased redox state with H2O2 and AT, an inhibitor of the endogenous 

catalase, as well as its acute mitigation with ROS scavenger SOD+CAT, both resulted in 

altered vasomotor responses to insulin, indicating that redox signaling is involved even in the 

physiological insulin action. Consistent with acute changes, chronic modulations of redox 

state of consecutive arterial segments via tyrosine isomer supplementation or aortic banding 

also substantially affected the relaxations of vessels in response to insulin. 

Our findings are consistent with earlier studies showing that ERK activation inhibited 

the activation of Akt, which led to a reduced NO production.74 We demonstrated here for 

the first time that sustained treatment with o-Tyr markedly impaired the insulin-induced 

relaxation, at least in part, by eliciting endothelial dysfunction, as we found that sustained o-

Tyr treatment also decreased the insulin-induced activating eNOS phosphorylation in 

endothelial cells. These findings may suggest that increased o-Tyr availability – even without 

increased redox state – impairs vascular function. However, our results do not exclude the 

contributions of other mechanisms to the different vasomotor responses seen here, such as 

uncoupled eNOS activity or different ACh sensitivity along the aorta.75 Interestingly, eNOS 

activity shows increases in distal parts of the rabbit aorta.75 On the other hand, it has been 

also shown that there are regional differences in carbachol-induced relaxations in the 
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thoracic aorta of eNOS -/- mice53, thus different vascular reactivity of arterial segments to 

insulin cannot be explained solely by different regional distribution and activity of eNOS. 

 

8.1 Redox state of the wall of consecutive arterial segments decreases towards the 

periphery(A) 

We observed that the thoracic aorta showed the highest o-Tyr content compared to 

other distal consecutive vessels examined. Moreover, aortic banding or H2O2+AT treatment 

increased significantly the o-Tyr content of the thoracic aorta, but not in abdominal aorta 

and femoral arteries. Our data support the view that abdominal aorta, and in particular, the 

femoral artery may have higher antioxidant capacity compared to the thoracic aorta. In 

accordance, protein expression levels of SOD and glutathione peroxidase have been shown 

to be higher in the abdominal aorta compared with the thoracic aorta.67 Additionally, we 

found that SOD+CAT treatment was incapable of reducing o-Tyr levels in the abdominal 

aorta. The o-Tyr level was reduced by ~12% in the thoracic aorta and by ~75% in the femoral 

artery, suggesting that in aortic segments, especially in the abdominal aorta o-Tyr level could 

not be lowered by acute manipulation of redox state. 

 

8.2 Vasomotor responses of consecutive arterial segments to insulin: role of vascular 

redox state and ortho-tyrosine content(A) 

We found that decreased redox state – indicated by the low o-Tyr level – of the 

vascular wall towards the periphery (Figure 13A) is associated with a concomitant increase 

of vascular relaxations in response to insulin. Similar results were observed for ACh (Figure 

15A). However, there were no differences in SNP-evoked relaxations between the thoracic 
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and abdominal aorta (Figure 15B), thus differences in insulin-evoked relaxations are more 

likely to be a consequence of functional than structural differences. 

We observed that increased redox state of the thoracic aorta by aortic banding led to 

a diminished insulin-induced relaxation and this could be prevented by the ERK-inhibitor 

PD98059. Although impaired insulin-induced relaxation of the abdominal aorta by aortic 

banding was only partially restored with by PD98059 treatment (Figure 21), these data 

clearly indicate ERK-dependent mechanism in the diminished insulin response. Of note, we 

found that H2O2+AT treatment induced a transient constriction of all consecutive vessels, 

however, the greatest contraction occurred in the thoracic aorta and the lowest in the 

femoral artery. Thus the magnitude of contractions was directly proportional to the redox 

state level of segments (i.e. with higher redox state of the vessel the greater contraction 

could be observed). Constrictions evoked by H2O2+AT were dose-dependently abolished with 

the ERK-inhibitor PD98059 (Figure 22), which supports the notion that ERK pathway is crucial 

in mediating the ROS-induced vasomotor responses. These changes were associated with 

increased o-Tyr levels (Figure 13B), both of which were accompanied by reduced insulin-

evoked relaxation, and this was completely prevented by the ERK-inhibitor PD98059 (Figure 

