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       Introduction 

 Th e future demographics of Western societies indicate that the 
proportion of people older than 65 years of age will dramatically 
increase within the next few decades (1). Th e major foreseeable 
problems associated with this development are the increasing 
costs for medical care for older people, primarily due to more 
frequent and longer periods of hospitalization and rehabilita-
tion due to the increase in cardiovascular, cerebrovascular, and 
neurodegenerative diseases. Individually, the occurrence of most 
chronic diseases in the elderly will oft en be accompanied by a 
critical reduction in the quality of life and the need for reliance 
on outside assistance. Th erefore, the major objective of aging 
research should not be the discovery of the ‘fountain of eternal 

youth’ , but rather improving the quality of the life. Scientifi cally, 
this aim can be achieved by a better understanding of molecular 
processes involved in the development of age-dependent diseases, 
which could ultimately result in earlier diagnostic procedures and 
preventive measures. Cardiovascular diseases and their acute and 
chronic manifestations such as myocardial infarction, stroke, and 
peripheral arterial occlusive disease increase in frequency with 
age and are further aggravated by the onset of other risk factors 
(2), such as adiposity, hyperlipidemia, diabetes, or hypertension. 
Pathophysiologically, vascular aging is mainly characterized by 
endothelial dysfunction, which is considered a precursor of arte-
riosclerosis. Th e aging vasculature displays typical morphological 
and molecular alterations leading to increased vascular stiff ness, 
reduced compliance, and the loss of vascular homeostasis. 

 Current research focuses on the regulation of vascular tone 
and vessel remodeling mediated by free radicals, particularly 
the role of superoxide (  •  O 2   �  ) and nitric oxide (  •  NO). In the past, 
free radicals were regarded as mitochondrial-derived harmful 
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   Key messages    

 Reactive nitrogen and oxygen species (RNOS) are  •
elevated in aging, which cause oxidative stress, 
undirected oxidative posttranslational modifi cations 
of biological macromolecules, and interference with 
important redox signaling processes.   
 In aging, the (physiological) modulator role of RNOS,  •
especially peroxynitrite, in platelets on the prostanoid 
cascade via modulation of prostaglandin endoperoxide 
synthase is attenuated and causes platelet hyperreactivity.   
 Enhanced superoxide formation in vascular endothelial  •
cells impairs   •  NO signaling by reducing free bioavailable 
nitric oxide and by reduction of prostacyclin via 
peroxynitrite-mediated inactivation of prostacyclin 
synthase.   
 Mitochondria are a major source for elevated ROS  •
in aging.   

 Characteristic morphological and molecular alterations such as 
vessel wall thickening and reduction of nitric oxide occur in the 
aging vasculature leading to the gradual loss of vascular homeo-
stasis. Consequently, the risk of developing acute and chronic 
cardiovascular diseases increases with age. Current research of 
the underlying molecular mechanisms of endothelial function 
demonstrates a duality of reactive oxygen and nitrogen species 
in contributing to vascular homeostasis or leading to detrimental 
eff ects when formed in excess. Furthermore, changes in function 
and redox status of vascular smooth muscle cells contribute to 
age-related vascular remodeling. The age-dependent increase in 
free radical formation causes deterioration of the nitric oxide sig-
naling cascade, alters and activates prostaglandin metabolism, 
and promotes novel oxidative posttranslational protein modifi ca-
tions that interfere with vascular and cell signaling pathways. As 
a result, vascular dysfunction manifests. Compensatory mecha-
nisms are initially activated to cope with age-induced oxidative 
stress, but become futile, which results in irreversible oxidative 
modifi cations of biological macromolecules. These fi ndings sup-
port the  ‘ free radical theory of aging ’  but also show that reactive 
oxygen and nitrogen species are essential signaling molecules, 
regulating vascular homeostasis. 

Key words:  Aging  ,   cyclo-oxygenase  ,   nitric oxide  ,   NO synthase  ,  
 platelets  ,   prostaglandins  ,   reactive oxygen species 
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by-products of oxidative phosphorylation, but since the discovery 
of vascular NADPH oxidases it is obvious that reactive nitrogen 
and oxygen species (RNOS) play a pivotal role in cell signaling. 
Besides the classic   •  NO function of activating soluble guanylyl 
 cyclase and increasing the second messenger cyclic guanosine 
monophosphate (cGMP),   •  NO can lead to S-nitros(yl)ation, 
tyrosine nitration, and glutathiolation of important enzymes 
involved in vascular signaling via secondary species such as per-
oxynitrite (3 – 6). Th ese processes and novel signaling cascades 
are part of the emerging fi eld ter med redox regulation or redox 
signaling. Th erefore, enhanced age-dependent free radical forma-
tion will not only cause non-specifi c oxidation of biological mac-
romolecules but will also interfere with vascular redox regulation. 
Current knowledge about vascular redox signaling, sources of free 
radicals, posttranslational oxidative modifi cations of proteins, 
oxidative defense systems, and compensatory mechanisms will 
be discussed with particular regard to cardiovascular aging and 
development of cardiovascular disease.   

 Functions and mediators of the endothelium 

 Th e endothelium has an important role as a modulator of vas-
cular tone, structure, barrier, and function (7). Th is multimodal 
regulation is controlled by the endothelium-derived autacoids 
  •  NO (formerly referred to as endothelium-derived relaxing factor 
(EDRF)), prostacyclin (PGI 2 ), and endothelium-derived hyper-
polarizing factor (EDHF). Under physiological conditions, these 
mediators cause vasodilatation and ensure vascular homeostasis. 
However, with increasing age, the modulatory role of the endothe-
lium cannot be preserved. An imbalance between vasoprotection 
and vascular damage occurs (Figure 1). 

 Vanhoutte and co-workers have introduced the defi nition 
of a second set of endothelium-derived mediators, which cause 
vasoconstriction (8). Th is group of mediators includes superox-
ide anion (  •  O 2   �  ), prostaglandin endoperoxide H 2  (PGH 2 ), and 
endothelin (ET) (8). As exemplifi ed by the paradoxical reaction 
in response to acetylcholine, the endothelium may also medi-
ate constriction, which can be reversed by denudation of the 
endothelium. Certainly, the molecular defi nition of endothelial 
dysfunction, i.e. imbalance of endothelium-derived mediators in 
favor of constriction, needs to be refi ned. 

 Under normal conditions, the vascular endothelium is charac-
terized by a basal thromboresistant and vasodilatory phenotype. 
Following stimulation of a quiescent endothelium, an imbalance in 
this equilibrium between vasodilatory and constrictive mediators 
can be observed as demonstrated in numerous reports. 

  Endothelial cell activation  is a transient process covering events 
occurring in the range of minutes to a few hours and describes the 
involvement of the endothelial immune response. Th e endothe-
lium is highly integrated in an orchestrated series of immuno-
logical events starting with the trapping of circulating leukocytes, 
transmigration across the endothelial barrier, the removal of 
invaded pathogens by immune cells, and, indeed, resolution of 
infl ammation (9). 

 As a prerequisite for this process, endothelial cells modify their 
resting properties towards a pro-adhesive and permeable state by 
temporarily reducing the production of homeostatic autacoids 
and, instead, cause activation and expression of cellular adhesion 
molecules such as vascular cell adhesion molecule (VCAM), in-
tercellular adhesion molecule (ICAM), and E-selectin (10). Th us, 
cells of the immune system can adhere to the endothelium, in-
fi ltrate the tissue, and are then guided by chemotaxis to the sites 
of infl ammation, which is termed diapedesis. Endothelial cell 
activation becomes important in several vascular disorders such 
as the development of atherosclerosis and can occur in conjunc-
tion with endothelial dysfunction. Endothelial cell activation is a 
reversible physiological reaction to infl ammation or injury, but 
chronic exposure to RNOS, as in the aging process, will lead to 
irreversible changes of endothelial function (11). 

