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Abstract:

Increased lipid peroxidation has been identified as a key mechanism for the development of atherosclerosis and inflammatory

vascular damage. Determination of plasma concentration and urinary excretion of some F�-isoprostanes (by immunometric assays or

by mass-spectrometry), has been demonstrated to be a reliable approach to the assessment of lipid peroxidation, and therefore of

oxidative stress in vivo. Several lines of evidence suggest that isoprostane generation may reflect oxidative stress in experimental

and human atherosclerosis. Increased lipid peroxidation may precede the development of atherosclerosis. In fact, urinary excretion

or plasma levels of an abundantly generated F�-isoprostane, 8-iso-PGF��, have been found to be more elevated in subject with

cardiovascular risk factors than in healthy subjects. Some isoprostanes, in particular 8-iso-PGF��, have been demonstrated to have

biological activities that may contribute to the progression of vascular damage inducing endothelial and platelet activation and being

powerful vasocostrictors. Increased lipid proxidation may be implicated in the bioactivity of angiotensin II. Experimental data

indicate that increased oxidative stress due to activation of NAD(P)H oxidase is an obligatory step in its pro-hypertensive and

pro-atherosclerotic effects. Increased generation of F�-isoprostanes is observed in clinical and experimental conditions in which

angiotensin II activity is increased. In conclusion, measurement of some F�-isoprostanes in biological liquids represents a reliable

marker of oxidative stress in vivo. The potential contribution of these compounds to the pathophysiology of the vascular damage and

atherosclerosis has not yet been defined.

Key words:

isoprostanes, oxidative stress, atherosclerosis, cardiovascular risk factors, vascular damage, angiotensin II

Abbreviations: 8-OHdG – 8-hydroxy-2’-deoxyguanosine,

ACE – angiotensin converting enzyme, AT – angiotensin II re-

ceptor, COX – cyclo-oxygenase, GFR – glomerular filtration

rate, ICAM-1 – intercellular adhesion molecule-1, iP – iso-

prostanes, LOX-1 – lectinlike oxidized LDL receptor-1, LPS –

lipopolisaccaride, LDL – low density lipoprotein, MDA – ma-

londialdehyde, MMP – metalloproteinase, MAP – mitogen ac-

tivated protein, MM-LDL – minimally modified low density

lipoprotein, NVC – nailfold videocapillaroscopy pattern, NO –

nitric oxide, (ox)LDL – oxidised LDL, PTCA – percutaneous

transluminal angioplasty, PG – prostaglandin, PRA – plasma

renin activity, ROS – reactive oxygen species, RAAS – renin-

angiotensin system, RVD – renovascular disease, MSR-1 –

scavenger receptor A type 1, TBARS – thiobarbituric acid re-

active substances, TP – thromboxane/endoperoxide receptor,

TX – thromboxane

Introduction

Increased lipid peroxidation has been identified as

a key mechanism for the development of atheroscle-

rosis [39]. According to the original oxidative hy-

pothesis of atherosclerosis, oxidative modification of

plasma lipoproteins migrated in the subendothelium

exerts pro-inflammatory activities and is the neces-

sary requirement for the development of atheroma

and its complication [72]. Lipid peroxidation also oc-

curs as a part of the oxidative injury that involves dif-

ferent substrates and not only occurs within athero-
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sclerotic vascular lesion but is also associated with the

development of inflammatory vascular damage. In-

creased lipid peroxidation may also result from reac-

tive oxygen species (ROS) generated in response to

cell agonists that take part to the signalling system im-

plicated in cell activation [73].

Lipid peroxidation leads to the formation of highly

reactive intermediates of cell injury, alteration in cell

function and the generation of bioactive compounds

(Fig. 1). Abundantly generated derivatives of lipid

peroxidation may represent suitable markers of in-

creased oxidative stress, thus allowing an insight into

the mechanisms of vascular damage.

Isoprostanes as markers of oxidative stress

The F2-isoprostanes (iPF2) are prostaglandin (PG)

analogous derived from free-radical induced peroxi-

dation of arachidonic acid contained in phospholipids

of cell membranes and lipoproteins. This process

leads to the formation of unstable PGH2-like endoper-

oxides that are reduced to form several stereoisomers

[60,75]. Although small amounts of isoprostanes have

been shown to be generated in platelets and mono-

cytes via cyclooxygenase (COX)-1 and COX-2 de-

pendent pathways, most of isoprostane generation oc-

curs independently of COX activity, as demonstrated

in experimental models in which the administration of

pro-oxidant compounds is accompanied by marked

increase in iPF2 generation that is not altered by non-

selective or COX-2 selective inhibitors [45, 46] (Fig.