20 and 21). Together, the data indicate that H2O2 and subsequent ERK activation could play a 

key role in vascular insulin resistance. Insulin-induced vasodilation is a spatially and 

temporally heterogeneous process: dilation of terminal limb arterioles is followed by 

relaxation of larger resistance vessels. 7, 76, 77 Differences in insulin-sensitivity of various 

arterial segments might contribute to redistribution of blood flow. Deterioration of this 

response in diabetes may contribute to vascular complications and be a potential cause of 

insulin resistance in muscle. While H2O2+AT treatment had no effect on insulin-induced 

relaxation in the abdominal aorta, it enhanced the insulin-induced relaxation in the femoral 
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artery, suggesting that H2O2 is involved in eliciting relaxation to insulin in arterial vessels with 

smaller caliber, as we found earlier.78 

 

8.3 Role of redox state, H2O2 and NO inactivation in insulin-induced relaxations(A) 

In the thoracic aorta, insulin-evoked relaxation was enhanced with lowering redox 

state by SOD+CAT (Figure 21) and could be inhibited by L-NAME (L-NG-nitroarginine methyl 

ester; data not shown) indicating an important role of NO in mediating the response. Thus 

NO inactivation with superoxide can be reduced by SOD+CAT79-81 and this may be 

responsible for the enhanced insulin-evoked relaxation. In the abdominal aorta, SOD+CAT 

did not have any effect on vasomotor function. Interestingly, the femoral artery showed an 

opposite response to antioxidant treatment where SOD+CAT resulted in impaired insulin-

evoked relaxation, suggesting also the possible involvement of H2O2 in eliciting relaxation of 

this artery in response to insulin (Figure 29). Of note, our findings are consistent with 

previous reports showing that H2O2 could act as a vasorelaxant via sGC activation, a 

mechanism which could be also present in the femoral artery.13, 18, 22 
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Figure 29. The different redox state modulates the regulation of vasomotor responses of 
consecutive arterial segments. The two major pathways of the vascular insulin signaling i.e. 
the vasorelaxant Akt/eNOS/NO and the vasoconstrictor ERK pathways are shown in the A) 
thoracic aorta; B) abdominal aorta and C) the femoral artery. Exposing vascular segments to 
superoxide (•O2-) and hydrogen peroxide (H2O2) leads to the inactivation of NO and the 
activation of ERK pathway resulting in vasoconstriction. Paradoxically, superoxide (•O2-) and 
hydrogen peroxide (H2O2) elicit relaxation of the femoral artery. The contributory effect of 
peroxidases (Px) in the elimination of H2O2 is the largest in the femoral artery and is higher in 
the abdominal compared to the thoracic aorta. [SOD: superoxide dismutase; CAT: catalase; 
AT: aminotriazole; L-NAME: L-NG-nitroarginine methyl ester; Px: character size is depicted to 
represent proportional activity of peroxidases]. 
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8.4 Incorporation of o-Tyr into the vascular wall of supplemented rats and the proteins 

of endothelial cells alters vascular and endothelial functions(B) 

We found that chronic oral administration of o-Tyr resulted in significant increases of 

the vascular o-Tyr content. In addition, chronic oral o-Tyr administration of rats resulted in 

severely reduced insulin-induced relaxations in the abdominal aorta and femoral artery. 

These findings support our hypothesis that chronic o-Tyr production via increased vascular 

redox state impairs vasomotor functions to insulin, which is typically an early sign of vascular 

insulin resistance (Figure 30).67  
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Figure 30. Putative adverse effects of increased cellular ortho-tyrosine levels. Increased level 

of ortho-tyrosine due to either exogenous (e.g. nutrition) or endogenous sources (i.e. 

increased oxidative stress in diabetes mellitus - DM, hypertension - HT, or inflammation) 

could promote ortho-tyrosine incorporation into a myriad of proteins with different 

functions, as well as oxidation of the protein-bound phenylalanine. The consequences of 

these molecular changes may include altered protein conformations and tyrosine 

phosphorylations leading to cellular dysfunction e.g. by interfering with critical signaling 

events such as, impaired insulin-induced Akt/eNOS activation and thus vasorelaxation. 

 

However, no differences in insulin-induced relaxations of the thoracic aorta were 

found between the o-Tyr and control group. This apparent discrepancy can be explained by a 

higher basal o-Tyr content in conjunction with greater vascular dysfunction in the thoracic 

aorta of non-supplemented rats, which could explain the lack of differences seen after o-Tyr 

supplementation. Thus it is conceivable that p-Tyr supplementation may be beneficial in this 

aortic segment for increasing the insulin-induced relaxation.  