  Endothelial stunning  has been observed upon a brief expo-
sure to lipopolysaccharide or pro-infl ammatory cytokines in 
healthy individuals, which can lead to an impaired endothelium-
dependent relaxation that can last days to weeks (12,13). Th ese 
events are associated with a decreased ability of the endothelium 
to maintain its anti-aggregatory and vasodilatory properties and 
are oft en accompanied by a decrease in constitutively expressed 
NO synthase-3 (NOS-3) and prostaglandin endoperoxide H 2  
synthase-1 (PGHS-1; COX-1). Th ese events are typically ob-
served aft er moderate systemic bacteremia and increase the risk 
for thromboembolic events. 

  Endothelial dysfunction , however, is characterized by a pro-
nounced and persistent stimulation of the endothelium that 

  Figure 1.     General aspects of RNOS in aging. Young individuals have a higher stress tolerance due to a high antioxidant potential, and effi  cient repair 
mechanisms restore homeostatic conditions in response to damage. Under these physiological conditions redox regulation can normally proceed in special 
compartments but diff ers in a cell type-specifi c manner. Prostaglandin endoperoxide H 2  synthase (PGHS, COX) is an excellent example of a highly redox-
controlled enzyme. In aging the stress tolerance to RNOS decreases. Th e molecular basis for the loss of balance between damage and repair is the enhanced 
RNOS generation which must be compensated by antioxidant systems. Th ese exhibit a reduced effi  ciency in repair with increasing age. As a consequence, 
oxidatively altered macromolecules accumulate and burden physiological cellular processes. Th is attenuates redox regulation and also interferes with 
intercellular communication.  
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occurs in situations such as sepsis. It is usually accompanied by 
an excessive formation of superoxide anion that causes severe 
vasoconstriction and platelet aggregation (14,15). Persistent sti-
mulation, e.g. by lipopolysaccharide (LPS), can ultimately lead 
to a complete detachment of endothelial cells, an observation 
also known as the Shwartzman reaction (16). As a compensatory 
mechanism, the underlying smooth muscle can help regulate 
these dysfunctional events in the endothelium. Resting vascular 
smooth muscle cells (VSMC) express prostacyclin (PGI 2 ) syn-
thase abundantly but are devoid of signifi cant PGHS activity. 
Upon stimulation by pro-infl ammatory cytokines or LPS, VSMCs 
express inducible PGHS-2 and become a rich source of PGI 2 . In 
case the dysfunction occurs locally only, the VSMC-derived PGI 2  
partially compensates for the impaired endothelial function. 
However, systemic infl ammation in humans is mostly responsible 
for the large amounts of PGI 2  that cause pronounced vasodilation 
in progressive stages of septic conditions.   

 General aspects of vascular aging 

 Vascular aging already starts in young adults by slow and pro-
gressive vascular remodeling (17,18). Early signs of declining en-
dothelial function manifest before the fourth decade of life (17). 
Morphological changes involve intima – media thickening and 
vascular hypertrophy/hyperplasia accompanied by reorganiza-
tion of the extracellular matrix (18,19). Vascular wall thickening 
in otherwise  ‘ healthy ’  (i.e. non-atherosclerotic) regions is mainly 
caused by proliferation of medial VSMC. Wall thickness increases 
in a linear manner up to 3-fold (20), accompanied by lumen size 
enlargement. Unlike aging, intimal thickening in atherosclero-
sis involves the invasion and de-diff erentiation of macrophages 
to lipid-laden foam cells as well as recruitment of VSMC and 
neointima formation. Th is process causes severe luminal reduc-
tion, and unstable plaques may promote thrombus formation 
and arterial occlusive disease. Vascular stiff ness is based on aug-
mented elastin synthesis, replaced by deposition of collagens and 
glycosaminoglycans, ground substance, and partial calcifi cation 
(18). Free radicals can worsen these processes by oxidizing and 
cross-linking matrix constituents. Furthermore, RNOS can pro-
mote VSMC motility and proliferation and therefore accelerate 
vascular hypertrophy, stiff ness, and cellular senescence. Hyper-
tension in the elderly is also, at least in part, related to impaired 
endothelial function and reduced vessel wall elasticity (21). 

 Age-associated endothelial dysfunction is generally defi ned 
by reduced bioavailability of free   •  NO. Various molecular expla-
nations have emerged so far to explain this alteration, but the 
most prominent one is the inactivation of   •  NO by   •  O 2   �  . From 
this interaction a more reactive RNOS species peroxynitrite can 
arise, which, in turn, can infl uence other enzymes involved in the 
maintenance of vascular homeostasis such as prostacyclin (PGI 2 ) 
synthase (22) or sarco/endoplasmic reticulum calcium ATPase 
(SERCA) (23). Th is illustrates that RNOS may play a pivotal role 
in cardiovascular aging and the development of cardiovascular 
disease, both by direct oxidative damage and by interfering with 
redox signaling cascades in the vasculature.   

 Models and theories of aging 

 Lifestyle, diseases, genetic predispositions, and environmental 
factors modulate the aging process in a multimodal fashion and 
further complicate basic research into the underlying mecha-
nisms of aging. Several theories of aging have emerged over the 
past decades, and molecular evidence for each of these hypotheses 
has been provided. A summary is given in Table I. According to 

experimental data, it is obvious that these theories and hypoth-
eses are oversimplifi cations that are interconnected with each 
other. Th e most relevant of these theories, which also best explain 
cardiovascular aging, are those of replicative senescence, chronic 
oxidative stress (free radical theory of aging), and mitochondrial 
dysfunction.  

 Vascular senescence 

 Hayfl ick and Moorhead discovered that primary human fi bro-
blasts have a limited number of cell division cycles and a fi nite 
lifespan upon continuous subculture. Th e  ‘ Hayfl ick limit ’  is com-
monly known as replicative or intrinsic senescence (24). Th e 
molecular basis of this limit in replicative capacity of cells are 
telomeres, specialized tandem G-rich repeats that extend until the 
chromosome end. Th ese structures were fi rst discovered in the 
1930s by McClintock and Mueller, and later found by Watson and 
Olovnikov to serve as primers for DNA replication and chromo-
somal stability. Blackburn (25) and others revealed that telomeres 
were maintained and elongated by telomerase or the so-called 
alternative lengthening of telomeres (ALT) pathway (26,27) and 
that telomere shortening was important in aging. Th is important 
concept of aging was confi rmed in telomerase deletion animals 
(28 – 30) that demonstrated reduced tissue regeneration and im-
pairment of bone marrow or skin-derived stem cells. Further-
more, many of the known premature aging syndromes in humans 
including Werner syndrome (31) or dyskeratosis congenita (32) 
can be attributed to enhanced telomere attrition. In recent years, 
it has become evident that various tumors (33) as well as primary 
cell lines (34) maintain telomeres by either activating telomerase 
or the ALT pathway, thus avoiding replicative senescence and 
conferring infi nite cell proliferation and immortality. Th is also 
illustrates that cancer and aging are linked to genomic instability. 
Th is topic is outside of this review, but the interested reader is 
referred to other excellent reviews (35). 

 In early life, cell senescence is considered to ensure reproduc-
tion (germ line) by preventing tumor formation and preserving 
tissue integrity (somatic cells). However, in later life, senescent cells 
clearly compromise the function of tissues and may accelerate the 
process of age-related diseases such as atherosclerosis. 

 General characteristics of these cells are morphological chang-
es such as increased cell size, polymorphic nuclei, cell fl attening 
(fried egg appearance), vacuolization, increased lysosomal mass, 
and accumulation of a transcriptionally inactive heterochromatic 
structure, senescence-associated heterochromatic foci (SAHF). 
Histological identifi cation is achieved by visualization of the 
senescence-associated  β -galactosidase (SA- β -Gal) staining (36). 
Th e molecular basis of the  ‘ programmed lifespan ’  is still obscure 
(37) but seems to be primarily related to telomere attrition, which 
causes chromosomal and genetic instability (termed state of  ‘ cell 
crisis ’ ) as well as expression of cell cycle inhibitors such as p53, 
retinoblastoma protein (Rb), or Ras (37,38). 