2). Once isoprostanes are generated, they are released

by phospholipases, circulate in blood and are eventu-

ally excreted in urine as non-metabolized or metabo-

lized compounds [52, 58].

Determination of the plasma concentration (by

gas-chromatography mass-spectrometry) and the uri-

nary excretion of some iPF2 (by immunometric assays

or by liquid chromatography mass-spectrometry), has

been demonstrated to be a reliable method for the

quantification of the lipid peroxidation in vivo, and

therefore of oxidative stress [58]. Recently, various

candidate biomarkers have been tested, in a controlled

manner, in the animal model of oxidant stress induced

by carbon tetrachloride. It has been shown that 8-iso-

PGF2� (also termed 15-F2t-isoprostane, iPF2�-III [60,

75]) along with malondialdehyde (MDA) in plasma

and urine as well as 8-hydroxy-2’-deoxyguanosine

(8-OHdG) in urine are potential candidates to be con-

sidered suitable biomarkers of oxidative stress respect

to lipid hydroperoxides, thiobarbituric acid reactive

substances (TBARS), protein carbonyls, methionine

sulfoxidation, tyrosine products, leukocyte DNA-

MDA adducts, and DNA-strand breaks [45, 46].
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Oxidative stress atherosclerosis, cardiovascular

risk factors and isoprostane generation

Several lines of evidence confirm that isoprostane

generation may reflect oxidative stress in experimen-

tal and human atherosclerosis. Deficiency in apolipo-

protein E in the mouse (apoE–/–) results in athero-

genesis and an increase in the urinary excretion, as

well as in plasma and vascular tissue concentration of

iPF2�-VI [66]. In this experimental setting, supple-

mentation with vitamin E has no effect on plasma

cholesterol levels while aortic lesion areas and

iPF2�-VI levels in the arterial wall are reduced sig-

nificantly [66]. This finding supports the hypothesis

that increased oxidative stress is of functional impor-

tance in the evolution of atherosclerosis and that oral

administration of vitamin E prevents both lipid per-

oxidation and the progression of atherosclerosis. In

ApoE-deficient mice, it has been observed that

plasma autoantibodies to oxidized phospholipids,

such as oxidized cardiolipin, correlate with iso-

prostane generation and that both autoantibodies and

aortic iPF2�-VI levels correlate with the extent of

atherosclerosis, further supporting the hypothesis of

a causal relation between increased oxidative stress,

atherogenesis and isoprostane generation [65].

Increase in tissue isoprostanes level is observed in

human atherosclerosis [34, 64]. It has been shown that

samples of fibrocalcific atherosclerotic plaque ob-

tained from patients undergoing carotid endarterec-

tomy, when analyzed by immunohistochemistry, con-

tain higher levels of 8-iso-PGF2� and iPF2�-I than

samples taken from healthy vessels. The amount of

8-iso-PGF2� in atherosclerotic plaque obtained at en-

darterectomy ranged from 1.310 to 3.450 pmol/mmol

phospholipid, with a median of 2.25 pmol/mmol

phospholipid. The corresponding values of 8-iso-

PGF2� in the normal vessels ranged from 0.045 to

0.115 pmol/mmol phospholipids with a median of

0.090 pmol/mmol phospholipid [64]. In a second

study, the amount of isoprostanes found in athroscle-

rotic plaques was higher than in the wall of umbelical

veins [34, 64].

Increased lipid peroxidation may precede the

development of atherosclerosis. In fact, the urinary

excretion or plasma levels of 8-iso-PGF2� have been

found to be more elevated in subject affected by

cardiovascular risk factors than in healthy subjects

[25]. In particular, this was observed in patients

affected by diabetes mellitus type 1 and type 2 with

a possible direct effect determined by acute

hyperglycemia induced by oral glucose tolerance tests

[22, 23, 69]. It has been suggested that oxidative

stress is an early event in the evolution of type 2

diabetes and could precede the development of

endothelial dysfunction and insulin resistance [35].

Similarly, in type 1 diabetes mellitus 8-iso-PGF2�

levels have been found to be more elevated in the

early stage of the disease and to correlate with

inflammatory markers [22].