As the insulin-induced relaxation is mainly mediated via endothelium-dependent 

mechanisms, we conducted in vitro experiments to investigate the effects of o-Tyr addition 

of endothelial cells on eNOS phosphorylation. We found that there were increased protein-

bound o-Tyr levels in o-Tyr-cultured endothelial cells accompanied by attenuated eNOS 

phosphorylation in response to insulin, indicating that incorporation of o-Tyr could impair 

endothelial function. Deterioration of the PI3K/Akt/eNOS/NO pathway that mediates the 

vasorelaxant effects of insulin9, 10 could contribute to development of vascular insulin 

resistance. Our data demonstrate that adverse effects of o-Tyr are not mediated through an 

acute mechanism, as the short-term (30 min) incubation of endothelial cells and vascular 

segments with o-Tyr had no effect on endothelial o-Tyr incorporation as well as failed to 

evoke impaired vascular insulin sensitivity (Figure 25). 
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8.5 Limitation of our study(A,B) 

We did not perform dose adjustment of tyrosine isomer supplementation during the 

course of the in vivo study, although rats almost tripled their weights. However, the lack of 

dose adjustment most likely would not substantially change the outcomes of the study. We 

demonstrated the increased level of incorporated o-Tyr in endothelial cells and vascular 

segments after chronic supplementation of o-Tyr, as well as its relationship with impaired 

endothelial and vascular responses to insulin; however, our knowledge of the mechanistic 

link is still limited. Further studies are warranted to better understand differential 

incorporation of tyrosine isomers into endothelial and smooth muscle cells in vivo and to 

elucidate precise mechanisms of their pathophysiological actions. 

 

8.6 Clinical significance 

Impaired regulation of tissue blood flow in diabetes mellitus and its consequences 

are major clinical problems being one of the major health burdens world-wide 6, 7. Thus 

understanding the molecular pathomechanisms of vascular insulin resistance can have 

tremendous beneficial implications for interfering and treating diabetes related vasomotor 

dysfunction, such as macro- and micorangiopathies. One could speculate that pathogenic 

mechanisms involved in vascular insulin resistance are somewhat common with those of the 

metabolic insulin resistance e.g. in adipose tissue 6, 7 and thus both could manifest 

simultaneously. Our results could also advance explanation why hypertension is associated 

tightly with type 2 diabetes mellitus. Specifically, as a consequence of increased redox state 

related to diabetes mellitus, the accumulation of o-Tyr in the vascular wall impairs insulin-
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signaling by interfering with the production of vasodilator NO by eNOS, contributing to the 

development of high blood pressure. Patients with type 2 diabetes and chronic kidney 

disease (CKD) have an increased o-Tyr burden 58, 59, 82, 83, which may contribute to the 

development of vascular complications. Transient, two-three weeks long intensive insulin 

therapy improves insulin sensitivity. This could be the consequence of diminished oxidative 

stress and subsequent decline in m- and o-Tyr generation. Interfering with this pathway 

could represent a promising future strategy for the prevention and/or treatment of vascular 

complications in diabetes mellitus. 

 

9. Conclusions 

In conclusion, we put forward that prevailing redox state of vessels modulates 

vasomotor responses to insulin, which possesses substantial relaxant actions, thus we 

propose that vascular redox state has important physiological role in regulating the 

vasomotor tone and hence the tissue blood flow. Increased redox state was associated with 

increased vascular o-Tyr accumulation and we also demonstrated that incorporation of the 

oxidized amino acid o-Tyr results in vascular dysfunction. Taken together, we believe that 

our results are the first to demonstrate that chronic exposure to o-Tyr causes vascular 

resistance to insulin via incorporation of this unnatural amino acid into proteins and thus 

possibly leading to impaired protein and cellular function. Our results provide a novel 

mechanistic insight for the higher prevalence of vascular dysfunction among diabetic 

patients. 
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12. List of the Ph.D. theses: 

 

1. The oxidative state, as assessed by ortho-tyrosine was higher in thoracic aorta of rats, 

followed by the abdominal aorta, and was the lowest in the femoral artery.(A) 

2. Insulin-induced relaxations increased toward the periphery along the arterial tree.(A) 

3. Hydrogen peroxide/aminotriazole treatment and aortic banding increased oxidative state 

of the thoracic aorta. (A) 

4. Increased oxidative state of the thoracic aorta that was accompanied by ERK activation 

and decreased relaxation to insulin decrease. (A) 

5. Acutely lowered oxidative state by superoxide dismutase/catalase (SOD/CAT) improved 

insulin-induced relaxation in the thoracic aorta. (A) 

6. Insulin-induced relaxation of the femoral artery could be enhanced with higher, and 

reduced with lower oxidative state. (A) 

7. Sustained oral supplementation of rats with ortho-tyrosine increased the ortho-tyrosine 

content and reduced the relaxations to insulin in all arterial segments. (B) 

8. Incorporation of ortho-tyrosine in endothelial cells mitigated eNOS phosphorylation in 

vitro to insulin. (B) 
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