 Besides the exhibition of these typical markers of senescence, 
endothelial cells in culture rapidly cease to produce homeostatic 
mediators such as PGI 2  or   •  NO (39,40). In conjunction with in-
creased expression of plasminogen activator inhibitor (PAI)-1 
and cell adhesion molecules this indicates endothelial cell dys-
function.  In vivo , senescent endothelial cells have mainly been 
identifi ed at atherosclerosis-prone regions such as branching sites 
(41,42). Impaired healing/repair of vascular lesions and impaired 
angiogenesis may be some of the consequences (43) of senescent 
cells. Th is concept of aging is highly contentious since most 
results were obtained in artifi cial cell culture experiments. 

 In contrast, an  ‘ acute form ’  of senescence, which is unrelated 
to extensive proliferation or telomere damage, can be induced by 
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eff ects. With the discovery of superoxide dismutase (SOD) by 
Fridovich and McCord (57) and various other antioxidant sys-
tems (58), this hypothesis gained substantial scientifi c footing, 
and a new research area on oxidative stress phenomena emerged. 

 In general, RNOS can irreversibly oxidize biological macromol-
ecules, which leads to cumulative impairment of cell function. Th is 
phenomenon is observed naturally with aging and in diseases, such 
as atherosclerosis or Alzheimer ’ s disease, that have a high preva-
lence in the elderly. Similar to oxidative stress-related diseases, in 
various animal models and in humans, an accumulation of oxidized 
proteins, lipids, and DNA has been confi rmed for aging. Typical 
examples include protein-bound nitrotyrosine (5,59,60), protein-
carbonyls (61), lipofuscin (62,63), malondialdehyde (64), ceroid 
bodies (65), or 8-oxo-deoxy-guanosine (66). Th ese modifi cations 
typically serve as molecular footprints of RNOS generation and 
increase in quantity with age in the cardiovascular system. In par-
ticular, nitrotyrosine and dityrosine are important markers, which 
correlate well with age-dependent endothelial dysfunction. Th is is 
of particular interest since nitrotyrosine is regarded as a marker of 
peroxynitrite (PN), a highly reactive RNOS that is formed from 
the reaction of   •  O 2   �   with   •  NO. Besides causing oxidative damage, 
this reaction also reduces the bioavailability of   •  NO, which is a 
widely accepted cause of endothelial dysfunction and a hallmark 
of cardiovascular aging. Th e details on the   •  NO/  •  O 2   �   antagonism 
will be explained in a later section on   •  NO,   •  O 2   �  , and RNOS. 

 Elevated levels of other oxidative markers including protein-
carbonyls, oxidatively damaged DNA, or protein lipid adducts 

a number of sub-lethal stressors. Th is has been termed as  ‘ stress-
induced premature senescence ’  (SIPS) (44) and  ‘ stress or aberrant 
signaling-induced senescence ’  (STASIS) (45). In the vasculature, 
pro-atherogenic and pro-infl ammatory factors such as oxidized 
low-density lipoprotein (LDL) (46), pro-infl ammatory cytokines 
such as tumor necrosis factor (TNF)-alpha (response to injury 
hypothesis) (46), RNOS (47), p38-mitogen-activated protein 
kinase (MAPK) signaling cascade (48), hyperglycemia (42), and 
advanced glycation end-products (AGE) (42,49) may all lead to 
activation of the endothelium and ultimately cause senescence. 
Telomere shortening and inhibition of the endogenous telom-
erase activity are oft en accompanying phenomena (50,51). With 
respect to RNOS, addition of   •  NO donors or antioxidants can 
delay endothelial senescence and telomere erosion (52,53). 

 Recent evidence suggests that senescence also plays a role in 
media calcifi cation (54). Th e increased expression of osteoblas-
tic genes suggests an osteoblastic transition of VSMCs, partially 
through runt-related transcriptional factor-2 (RUNX-2), initiat-
ing osteoblastic diff erentiation dependent mechanisms (54). In-
terestingly, statin and Rho-kinase inhibitors prevent calcifi cation 
of senescent VSMCs (54).   

 Free radical theory of aging 

 In 1956, Harman described for the fi rst time the free radical theory 
of aging:  ‘ the reaction of active free radicals, normally produced 
in the organism, with cellular constituents ’  (55,56). By this time, 
radicals were regarded as unstable molecules that had biological 

  Table I. Th eories of aging.  

Th eory Defi nition

Evolutionary concept 
of antagonistic 
pleiotrophy

Natural selection favors genes that act early in life and increase reproduction, rather than genes that act to preserve non-germ 
cells (the  ‘ disposable soma ’ ). Principally a function of external factors.

Somatic mutation 
theory of aging

Accumulation of DNA mutations during life is responsible for degenerative senescence caused by loss of tumor suppressor gene 
function and by point mutations in pro-oncogenes.

• Not valid for postmitotic tissues like heart and neurons
• ROS are putative mutagens
• DNA repair capacity and effi  cacy correlate with the species-specifi c lifespan

Replicative or intrinsic 
senescence

   introduced by Hayfl ick 
and Moorhead (1961) 

   or 

  Telomere hypothesis
   McClintock and 

M ü ller; discovery of 
telomeres (1930s) 

Cells react on subculture with a cessation of cell division, the  ‘ Hayfl ick limit ’  (24,35,44,45).
•  Morphological parameters: increase in cell size, polymorphic nuclei with transcriptionally inactive heterochromatic 
 structures (senescence-associated heterochromatic foci  �  SAHF), cell fl attening ( ‘ fried egg appearance ’ , cell enlargement, 
 and vacuolization) and increase in lysosomal mass
•  Molecular parameters: attrition of telomeres and genomic instability ( ‘ crisis ’ ) due to cross-linkage of chromosomes, 
 induction, stabilization, and activation of cell cycle activators (p21, p16INK4a, p53, pRB, p27, p15, p19ARF), persistent 
 Ras activation and MAP-kinase cascade stimulation and expression of senescence-associated  β -galactosidase (36 – 38)
•  Adult cells have limited capacity to prevent telomere shortening (telomerase or alternative lengthening of telomeres 
 (ALT)) resulting in telomere shortening with age and growth arrest (25 – 27)

Free radical theory of 
aging

   introduced by 
Gerschman et al. 
(1954) and Harman 
(1956) 

Lifelong primarily mitochondria-derived oxidative stress negatively aff ects biological macromolecules leading to their 
accumulation, modifi cation, and depletion and to an acceleration of the oxidant fl ux (55,56,244).

•  ~ 0.1% of the utilized oxygen is converted into ROS
•  Accumulation of oxidatively modifi ed molecules inversely correlates with the lifespan of the species
• Impaired or dysfunctional lysosomes and proteasomes
•  Modifi cations include advanced glycated end-products (AGE), lipofuscin (62,65), protein carbonyls (61), dityrosine, 
 nitrotyrosine, protein cross-linking of extracellular matrix components causing matrix stiff ness, oxidatively modifi ed 
 DNA bases such as 8-oxo-d-guanosine (245) or 8-nitro-d-guanosine, cross-linked protein-lipid products (HNE-protein), 
 DOPA-protein cross-links, modifi ed sulfh ydryls (glutathiolated, sulfonic acid, methionine sulfoxide, etc.)