Also obesity in the general population and android

obesity in women are associated with increased lipid

peroxidation which is related to the degree inflamma-

tion and abdominal adiposity [26, 47]. Hypercholes-

terolemia and homocystinuria, a rare autosomic reces-

sive disorder due to cystathionine �-synthase defi-

ciency associated with high plasma levels of

homocysteine and early atherothrombotic disease, are

also characterized by increased urinary excretion of

8-iso-PGF2� [21, 24]. Finally, healthy subjects who

either smoke or are subjected to passive smoke have

been found to have higher urinary and plasma levels

of 8-iso-PGF2� respect to non smokers [1, 59].

Intervention on cardiovascular risk factors is fol-

lowed by reduction in lipid peroxidation. Smoking

cessation is accompanied in a few days by reduction

in iPF2 release [59]. In obese women, the urinary ex-

cretion of 8-iso-PGF2� is, at least in part, reversible

with a successful weight-loss program [26]. In sub-

jects with diabetes and hypercholesterolemia the ex-

cretion of 8-iso-PGF2� has been demonstrated to be

reduced by the administration of antioxidant vitamin

E as well as by the improvement of lipid and glucose

control, demonstration of a causal link between meta-

bolic alteration, increase of oxidative stress and the

generation of iPF2 [21, 27]. Interestingly, when iso-

prostane generation is not increased, as was observed

in a group of healthy smokers, no beneficial effect

from the administration of vitamin E on lipid peroxi-

dation is detectable [63].

In the above mentioned clinical conditions, a direct

correlation has been observed between the excretion

of 8-iso-PGF2� and that of the thromboxane (TX)A2

metabolite 11-dehydro-TXB2, index of platelet COX-1

activity and of in vivo platelet activation [23, 24, 26].

This finding suggests a causal link between oxidative

stress and platelets activation in vivo and, therefore,

the risk of future atherothrombotic events.

Two studies identified a significant positive corre-

lation between iPF2 generation and the number of car-
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diovascular risk factors and established increased

lipid peroxidation as a predictor of cardiovascular

events. In a case-control study the urinary excretion

8-iso-PGF2� and 2,3-dinor-5,6-dihydro-8-iso-PGF2�

was higher in patients with coronary artery disease

and correlated with the number of risk factors for all

subjects [71]. On logistic regression analysis, only 8-

iso-PGF2� and C-reactive protein (> 3 mg/l) were

found to be independently correlated with cardiovas-

cular events [71]. In a recent study 8-iso-PGF2� levels

were higher in the patients with coronary artery dis-

ease undergoing coronary angiography respect to

those who did not had any cardiovascular event and

were related to the numbers of stenotic segments and

the extent of coronary stenosis [79]. Multivariate lo-

gistic regression analysis indicated that 8-iso-PGF2�

is an independent factor associated with coronary ar-

tery disease [79]. The results from these studies indi-

cate that the amount of 8-iso-PGF2� in urine or in

plasma is independently correlated to the severity and

of vascular disease and its clinical outcomes as well

as the burden of cardiovascular risk factors: it can be

considered as a novel marker of cardiovascular risk in

addition to known risk factors, i.e., diabetes mellitus,

hypercholesterolemia, hypertension and smoking.

Ischemia-reperfusion injury has also been found re-

lated with increased oxidative stress and lipid peroxi-

dation. Urinary iPF2 levels are elevated in patients af-

ter reperfusion for acute myocardial infarction [68].

Urinary levels of 8-iso-PGF2� and iPF2�-I were found

markedly increased from baseline in the first 6 h after

percutaneous transluminal angioplasty (PTCA) for

acute myocardial infarction and returned toward pre-

procedural values by 24 h, whereas there was only

a slight increase in urinary 8-iso-PGF2� after diagnos-

tic coronary arteriography and elective PTCA [68].

Atheroscleorsis is an inflammatory disease; inflam-

mation results from ischemia-reperfusion and a mild

degree of inflammation accompanies cardiovascular

risk factors, all coincident with increased oxidative

stress [38]. The hypothesis that the biosynthesis of

isoprostanes is related to inflammation was tested in

different experimental and clinical settings. The intra-

venous injection of bacterial lipopolisacharide (LPS)

in healthy humans increases dose-independently the

excretion of iP, in contrast to its dose-dependent effect

on urinary PG metabolite excretion. LPS (4 ng/kg) in-

creases the urinary excretion of 8-iso-PGF2� roughly

threefold over baseline, being the peak response coin-

cident with the maximal change in body temperature.