Mitochondrial theory 
of aging

   introduced by Miquel 
(1980s) and Harman 

Organelle dysfunction increases with age and has profound negative pleiotropic eff ects on cell physiology (71).
• Energy depletion, Ca 2  �    dysregulation, increased apoptosis rate, increased ROS formation
•  Th e close proximity of ROS formation to mitochondrial DNA leads to faster accumulation of mutations and deletions in 
 postmitotic cells causing mitochondrial dysfunction (87,88,98,99,100)

Rate of living — caloric 
restriction

Species with a higher metabolic rate have a shorter maximum lifespan potential (MLSP) (228)
•  Higher energy consumption leads to higher O 2  utilization in cell respiration and to a higher rate of mitochondrial free 
 radical generation
•  Caloric restriction is a model which leads to lifespan prolongation. Molecular mechanisms may involve the activation of 
 sirtuins or AMP kinase (sensors of energy status), which can be pharmacologically manipulated by polyphenol treatment 
 including resveratrol
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that aff ect tissue function can be abundantly detected in the aging 
myocardium and vasculature. Th e role of RNOS is further sup-
ported by mouse models in which important antioxidant systems 
were ablated. For example ALDH-2 �/�  (aldehyde dehydroge-
nase) mice, which have an impaired capacity to remove reactive 
aldehydes including 4-hydroxynoneal, develop severe endothelial 
dysfunction at medium age (67). In addition, mice with specifi c 
cardiac over-expression of catalase directed to either the peroxi-
somes or to the mitochondria appear to have increased survival 
rates and improved cardiac contractility with aging (68). Th ese 
data suggest that free radicals may play a crucial role in the aging 
process. 

 However, reports on dietary supplementation with antioxi-
dants or on over-expression of antioxidant enzymes interfering 
with aging are inconsistent. Th e low or absent effi  cacy of orally 
administered antioxidants (e.g. vitamin C) may be due to the 
inability of these compounds to reach the compartments of 
increased RNOS formation in suffi  ciently high concentration. 
Genetic manipulation of SOD in yeast or  Drosophila melanogaster  
supported the role of free radicals and extended lifespan, although 
this failed in a mouse model (69). To evaluate Harman ’ s oxidative 
stress theory, Muller and co-workers reviewed results grouped by 
selected model organisms (58). Th e authors conclude that, unlike 
data in  Drosophila melanogaster , studies in mice clearly support a 
role of oxidative stress in age-related diseases but not in determining 
lifespan. Although an increased longevity in a number of genetically 
modifi ed mouse models has been demonstrated, the mechanisms 
by which these genetic modifi cations regulate aging largely remain 
unclear, and systematic validation would be highly desirable (70). 

 Lastly, although radicals can cause oxidative stress and destroy 
biological macromolecules, at low concentrations they serve as 
important messenger molecules. Consequently, enhanced radical 
formation and manipulations in the antioxidant system will in-
terfere with the more recently identifi ed redox signaling pathways 
as well.   

 Mitochondrial theory of aging 

 In the 1970s, Harman extended the free radical theory of aging 
(56) on mitochondria as the  ‘ seed of senescence ’  (71). In most 
cell types, mitochondria are the principal source of endogenous 
oxidants. It can be assumed that 0.1% of oxygen consumed is con-
verted into RNOS. Aging-dependent impairment of tissue func-
tion parallels with dysfunctional mitochondria and enhanced 
mitochondrial free radical generation. Research has mainly fo-
cused on mitochondria-derived oxidative stress phenomena such 
as nuclear (genomic) DNA mutations as shown in  Caenorhabditis 
elegans  (72). Th e organelle was ascribed the role of a  ‘ cellular 
power plant ’ , which generates free radicals by misdirection of 
electrons from the respiratory chain to molecular oxygen and 
hence into ROS production (73,74). Autoxidation of components 
of the respiratory chain will lead to the formation of   •  O 2   �  , which 
is the one-electron reduction product of oxygen. Most, but not 
all, oxidative damage is mediated by one-electron oxidation pro-
cesses. Novel fi ndings suggest that mitochondria are organized in 
a fl exible network that is controlled by fi ssion and fusion. Within 
this network, heterogeneous mitochondrial populations seem to 
exist. Th ese were characterized by genetic variability (75), dif-
ferences in the membrane potential (76,77), calcium sensitivity 
for permeability transition (78 – 80), or by histology (in the heart: 
interfi brillary or subsarcolemmal mitochondria) (81,82). Th is net-
work is extremely sensitive to metabolic changes such as high glu-
cose and can respond to an increase in oxygen radical formation 
(83). However, the physiological consequences remain unclear 
and need further elucidation. 

 Typical age-mediated alterations, involving mitochondrial 
physiology and RNOS generation, are reduction of ATP synthesis 
by inhibiting enzymes of the citric acid cycle, creatine kinase, or 
respiratory chain components (84 – 86), mutation of mitochon-
drial DNA (mtDNA) (87,88), and an increase in apoptosis by 
oxidative activation of the permeability transition pore (89). 

 Several animal models provide experimental evidence for the 
mitochondrial theory of aging and disease, such as mitochondrial 
MnSOD �/�  and MnSOD �/  �    animals (90). Major mitochondrial 
alterations include reduced antioxidant capacity, increased mtD-
NA damage, and reduced activities in enzymes of the respiratory 
chain and citric acid cycle leading to enhanced apoptosis. New-
born MnSOD �/�  mice suff er from severe oxidative stress and die 
within a few days aft er birth (90). Th e heart and central nervous 
system, tissues of high oxygen consumption, are adversely af-
fected. Heterozygous MnSOD �/  �    animals have a normal lifespan 
but show enhanced age-dependent endothelial dysfunction and 
arteriosclerosis (67,69,91 – 94). 

 Th e biogenesis of mitochondrial respiratory chain complexes 
requires concerted contribution from physically separated ge-
nomes: the nuclear DNA and the maternally inherited mtDNA. 
Th is  ‘ genome in the genome ’  only codes for respiratory chain 
components and is more susceptible to oxidative stress than nu-
clear DNA due to the proximity to respiratory chain components, 
the lack of histones (95), and the lack of an effi  cient DNA repair 
system (mt polymerases lack specifi city for base excision repair) 
(96). Th erefore, mtDNA is considered as the  ‘ seed of senescence ’ . 
Age-associated mitochondrial dysfunction implies increased 
generation of ROS (97), which initiates a vicious cycle of mtDNA 
damage leading to a dysfunctional respiratory chain accompanied 
by   •  O 2   �   generation and promotes further mtDNA mutations and 
damage (98,99). MtDNA deletions associated with an increased 
induction of oxidative phosphorylation in nuclear genes coding 
for mitochondrial respiratory complexes accumulate with age and 
were found to be signifi cantly higher in human hearts with coro-
nary artery disease than in hearts of age-matched controls (100). 
Recent investigations show that the mutation rate of mtDNA is 
enhanced in transgenic animals carrying a proof-reading do-
main-defi cient mitochondrial polymerase  γ . Th is is accompanied 
by typical signs of premature aging. Th e phenotype of these ani-
mals is characterized by kyphosis (curvature of the spine), cardiac 
hypertrophy, and osteoporosis, all of which corresponds to en-
hanced RNOS formation and apoptosis (101,102). A recent study 
showed that transgenic mice expressing cardiac-targeted mutated 
human Pol γ  developed severe cardiomyopathy similar to ob-
servations in Pol γ  transgenic animals (103). However, the exact 
signaling pathways determining the molecular basis for the link 
between lifelong damage to mtDNA, RNOS, and development of 
vascular disease are not yet fully understood (104,105). 

 Recently, the classic mitochondrial theory of aging has been 
challenged with experimental results suggesting that oxidative 
damage may occur without severe mtDNA mutation (106) and, 
conversely, that mtDNA mutagenesis may have causes other than 
RNOS (58). 

 A recent groundbreaking publication by Sahin and co-work-
ers (107) suggested a concept that unifi es the mitochondrial 
theory of aging, the free radical theory of aging, and replicative 
senescence. According to this hypothesis, telomere dysfunction 
triggers a chronic activation of p53 that leads to a suppression 
of PPAR- γ  coactivator 1 α  and- β  (PGC-1 α /PGC-1 β ) expression, 
which normally is involved in the regulation of gene expression 
required for mitochondrial biogenesis. Hence, replicative senes-
cence would automatically lead to a decline in the mitochondrial 
maintenance and repair machinery and cause an accumulation 
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reduces [Ca 2  �   ] i  by re-uptake into the sarcoplasmic reticulum 
(112), activation of Ras homolog gene family (Rho)/Rho kinases 
(113,114), or myosin light chain phosphatase (dephosphorylation 
of myosin light chains leads to smooth muscle relaxation) (113). 