Urinary 8-iso-PGF2� returns close to baseline by 12 h

coincident with resolution of the clinical response to

LPS [53]. In contrast to their effects on LPS-induced

PG formation, neither pre-treatment with low-dose as-

pirin nor with ibuprofen or celecoxib significantly al-

ter the LPS-induced increment in urinary excretion of

8-iso-PGF2� [53]. Evidence of increased oxidative

stress and lipid peroxidation in inflammatory diseases

was obtained in patients with adult respiratory distress

syndrome in which altered iP generation reflects the

clinical course of the disease [8]. Increase in iP excre-

tion was also observed in patients with systemic lupus

erythematosus with antiphospholipid antibodies and

in patients with cystic fibrosis [42, 15]. Given the evi-

dence that urinary iP reflect alterations in lipid peroxi-

dation in vivo, it seems likely that they also reflect the

oxidant component of inflammatory responses in hu-

man vascular disease.

Isoprostanes as biologically active compounds

It is important to mention that iPF2 not only share

with prostanoids the chemical structure, but also part

of their biological activities. In fact some iP, in par-

ticular 8-iso-PGF2�, the most studied of these com-

pounds, have been demonstrated in different experi-

mental settings to contribute to the progression of

atherosclerosis, to induce partial platelets activation

and to be powerful vasocostrictors [54, 76]. It is worth

noting that, in spite of these evidences, the final proof

that the biological activities of iP actually have a role

in the pathophysiology of vascular damage is still

lacking. Most of the intracellular signals and biologi-

cal effects of iPF2 appear to be transduced by activa-

tion of the thromboxane/endoperoxide (TP) � and �

receptors. Although iPF2 could bind TP� and � recep-

tors, differences in the signalling pathways engaged

by 8-iso-PGF2� and TXA2 have been described. In

platelets, tyrosine kinase and p38-mitogen activated

protein (MAP) kinase activation is triggered by 8-

iso-PGF2� [32, 55], whereas in smooth muscle cells

the protein kinase C as well as Rho/Rho kinase and

tyrosine kinases are activated by iP. Activation of

p42/44 MAP kinases by 8-iso-PGF2� has been impli-

cated in cellular growth and DNA synthesis in smooth

muscle cells and activation of p38 MAP kinase in the

proadhesive phenotype of endothelial cells [36, 50].

Therefore, while micromolar TXA2 induces platelet

aggregation, 8-iso-PGF2� was found to be a weak

platelet agonist, able to induce only shape change and

60 �����������	��� 
������ ����� ��� ����	
� �����



promote platelet adhesion in the low nanomolar as

well in the micromolar range of concentrations [32,

55]. In smooth muscle 8-iso-PGF2� and other iP, simi-

lar to TXA2 (or its stable analogues), display powerful

biological effects when tested in vitro in the low nano-

molar range. Limited, specific activation of endothe-

lial cells, decidual cells and leukocytes has been ob-

served with micromolar 8-iso-PGF2�. Thus, 8-iso-PGF2�

probably exerts its biological actions in nucleated

cells and platelets through the activation of receptor

sites related to but distinct from TP receptors.

A potent vasoconstrictor effect was first described

when the effect of the intrarenal arterial infusion of

8-iso-PGF2�were tested in rats [76]. At 0.5, 1, and

2 µg/kg per minute 8-iso-PGF2�reduces in a dose-

dependent manner glomerular filtration rate (GFR)

and renal plasma flow. This activity was attributable

to increase in afferent resistance, resulting in a de-

crease in transcapillary hydraulic pressure difference,

responsible for reduction in single nephron GFR and

plasma flow. All these vascular effects were pre-

vented by a specific TXA2 receptor antagonist [76].

Pro-inflammatory effects of iPF2 were identified

in vitro and in isolated organs. It was observed that

10 µmol/l 8-iso-PGF2� specifically induces monocyte

adhesion to endothelial cells although this compound

was unable to induce the expression of E-selectin and

vascular cell adhesion molecule-1 (VCAM-1), whereas

TXA2 analogue U46619 strongly induces surface ex-

pression of both these adhesion molecules and the ad-

hesion of monocytes and neutrophils to endothelial

cells [50]. Stimulation of endothelial cells by 8-iso-

PGF2� via TP or a TP-related isoprostane receptors

leads to activation of MAP kinase and protein kinase

A pathways that are implicated in the adhesion of

monocytes [50].

Using fibrinogen as a substrate for receptor-

mediated adhesion, it was found that iP likely account

for the pro-adhesive effects that minimally modified

low density lipoprotein (MM-LDL) triggers in human

neutrophils [29, 30]. This pro-adhesive effects of

8-iso-PGF2� occurs via Gi protein-dependent signal-

ling pathways and is induced by rapid and selective

�2 integrin activation. Interestingly, both MM-LDL

and 8-iso-PGF2� were found selectively trigger bind-

ing only to fibrinogen through CD11b/CD18 and

CD11c/CD18 but not CD11a/CD18 [29, 30].