 Th e major   •  NO source in the endothelium is NOS-3. However, 
depending on the tissue, other NOS isoforms may have signifi -
cant impact on vascular function, particularly microcirculation 
(Table II) (115 – 118). 

 Nerve endings in the corpus cavernosum contain NOS-1 (119), 
which becomes activated by nerve excitation leading to vasorelax-
ation and induction of penile erection by fi lling the lacunae-like 
structures with blood. Similarly, the skeletal muscle splice variant 
nNOS  μ   (spliced and truncated variant of neuronal NO synthase) 
becomes concomitantly activated by Ca 2  �   -triggered muscle con-
striction ensuring adequate oxygen supply and blood circulation. 
In infl ammation, NOS-2 is induced in many cell types (e.g. ath-
erosclerotic lesions), generating high levels of   •  NO. NOS-3 is the 
most important isoform in the vasculature to maintain homeo-
stasis. NO synthesis by NOS-3 is not only triggered by [Ca 2  �   ] i  
levels but can be modulated by phosphorylation as an immediate 
adaptation to stimuli such as shear stress. 

 In contrast to the classic cGMP-mediated eff ects,   •  NO can 
directly modulate enzymatic activities via more reactive inter-
mediate nitrogen species, reversibly or irreversibly modifying 
protein-bound sulfh ydryls or tyrosine residues. Th is requires the 
participation of   •  O 2   �  , which generates a whole new set of RNOS 
and opens an amazing new insight into vascular redox signal-
ing (Figure 2). In this context,   •  O 2   �   can be regarded as an   •  NO 
antagonist, representing a  ‘ Yin – Yang system ’  similar to the eff ects 
exerted by prostanoids and thromboxane in the vasculature. 

 Th e versatile chemistry allows   •  NO to act as a signaling mol-
ecule and permits potent antioxidant properties (120).   •  NO at 
physiological concentrations eff ectively prevents Fenton chemis-
try through ligand – metal interactions. Th e formation of a metal 
nitrosyl complex limits the addition of peroxides to biological 

of damaged mitochondria. Th is would allow for the clonal 
expansion of mitochondria containing mutated DNA. Subse-
quently, greater mtROS would be formed that, in a vicious cycle, 
would lead to more mitochondrial, nuclear, and, in particular, to 
telomeric DNA damage. 

 Taken together, RNOS and cellular oxidative damage appear 
to be associated with age-related disease, although a causal rela-
tionship between oxidative stress and lifespan in humans and in 
mammalian animal models remains to be defi nitively proven. In 
any case, the oxidative stress theories of aging are mutually inter-
dependent, and interactions are described by other theories such 
as replicative senescence, telomere shortening, and  ‘ extensions ’  
such as mitochondrial DNA damage.    

   •  NO,   •  O 
2
   �  , and RNOS  

 RNOS sources in vascular aging  

 Nitric oxide — the classic paradigm 

   •  NO was the fi rst gaseous free radical discovered to have a physi-
ological signaling function and is one of the most important 
endothelium-derived mediators in the cardiovascular system. 
  •  NO, which can easily cross cell membranes by diff usion, can 
mediate a plethora of eff ects via cGMP-dependent and inde-
pendent mechanisms such as smooth muscle relaxation (108), 
leukocyte repulsion (109), inhibition of platelet activation and 
thrombus formation (110), or suppression of vascular remodel-
ing by inhibition of smooth muscle cell de-diff erentiation and 
growth (111). 

 Classically,   •  NO activates soluble guanylyl cyclase (sGC) in 
SMC via nitrosylation (reaction of   •  NO with the heme moiety and 
not with sulfh ydryls) thus increasing intracellular cGMP levels. 
Th is second messenger activates protein kinase G (PKG) which 

  Table II. Major cellular NO sources and regulation.  

Source Description Capacity

For all NO synthases • Co-factors: FAD, FMN, BH 4 , Heme, P450 enzyme, homo dimer, Zn-fi nger, Ca 2  �   /calmodulin

• L-Arg  �  NADPH  �  H   �     �  O 2   →  NOHLA  �  NADP   �     �  H 2 O
• NOHLA  �   ½  NADPH  �   ½  H   �     �  O 2   →  L-citrulline  �   ½  NADP   �     �    •  NO  �  H 2 O (115)

NOS-1/nNOS/neuronal 
NO synthase (160 kDa)

• Regulation via Ca 2  �   /calmodulin (119) High

• Splice variants — mitochondrial NO synthase
• Mainly nervous system and splice variants in skeletal and vascular smooth muscle (nNOS  μ  ) (246,247)
•  N-terminal PDZ-domain that is important for interaction with syntrophin. Attachment of nNOS to 

membranes (plasma, sarcolemma, endoplasmatic reticulum) via dystoglycan, dystrophin, and 
dystrobrevin complexes or in neurons association with NMDA receptor via PSD-95, Capon and Dexras

• Caveolin III, phosphofructokinase M
NOS-2/iNOS/inducible 

NO synthase 
(125 – 135 kDa)

• Ca 2  �   /calmodulin is tightly bound to the enzyme and leads to constitutive activation High

• Cytosolic
• Induced as early immediate gene on infl ammatory stimuli such as LPS or cytokines

NOS-3/eNOS/endothelial 
NO synthase (135 kDa)

• Vascular endothelium (117) Low

• Regulation via Ca 2  �   /calmodulin (10 – 20-fold change in activity)
• Caveolin I association inhibits the enzyme —  ‘ caveolar paradox ’ 
•  Phosphorylation at Ser1177 (positive regulator at the reductase domain) and Th r495 (negative regulator 

at the Ca 2  �   /calmodulin binding domain) can cause activity changes up to 2 – 3-fold. Function: Vascular 
adaptation to shear stress or reaction on stimuli such as estrogen, insulin, bradykinin, or vascular 
endothelial growth factor (VEGF) (248)

• Phosphorylation by Akt/PKB and PKA, PKC
• Palmitoylation and myristoylation target the enzyme to the plasma membrane
• Association with HSP90, bradykinin receptor, CAT-2

Mitochondria • Putative mitochondrial NO synthases (NOS-3 (heart) or a NOS-1 splice variant) Low

• Reduction of nitrite at complex III — under hypoxia (249)
Xanthine 

oxidase/aldehyde 
dehydrogenase

• Reduction of nitrite to   •  NO under hypoxic conditions — putative autoregulatory mechanism (250,251) Low

Hemoglobin/myoglobin •  Reduction of nitrite to   •  NO under hypoxic conditions — putative autoregulatory mechanism for capillaries 
and muscle (252,253)

Medium
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catalysis under physiological   •  O 2   �   concentrations (10  � 9  – 10  � 12  M). 
Its physiological/pathophysiological role in the vasculature 
mainly originates from the almost diff usion-controlled reaction 
with   •  NO, which exceeds the dismutation rate by SODs. At very 
high concentrations of   •  O 2   �  , oxidative stress occurs via Fenton 
chemistry resulting in the formation of the highly toxic and, for 
biological macromolecules, deleterious hydroxyl radical (  •  OH). 

 Several vascular   •  O 2   �   sources exist (Table III), being activated 
under particular physiological and pathophysiological situations. 
Sources diff er in their mode of activation and capacity to release 
  •  O 2   �  . Th e most intensively studied enzymatic family members are 
subunits of the NADPH oxidase. Besides the classic well charac-
terized phagocyte (NADPH) oxidase (gp91 phox   �  glycoprotein 91 
phagocyte oxidase or NOX-2), six more members have emerged, 
among which NOX-1 and NOX-4 are expressed in vascular 
smooth muscle cells (130). 

metal co-ordination sites and thus inhibits the formation of 
more reactive species including hydroxyl radical, peroxo- or oxo-
metal complexes (120).   •  NO also acts through radical – radical 
interaction and terminates radical chains. An example is the 
effi  cient abatement of lipid peroxidation by   •  NO (121) and the 
scavenging of reactive intermediates formed during decomposi-
tion of peroxynitrite (122). Such mechanisms can regulate cyclo-
oxygenase-mediated vascular tone (123), platelet aggregation 
(124), or contribute to the prevention of atherogenesis (125,126).   

 Superoxide anion — a nitric oxide antagonist and mediator 
of redox regulation 

   •  O 2   �   may have reducing rather than oxidizing properties, as 
exemplifi ed by cytochrome c (57). Target enzymes that are 
directly aff ected by   •  O 2   �   include protein kinase C (127), cal-
cineurin (128), and aconitase (129). Th is likely occurs by metal 

  Figure 2.     Th e vascular   •  NO signaling cascade and the antagonizing   •  O 2  
 �  . Agonist stimulation of endothelial cells, including angiotensin II, acetylcholine, 

serotonin, etc., or shear stress causes activation of endothelial NO synthase by a transient increase in intracellular calcium or phosphorylation.   •  NO as a 
freely diff usible molecule can easily cross cell membranes and activate soluble guanylyl cyclase in smooth muscle cells, increasing intracellular cGMP levels. 
Protein kinase G is activated and can cause a decrease in intracellular calcium [Ca 2  �   ] i  and mediates the dephosphorylation of myosin light chain leading 
to vasorelaxation. Superoxide can react with and reduce free   •  NO, impairing the   •  NO-cGMP signaling pathway. Inactivation of soluble guanylyl cyclase 
by superoxide has been reported, too. Various superoxide sources in the endothelium and vascular smooth muscle cells have been identifi ed, including 
mitochondria, uncoupled NO synthase, xanthine oxidase, NADPH oxidases, and epoxygenase. Depending on the model and pathology, diff erent sources of 
  •  O 2  

 �   can be activated. (Ag  �  agonist; [Ca 2  �   ] i   �  intracellular calcium; NOS-3  �  endothelial NO synthase; sGC  �  soluble guanylyl cyclase;   •  NO  �  nitric oxide; 
cGMP  �  cyclic guanosine monophosphate; Rec  �  receptor;   •  O 2  

 �    �  superoxide anion)  
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is capable of modulating, enhancing, and amplifying radical for-
mation via reversible oxidation of sulfh ydryl groups in conjunc-
tion with other radical sources. Allopurinol or oxypurinol has 
successfully been used therapeutically to inhibit xanthine oxidase 
and lower plasma uric acid levels. Interestingly, uric acid as a 
potent scavenger for peroxynitrite may inhibit platelet aggrega-
tion and restore endothelial function, and it is believed to prolong 
lifespan in man and  Drosophila melanogaster  (140,141). 

 Apart from metabolism by the prostaglandin endoperox-
ide and the lipoxygenase pathways, arachidonic acid can be 
metabolized via the epoxygenase pathway as well (142). Cyto-
chrome P450 (CYP) epoxygenases contribute to the generation 
of oxygen-derived free radicals in the vascular wall (143). 

 Mitochondria represent the most potent and yet most obscure 
source of superoxide formation. It is still not clear whether  ‘ redox 
cross-talk ’  between cytosolic RNOS sources and the mitochon-
dria exist and, if so, through which molecular mechanisms it is 
controlled (144 – 147). Nevertheless, uncoupling proteins, the per-
meability transition pore, and a putative anion channel have been 
suggested to modulate mitochondrial radical formation as well as 
posttranslational modifi cations of complex I and II (148).   

 The free radical signaling network — the non-classic nitric 
oxide pathways 

 Initially,   •  NO was assumed to nitros(yl)ate sulfh ydryls directly, but 
chemically an intermediate   •  NO-derived S-nitrosating species is 
required. Th e parallel release of low amounts of   •  O 2   �  , and of   •  NO 
at concentrations that are 2 – 3 times higher, causes peroxynitrite 
formation as a short-lived intermediate (149) which is rapidly 
converted to an S-nitrosating species like N 2 O 3  as  in-vitro  experi-
ments demonstrated (150). Th e maximal generation of peroxyni-
trite alone occurs when   •  NO and   •  O 2   �   are in equimolar ratios. Th e 
occurrence of N 2 O 3  as a physiological nitrosating species is not 
fully elucidated yet, and other secondary RNOS or heme-catalyzed 
mechanisms may play a more important role (151,152). 

 At membranes, an active NOX complex comprises the cata-
lytic integral membrane and cytosolic regulatory proteins. Th is 
complex generates   •  O 2   �   or H 2 O 2 . In contrast to phagocytes, the 
levels of superoxide formed in smooth muscle and other types of 
cells are rather low. Th e non-phagocytic NADPH oxidase family 
requires a diff erent set of cytosolic subunits (NOX-1) or is consti-
tutively active (NOX-4). Increased gp91 phox  expression in heart 
(131) and aortic endothelium (20) was reported in aged rats. NA-
DPH oxidase contributes at least in part to increased superoxide 
radical formation in aging (132). 

 Another source of   •  O 2   �   production is an uncoupled NOS-3, 
which has recently gained more recognition with respect to car-
diovascular disease and cardiovascular aging. It is now widely 
accepted that reduced levels of the co-factors tetrahydrobiopterin 
(BH 4 ) and/or L-arginine are a common cause for uncoupling. In 
particular, BH 4  is very sensitive to oxidation, and its levels may 
be reduced under conditions of oxidative stress (133). Beside 
the lack of co-factors, the involvement of heat shock protein 
(HSP) 90, disruption of the Zn-fi nger (117), which changes 
dimer – monomer distribution (134), phosphorylation (135,136), 
or protein S-glutathionylation (137) are alternative explanations 
for uncoupling of NOS-3. Meanwhile, NOS-3 uncoupling has 
been accepted to occur in conditions such as diabetes mellitus 
(138,139), hypertension, and hypercholesterolemia (135), as well 
as in chronic smokers or patients treated with nitroglycerin-
containing drugs (117). Its role in vascular aging, however, has 
not yet been defi nitively proven. 

 Xanthine oxidase is the classic   •  O 2   �   source, which becomes 
activated during ischemia/reperfusion. Under physiological 
conditions the enzyme exists in the dehydrogenase form, catalyz-
ing the fi nal step of purine degradation in man and primates, by 
converting xanthine via hypoxanthine into uric acid. Conversion 
to the oxidase can occur either by proteolytic cleavage or oxida-
tion of sulfh ydryl groups and disruption of Fe-sulphur clusters. 
Th erefore, xanthine oxidase may also represent an enzyme which 

  Table III. Potential sources of superoxide in the vasculature.  

Source Description Capacity

Uncoupled eNOS Confi rmed: Uncoupling occurs under reduced availability of either L-arginine or 
tetrahydrobiopterin (BH 4 ) (133,207).

Low

Unconfi rmed:
•  Low temperature SDS – PAGE monomer and dimer distribution as an indicator of the 
 status of the Zn-fi nger, involved in uncoupling (134)
• Phosphorylation of Ser1177 (254)
•  Heat shock protein 90 (HSP90) and its inhibitor geldanamycin. Recent data indicate that 
 HSP90 can improve NO release but does not contribute to eNOS uncoupling (255)

NADPH oxidases 
(NOX  �  homologs 
of gp91 phox )

Important isoforms in the vasculature (256 – 258): In the vascular system low, 
but in neutrophiles high 
(oxidative burst)

•  NOX-1  �  MOX 1 participates in the regulation of cell proliferation via activation of 
 MAP-kinase cascade. Separate cytosolic components
•  NOX-2  �  gp91 phox , homologous to the phagocyte oxidase but with lower   •  O 2   �   and 
 intracellular output. Forms upon activation with a complex with membrane (gp22 phox ) 
 and cytosolic (p40 phox , p47 phox , p67 phox , and Rac 1, 2) components
• NOX-4

Induction and activation via angiotensin II.
Inhibition of activation via inhibitors which interfere with the complex formation such as 

apocynin, gliotoxin, or phenylarsene oxide (PAO)
Positive   •  O 2   �   feedback via PKC.