The F2-isoprostane 8-iso-PGF2� (10 µmol/l) aug-

ments lipid accumulation in cultured macrophages in

the presence of oxidized (ox)LDL, induces the ex-

pression of the scavenger receptor A type 1 (MSR-1)

and counteracts the oxLDL-induced apoptosis of

these cells [70]. Along with these effects, 8-iso-

PGF2� increases the oxLDL-induced gene expression

and activity of matrix metalloproteinase (MMP)-9

and its endogenous inhibitor [i.e. tissue inhibitor of

MMP (TIMP)-1] [70].

The effects of 8-iso-PGF2� were tested in experi-

mental models of ischemia-reperfusion. In isolated

hearts, coronary effluent endothelin-1 concentrations

during ischemia and also in the later phase of reperfu-

sion are significantly higher during infusion of 8-iso-

PGF2� than in the control group [83]. Infusion of

8-iso-PGF2� also increases the release of cardiac-

specific creatinine kinase, reduces cardiac contractil-

ity during reperfusion, and increases myocardial in-

farct size compared to the control group. A TP recep-

tor inhibitor abolishes the noxious effects of 8-iso-

PGF2� in this setting [83].

Additional biological effects of interest for the pa-

thophysiology of atherosclerosis and vascular dis-

eases are demonstrated by the observation that 8-iso-

PGF2� stimulates cell proliferation, DNA synthesis,

and endothelin-1 mRNA and protein expression in bo-

vine aortic endothelial cells [31, 84]. The proliferative

effect of 8-iso-PGF are partially abolished by treat-

ment with anti-endothelin antibody and are partially

inhibited by SQ29,548, a selective inhibitor of the TP

receptor [84]. Two binding sites were recognized on

endothelial cells with dissociation constants and bind-

ing site densities at equilibrium, similar to those de-

scribed in smooth muscle cells, and likely represent-

ing 8-iso-PGF binding to its own receptor (high-

affinity binding site) and cross-recognition of the

TXA2 receptor (low-affinity binding site) [31, 84].

Increased oxidative stress has been hypothesized

be implicated in the development of hypertension and

altered placental perfusion of pre-eclampsia. Elevated

levels of lipid peroxides and free 8-iso-PGF2� are ob-

served in gestational endometrium (decidua) at deliv-

ery in pre-eclamptic pregnancies compared with con-

trols [4]. Incubation with high doses of 8-iso-PGF2�

(10 µmol/l) results in augmented protein and mRNA ex-

pression of lectinlike oxidized LDL receptor-1 (LOX-1),

a cell-surface receptor for oxidized (ox)LDL, in de-

cidual cells. These activatory effects may be involved

in the pathophysiology of preeclampsia [37].

Support to the concept that activation of TPs by iP

may have a pathophysiological role in syndromes in

which increased oxidative stress is observed derives
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from in vivo experiments. Pro-hypertensive and pro-

thrombotic effects of 8-iso-PGF2� and 8-iso-PGE2

were demonstrated in mice overexpressing TP-� in

the vasculature but not in platelets. These animals ex-

hibit an exaggerated pressor response to infused

8-iso-PGF2� compared with wild-type mice. In this

experimental setting the pressor effect of 8-iso-PGF2�

is blocked by TP antagonism. Both the pressor re-

sponse to 8-iso-PGF2� and its effects on platelet func-

tion are abolished in mice lacking the TP gene, thus

demonstrating that the whole bioactivity of iso-

prostanes in this animal model is mediated by activa-

tion of TP receptor [3].

It has recently been shown that 8-iso-PGF2� pro-

motes atherogenesis in two different mouse models

(i.e. apolipoprotein E [apoE–/– and LDL receptor-

deficient mice) acting through the TP receptor. This

effect is associated with pro-inflammatory vascular

reactions and increased release of the soluble adhe-

sion molecule E-selectin and the chemokine mono-

cyte chemoattractant protein-1 (MCP)-1 [77]. Inhibi-

tion of TP suppresses the proatherogenic effects of

8-iso-PGF2� [77]. In addition, endothelial cells ge-

netically lacking TP show reduced inflammatory re-

sponses when stimulated with 8-iso-PGF2�, but not

other oxidized lipids, thus confirming the specificity

of this signalling pathway [77].