Xanthine oxidase Conversion of the xanthine dehydrogenase into an oxidase by (259): Medium, depending on 
its substrate availability• Reversible and irreversible oxidation of essential sulfh ydryls

• Proteolysis
Extracellular xanthine oxidase is synthesized in the liver and sticks via proteoglycans to the 

endothelial surface.
Mitochondria Superoxide sources (73,74,144 – 147): High, up to 0.1% of 

utilized O 2 • Complex I ubiquinone binding site
• Complex III — accumulation of ubisemiquinone

To date it is unclear if mitochondrial   •  O 2   �   generation is accidental or can be regulated by 
e.g. mitochondrial anion channel, uncoupling proteins (UCP), oxidative modifi cations of 
complex I, or inhibition of complex IV via   •  NO.
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up-regulated under acute and chronic pathophysiological condi-
tions such as sepsis, diabetes, atherosclerosis, or aging. Th e forma-
tion of prostanoids involves a cascade of three enzymes (Figure 3), 
starting with the liberation of membrane-bound arachidonic acid 
by Ca 2  �   -activated phospholipase A 2  (PLA 2 ). Fluid shear stress is 
also a potent activator of PLA 2  via phosphorylation. Th en, arachi-
donic acid is converted in a two-step process into PGH 2  by the 
rate-limiting enzyme, prostaglandin endoperoxide H 2  synthase 
(PGHS), also referred to as cyclo-oxygenase (COX). In a fi nal 
step, PGH 2  is converted into diff erent prostanoids by terminal 
synthases and isomerases such as PGI 2  synthase or thromboxane 
A 2  (TxA 2 ) synthase. Th e most important prostanoids in the vas-
cular system are PGI 2  and PGH 2 , which are endothelium-derived 
autacoids, and TxA 2 , which is solely platelet-derived. PGI 2  acts 
synergistically with   •  NO and mediates its anti-aggregatory, 
 anti-adhesive, anti-proliferative, and anti-thrombotic effects via 
the G-protein coupled prostacyclin receptor (IP-receptor), lead-

 In general, redox-based cysteine thiol modifi cations can be seen 
as the basis of redox signaling but also as a protective mechanism 
to prevent essential cysteines from being irreversibly oxidized 
to sulphinic or sulphonic acid during interim stress situations. 
Such modifi cations include S-nitrosation, S-glutathiolation, or 
intramolecular disulphide formation (153). 

 S-nitrosation of essential catalytic cysteines has been shown 
to alter enzyme activity, such as inhibition of glyceraldehyde 
dehydrogenase (154), NADP   �    isocitrate dehydrogenase (155), 
caspase-3 (156,157), mitochondrial complex I (89,158), and 
mitochondrial aldehyde dehydrogenase (159,160).     

 The prostanoid pathway 

 Prostanoids play a vital role in numerous diff erent cell types and 
tissues throughout the body. Th ese mediators are involved in the 
maintenance of steady-state conditions but can also become highly 

  Figure 3.     Th e Yin – Yang system of prostanoids. Agonist stimulation of endothelial cells causes an increase in intracellular calcium levels [Ca 2  �   ] i , which 
releases arachidonic acid via activation of phospholipase A 2  from membrane phospholipids. Alternatively, phospholipase A 2  is regulated by fl uid or cyclic 
shear stress through phosphorylation. Arachidonic acid is converted by prostaglandin endoperoxide H 2  synthase (cyclo-oxygenase) into the intermediate 
prostaglandin endoperoxide H 2 , which is further processed into prostacyclin by prostacyclin synthase. Prostacyclin mediates vasorelaxation by acting on the 
prostacyclin receptor, activating adenylyl cyclase, and elevating cyclic AMP, resulting in an increase in protein kinase A activity. Furthermore, prostacyclin 
inhibits platelet aggregation and leukocyte adhesion to the endothelium. Under conditions that cause inhibition of prostacyclin synthase, PGH 2  levels 
increase and PGH 2  exerts thromboxane-like eff ects via stimulation of the thromboxane A 2 /PGH 2  receptor. Th romboxane A 2  stimulates platelet aggregation 
and enhances this process in an autocrine loop or promotes leukocyte adhesion. Activation of the thromboxane A 2 /PGH 2  receptor leads to activation 
of phospholipase C and an increase in intracellular calcium levels. (AA  �  arachidonic acid; AC  �  adenylyl cyclase; Ag  �  agonist; [Ca 2  �   ] i   �  intracellular 
calcium; G  �  G-protein; ONOO  �    �  peroxynitrite;   •  O 2  

 �    �  superoxide; PLA 2   �  phospholipase A 2 ;  
 •  NO  �  nitric oxide; PGHS-1  �  prostaglandin endoperoxide 

H 2  synthase; PGH 2   �  prostaglandin endoperoxide H 2 ; PGIS  �  prostacyclin synthase; PLC  �  phospholipase C; PKA  �  protein kinase A; Rec  �  receptor; 
TxA 2   �  thromboxane A 2 ; TxAS  �  thromboxane synthase)  
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usually expressed under the conditions of elevated   •  NO and   •  O 2   �   
formation, is already activated aft er its expression. 

 Th e extent of activation, however, is highly dependent on 
the cell type, the balanced formation of   •  NO and   •  O 2   �   to form 
peroxynitrite, and on cellular antioxidant capacity. In the case of 
PGHS activity our group has proven that a 1:1 ratio stimulates 
the enzyme maximally, although it is still unclear how the cell 
controls the concerted generation of equimolar concentrations 
of   •  NO and   •  O 2   �   (167). An excess of either radical will reduce 
PGHS activity by enhancing the decomposition of peroxynitrite 
without inducing posttranslational modifi cations of the enzyme. 
Uric acid and vitamin E, in particular  γ -tocopherol, both of 
which are potent scavengers of peroxynitrite, can also lower the 
peroxide tone and PGHS activity. 

 Th e constitutively expressed PGHS-1 can be found in a wide 
variety of cell types and tissues, such as vascular endothelium or 
platelets. Th e considerably higher peroxide requirement for the 
activation of PGHS-1 could be considered as an eff ective regu-
latory mechanism to prevent uncontrolled prostanoid synthesis 
under resting conditions. Growing evidence is emerging that the 
concept of peroxynitrite as an activator of prostanoid synthesis 
is crucially involved in the increased formation of prostanoids 
observed in cardiovascular aging (Figure 3) (168). 

 In the light of recent fi ndings, the role of lipoxygenases both 
as a source of lipid peroxides and as a potential leak of RNOS has 
become important. Seiler and co-workers identifi ed a signaling 
pathway linking oxidative stress, GPx4 (glutathione peroxidase-4), 
lipoxygenase-derived lipid peroxidation, and apoptosis-inducing 
factor-mediated cell death (169). GPx4 inactivation was found 
to cause lipid peroxidation and cell death, mediated by 12/15 li-
poxygenase. Th e identifi cation of a redox-regulated pro-apoptotic 
signaling cascade may also turn out to be a promising therapeutic 
target in the future.    