To summarize the present knowledge, the biologi-

cal activities of iP have been explored evaluating the

direct effects of these compounds in isolated cells and

in animals. Antioxidant agents or TP receptor antago-

nists in the presence of COX inhibitors combined

with the measurement of iPF2 generation have been

used also in humans to test the bioactivity of iPF2. Re-

sults from these studies, together with those from

those on TP knockout mice allow to conclude that the

biological effects of the (few) tested iP in most cases

mimic those of TXA2. Inhibitors of the TX/endoper-

oxide receptors seem to confer a greater protection re-

spect to COX inhibitors in clinical and experimental

conditions related to atherosclerosis, suggesting

a possible role of cyclic endoperoxides and iPF2 in

vascular damage. Major limitations of the available

studies are the use of high doses (often largely ex-

ceeding plasma and tissue concentrations) of a single

iP, in most cases 8-iso-PGF2�, and the lack of a spe-

cific inhibitor of iP biosynthesis/bioactivity. Direct

evidence that endogenous iP actually have a role in

the pathophysiology and clinical features of vascular

diseases is still lacking. Nevertheless, it may be

speculated that in a clinical setting in which inflam-

mation, platelet activation and increased oxidative

stress coexist, suppression of signalling through the

TP receptor, in addition to COX inhbition, would pro-

vide the most benefit for patients due to the coinci-

dental presence of TXA2 and isoprostanes endowed

with pro-atherogenic and pro-thrombotic activities.

Endothelial dysfunction, vascular damage

and isoprostane generation

Several lines of evidence indicate that increased oxi-

dative stress is implicated in endothelial dysfunction,

i.e. abolished endothelium-dependent, nitric oxide

(NO)-mediated, vasodilatation and a pro-adhesive,

pro-thrombotic, phenotype of endothelial cells. Indi-

rect demonstration of a relation between oxidative

stress and endothelial dysfunction has been obtained

in almost all the conditions of increased cardiovascu-

lar risk by showing a restored endothelial function

whit anti-oxidant vitamins [7].

Confirmation that oxidative stress and endothelial

dysfunction are related was obtained in acute hyper-

homocysteinemia induced by the administration of

methionine [2]. Hyperhomocysteinemia represents as

an independent risk factor for atherothrombosis as

well as venous thrombosis. This sulphur amino acid

in vivo generates free radical species. Reduction in

NO bioavailability mediated by increased oxidative

stress has been hypothesized as a major mechanism

responsible for endothelial dysfunction in hyperho-

mocyteinemia. Increased oxidative stress is induced

by transient hyperhomocysteinemia, and is related to

endothelial dysfunction and impaired vascular disten-

sibility and compliance as assessed measuring the uri-

nary excretion of 8-iso-PGF2� [2]. The administration

of antioxidant vitamins C and E restores vasodilatory

capacity of the endothelium and improves vascular

distensibilty, coincident with reduced urinary excre-

tion of 8-iso-PGF2� [2].

Systemic sclerosis is a connective tissue disease

characterized by tissue fibrosis, vascular endothelial

dysfunction and specific immunologic abnormalities.

Vascular alterations are supposed to be a primary

event that drives the fibrotic process and microcircu-

latory dysfunction is observed in patients with sys-

temic sclerosis. Endothelium is damaged early in the

progress of systemic sclerosis as demonstrated by en-

dothelial dysfunction with altered endothelium-
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dependent vasodilatation, increased release of von

Willebrand factor and soluble adhesion molecules [78].

Investigating oxidative stress in systemic sclerosis,

higher urinary excretion of 8-iso-PGF2� was found in

patients than in adequate controls [78]. Isoprostane

generation increases with the severity of microvascu-

lar bed involvement. Correlation of iPF2 levels with

both nailfold videocapillaroscopy pattern (NVC, i.e.

the severity of the alteration in peripheral microcircu-

lation) and pulmonary involvement was observed and

this suggests a common pathogenetic mechanisms of

systemic sclerosis involving microvasculature at dif-

ferent sites [78]. A relation between lipid peroxidation

and severity of microvascular alterations in patients

suffering from systemic sclerosis was confirmed by

the evidence of an inverse correlation between pos-

tocclusive hyperemia, monitored by laser Doppler

flowmetry, and urinary iPF2 levels, whereas no corre-

lation was found with the endothelium-independent

response to nitroglycerin [18]. This finding may im-

plicate oxidative stress-induced dysfunction of micro-

vascular endothelial cells and possibly structural al-

teration in the microcirculation. Whether increased

oxidative stress initiates vascular dysfunction or un-

derlies both processes needs to be clarified by future

research efforts. It might be speculated that in sys-

temic sclerosis endothelial dysfunction/damage may

initially induce and drive the proliferation of smooth-

muscle cells and fibroblasts, followed by the recruit-

ment of platelets and inflammatory cells and that all

these cell types are involved in the generation of

a pro-oxidant environment.

Interestingly, a relation between the severity of

microvascular disease and oxidative stress was ob-

served also in essential hypertension, where only pa-

tients with retinal microangiopathy showed increased

excretion of 8-iso-PGF2� respect to subjects with no

organ damage or healthy subjects [17, 57]. Increased

generation of ROS within the vascular wall has been

shown to be responsible for vascular remodelling, fa-

vouring the proliferation of smooth muscle cells and

induce endothelial dysfunction. The observed correla-

tion between the urinary excretion of 11-dehydro-

TXB2, 8-iso-PGF2� and plasma vitamin E found in

essential hypertensive patients supports the hypothe-

sis of a causal relation between increased oxidative

stress and platelet activation [57].

The 8-iso-PGF2� excretion has been found signifi-

cantly higher in patients with unstable angina than in

matched patients with stable angina and control sub-

jects. In patients with unstable angina, urinary 8-iso-

PGF2� linearly correlates with 11-dehydro-TXB2 and

inversely correlates with plasma vitamin E. These

findings establish a biochemical link between in-

creased oxidant stress and aspirin-insensitive TX bio-

synthesis in patients with unstable angina [16].

Further suggestion that iPF2 may have a role in

atherosclerotic vascular damage and endothelial dys-

function was obtained showing that a specific TP re-

ceptor antagonist is able to restore endothelium-

dependent vasodilatation in patients with coronary ar-

tery disease treated with aspirin. The vasodilator re-

sponse to acetylcholine is significantly potentiated by

TP antagonism as compared with placebo, whereas

the endothelium-independent vasodilatation induced

by sodium nitroprusside is unchanged. These results

suggest that release of endogenous agonists of TP re-

ceptors may contribute to endothelial dysfunction, de-

spite aspirin treatment, in patients with atherosclero-

sis [5].

Angiotensin II, vascular damage and isoprostane

generation

A relation exists between oxidative stress and the pro-

gression of the vascular damage induced by angio-

tensin II [6]. Experimental data indicate that increased

ROS generation through the activation of NAD(P)H

oxidase is an obligatory step in the pro-hypertensive

and pro-atherosclerotic effects of angiotensin II. This

concept is supported by evidence that angiotensin II

stimulates NAD(P)H oxidase activity [67, 49], increases

expression of renal NAD(P)H oxidase subunits

p47phox and p67phox, and decreases intrarenal and

plasma oxygen radical scavengers CuZn-SOD, Mn-

SOD, and vitamins C and E [9]. In LDL receptor–/–

mice and apolipoprotein E–/– mice models of athero-

sclerosis, chronic infusion with angiotensin II, but not

norepinephrine, promotes the atherosclerotic process,

increases cholesterol content in plaques, and triggers

the development of aortic aneurysms, even at doses

that do not markedly increase systolic pressure [19,

20, 81], an effect that is counteracted by the concomi-

tant administration of the antioxidant vitamin E [33].

Several experiments with the animal models prone to

atherosclerosis have shown that both angiotensin con-

verting enzyme (ACE)-inhibitors and angiotensin II

receptor-1(AT)-1 blockers, if administered at ade-

quate doses, can counteract angiotensin II-mediated
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atherosclerotic damage [14, 28]. A reduction in blood

pressure level is not sufficient to explain the anti-

atherosclerotic action of these drugs, suggesting that

RAAS is involved [41, 43, 44]. Additional evidence

of a role of increased oxidative stress induced by

angiotensin II was obtained in humans. The infusion

of angiotensin II is associated with increased genera-

tion of 8-iso-PGF2� even at non-hypertensive doses.

The infusion of angiotensin II in normotensive and

hypertensive volunteers ingesting a high – (200 mmol/day)

or low – (10 mmol/day) sodium diet resulted in in-

creased iPF2 concentrations in the hypertensive group

during high-salt intake, but not in the normotensive

group [61]. The contribution of salt to the increase in

oxidative stress in human hypertension is supported by

the recent evidence of increased plasma concentration of

8-iso-PGF2� in salt-sensitive essential hypertensive sub-

jects during acute salt load [48].

AT-1 receptor antagonism improves endothelial

function and decrease MCP-1, and soluble intercellu-

lar adhesion molecule-1 (ICAM-1) during hypercho-

lesterolemia suggesting that block of AT-1 receptor

could have a positive impact not only on

endothelium-dependent vasodilatation but also on

oxidative stress and events involved in monocyte at-

traction and adhesion [80].

Renal artery stenosis represent excellent model to

investigate in vivo the pathobiology of angiotensin II.

Experimental stenosis of a renal artery determines hy-

pertension secondary to the activation of the renin-

angiotensin system (RAAS). In this experimental set-

ting oxidative stress is increased. Renal artery steno-

sis represents a stimulus for atherosclerosis as well as

cardiac and renal damage, independently of the pres-

ence of hypercholesterolemia [10–12, 74]. This is

supported by the finding that all these effects were

partly or totally prevented by the chronic administra-

tion of antioxidant agents [10, 13]. Acetylcholine-

stimulated renal blood flow remains unchanged in ex-

perimental renovascular disease (RVD), increases

with tempol and even more with chronic administra-

tion of antioxidant vitamins. This is associated with

decreased presence of superoxide anion, decreased

NAD(P)H-oxidase and nitrotyrosine expression, in-

creased endothelial nitric oxide synthase expression,

and attenuated renal fibrosis [10]. It has been shown

that experimental unilateral stenosis of the renal ar-

tery in pigs is associated with the development of hy-

pertension and with increased plasma levels of 8-iso-

PGF2�. In that experimental setting, the increase in

plasma 8-iso-PGF2� correlated with the increase in

blood pressure and in plasma renin activity (PRA) af-

ter the surgical procedure[51]. The increase in 8-iso-

PGF2� was also detected 10 weeks after the induction

of renal artery stenosis when blood pressure was still

elevated but angiotensin II levels declined towards

baseline, possibly due to local activation or slow re-

sponses to angiotensin II [51]. The hypothesis of a pa-

thophysiological role of increased isoprostane genera-

tion is, at least partly, supported by the observation

that TP receptor antagonists, but not COX inhibitors,

reduced blood pressure in experimental renovascular

hypertension [82].

The relationship between lipid peroxidation and

angiotensin II bioactivity in RVD was investigated

also in humans. In a cross-sectional study, significant

increase in the urinary excretion of 8-iso-PGF2� was

observed in patients with renal artery stenosis secon-

dary to atherosclerosis or fibromuscular dysplasia, to-

gether with positive correlation between 8-iso-PGF2�

and renal vein renin ratio [56]. This functional test is

a highly specific tool for the detection of renal artery

stenosis, renal hypoperfusion, and activation of the

RAAS; it is also a predictor of the improvement in

blood pressure and renal function after revasculariza-

tion. Moreover, a relation between reduction in iPF2

excretion after successful angioplasty with baseline

8-iso-PGF2� is observed in RVD hypertensives.

These data strongly support the hypothesis that re-

versible events associated with renal artery stenosis

are responsible for enhanced oxidative stress in this

setting.

Additional evidence for a causal link between renin

activation and lipid peroxidation derives from a sec-

ond study on patients with RVD [40]. Coincidental in-

crease in oxidative stress and endothelial dysfunction

is observed in these patients. In addition, the vasodila-

tory capacity of the vascular endothelium is restored

after angioplasty of the stenotic renal artery associ-

ated with reduction in blood pressure and the levels of

MDA and 8-OhdG, markers of oxidative stress [40].

Angiotensin II specifically stimulates iPF2 produc-

tion through activation of the AT-1 receptor [9]. To

determine whether there is a relationship between the

level of oxidative stress and polymorphisms of genes

involved in RAAS regulation, a study was performed

in healthy and hypertensive subjects. The polymor-

phism of AT-1 AGTR1/A-153G was found associated

with significantly lower urinary iPF2 levels. In a mul-
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tivariate analysis, taking into account BP, age, gender,

BMI, plasma glucose, and total cholesterol, the G al-

lele of AGTR1/A-153G was found linked independ-

ently to urinary iPF2 level [62]. Although the clinical

and prognostic relevance of this polymorphism re-

quires further investigation, this study represent an at-

tempt to define the relative role of genes and environ-

ment in the genesis of vascular damage induced by

oxidative stress.

In conclusion, quantification of some iPF2 in bio-

logical fluids represents a reliable marker of oxidative

stress in vivo, useful to investigate mechanistic as-

pects of vascular damage and in the research of possi-

ble clinical targets for strategies aimed at vascular

protection through the inhibition of oxidative stress.

The potential direct contribution of these compounds

to the genesis of vascular damage and atherosclerosis

is still not defined.
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