 Free radicals and prostanoids in vascular aging 

 Aging is a multifactorially controlled process, and divergence 
in molecular fi ndings might partly be due to the use of diff er-
ent models. Studies of cardiovascular aging in humans are oft en 
hampered by the fact that other risk factors (diabetes, hyperten-
sion, hypercholesterolemia) are also present. As an example, 
age-dependent alterations in kidney physiology may be caused 
by up-regulation of the renin – angiotensin system witnessed in 
hypertension. Angiotensin II (Ang II) is a very potent vasoactive 
mediator causing cardiovascular remodeling and hypertension. 
On a molecular basis, Ang II activates and increases the expres-
sion of vascular NADPH oxidases (NOX-1, -2, and -4 in endothe-
lial cells, smooth muscle cells, and fi broblasts). Under these con-
ditions NADPH oxidases represent the major   •  O 2   �   source and 
contribute to reduction of free   •  NO. Persistent up-regulation of 
the renin – Ang II system eventually leads to endothelial dysfunc-
tion and triggers the mitogenic response in smooth muscle cells 
via the MAPK cascade leading to remodeling of the vasculature. 
Under the premise of  ‘ action and reaction ’ , the cell always reacts 
with compensation on the age-dependent  ‘ gain ’  or  ‘ loss of func-
tion ’  in physiological processes. Th e cellular capacity to compen-
sate for these alterations by alternative pathways might add new 
knowledge to the understanding of the aging process.  

 Superoxide sources in aging and eff ects on   •  NO signaling 

 In agreement with the free radical hypothesis of aging, it is widely 
accepted that RNOS and in particular   •  O 2   �   formation increase 
with age. Several posttranslational oxidative modifi cations of 
bio-macromolecules have been described and provide substantial 

ing to an increase in cyclic adenosine monophosphate (cAMP). 
TxA 2  and PGH 2  have opposing properties, but both act on the 
TxA 2 /PGH 2  receptor (TP receptor) to increase intracellular 
[Ca 2  �   ] i  levels. Peroxynitrite formation, which is increased in an 
age-dependent manner, may nitrate and inactivate PGI 2  synthase, 
causing vasoconstriction, platelet aggregation, and thrombus 
formation (161).  

 Nitration of PGI 2  synthase — a change in PGH 2  
metabolic pathways 

 Steric inhibition of PGI 2  synthase occurs via peroxynitrite-
mediated nitration of Tyr 430  close to the active site, thus limit-
ing the accessibility of the substrate. Physiologic concentrations 
of peroxynitrite (IC 50   �  50 – 200 nM) can already inactivate the 
enzyme (162,163), catalyzed via its heme-thiolate structure and 
the close proximity of the Tyr residue to the heme. Such low 
concentrations of peroxynitrite may be formed under numer-
ous conditions such as diabetes, infl ammation, atherosclerosis, 
ischemia/reperfusion injury, and aging. An increase in   •  O 2   �   for-
mation can be regarded as one of the major initial causes of an 
imbalanced prostanoid formation in favor of PGH 2 . 

 Under homeostatic conditions and upon stimulation with vasoac-
tive agonists, TxA 2  and PGI 2  are released in balanced amounts, and 
PGH 2  represents an intermediate metabolite at negligible concentra-
tions only, since PGH 2  is quickly converted by terminal synthases. 
However, if disturbances in the utilization of PGH 2  by terminal syn-
thases occur, e.g. by inhibition of prostacyclin synthase through nitra-
tion, PGH 2  accumulates and acts on the TxA 2  receptor (TP) leading 
to vasoconstriction. Th ose pathophysiological events typically occur 
in the aged vasculature (Figure 3). A persistent imbalance and TP 
receptor stimulation causes vascular hypertrophy and proliferation 
of vascular smooth muscle cells in TP receptor over-expressing or 
IP-receptor deletion mice (164,165). Th ere is still an on-going de-
bate about the origin of TxA 2  in the vasculature, as TxA 2  synthase 
inhibitors, unlike TP receptor antagonists, have no clear benefi cial 
eff ects on endothelial function. Th is can be suffi  ciently explained by 
an early hypothesis by Gryglewski et al. (166). Dysfunctional or acti-
vated endothelium may luminally release PGH 2 , which can undergo 
transcellular conversion. PGH 2  may then trigger the TP receptors 
on platelets, thus stimulating platelet-derived TxA 2  synthesis, but 
can also cross the plasma membrane and be converted to TxA 2  via 
platelet TxA 2  synthase.   

 Activation of PGHS by peroxynitrite — the peroxide tone 

 In recent years, the endogenous regulation of the PGHS catalytic 
cycle by RNOS has raised controversy. It became quite apparent 
that   •  NO,   •  O 2   �  , and their derivatives have a highly specifi c impact 
on PGHS catalysis. Th e model of the  ‘ peroxide tone ’  describes the 
transient activation and maintenance of PGHS activity by perox-
ides. Peroxides convert the resting PGHS into its active form in 
which a ferric heme together with a neighboring tyrosine residue 
are converted to a ferryl (Fe IV   �  O, Compound I) species and a 
tyrosyl radical. Th e interaction of this tyrosyl radical with the 
substrate arachidonic acid yields an arachidonyl radical, which 
interacts with molecular oxygen to form 15-hydroperoxy-prosta-
glandin-9,11-endoperoxide (PGG 2 ) in a controlled reaction. Th e 
second step again utilizes the peroxidase activity of the enzyme 
to reduce PGG 2  to the 15-hydroxy derivative PGH 2 . Although all 
peroxides can provide the peroxide tone for the PGHS catalytic 
cycle, peroxynitrite was shown to be the most potent endogenous 
species to activate and maintain PGHS catalysis (124). 

 Interestingly, the peroxide tone for inducible PGHS-2 was re-
ported about 10-fold lower (2 nM) than that for the constitutively 
expressed PGHS-1 (21 nM). Th is implies that PGHS-2, which is 
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in vascular oxidants and PGHS-2 expression, along with an 
elevation and shift  in the prostanoid spectrum lead to vasomotor 
dysfunction. Endothelium-derived constriction factors (EDCF), 
which result from PGHS metabolism and include PGH 2 , PG-
F 2 α  , or TxA 2 , appear to be central in mediating age-dependent 
vasoconstriction, vascular stiff ness, and hypertrophy. Th e iden-
tity of EDCF is controversial, but the eff ects are blocked by 
TxA 2 /PGH 2  receptor antagonists such as SQ-29548 (179) and ter-
utroban (180), or removal of the endothelium (180). Th is shift  in 
the prostanoid pattern, which seems to be mainly mediated by the 
endothelium, can be explained by PGHS-2 expression and the inhibi-
tion of prostacyclin synthase through peroxynitrite-mediated nitra-
tion. In addition, the elevated levels of RNOS and the lower peroxide 
tone requirement to activate PGHS-2 would explain the increase 
in prostanoid levels — in particular, that of PGE 2 , and EDCF. PGE 2  
is a pro-infl ammatory mediator that has been linked to a variety 
of age-associated diseases such as immune senescence, arthritis, 
and cardiovascular disease including atherosclerosis (181). Th is 
concept of the peroxide tone was proven in macrophages derived 
from young and old rats (182). Stimulated macrophages from ma-
ture rats have a signifi cantly higher release of PGE 2  as compared 
with younger animals. An up-regulation of PGE 2  is believed to 
cause dysregulation of the immune function (183), up-regulation 
of cellular adhesion molecules on the endothelium such as 
P-selectin (184), smooth muscle cell proliferation (hypertrophy 
and vascular stiff ness), and sustained cell senescence (185). 

 Furthermore, Vanhoutte and co-workers (180) noticed that 
PGHS-2 expression increased with age in the endothelium of 
rat femoral arteries, which leads to the release of endothelium-
dependent vasoconstricting prostaglandins and activation of the 
TxA 2 /PGH 2  receptor. In parallel, catalase activity in the endothe-
lium increased, and formation of reactive oxygen species was 
demonstrated as well. Th ese fi ndings further suggest that an age-
dependent imbalance of vasoconstrictive mediators acutely aff ects 
vasotone but also results in remodeling and stiff ening of the vessel 
wall by promoting hypertrophy (186). Th erefore, PGHS inhibi-
tors, including aspirin, may not only lower the risk of vascular 
occlusion, but could also improve vascular stiff ness. 

 In addition, other PGHS-derived and lipid peroxidation prod-
ucts including 4-hydroxynoneal, malondialdehyde, or the PGD 2 -
derived 15d-PGJ 2  are increased by RNOS and can also promote 
ROS generation in mitochondria of the endothelium (187). Th ese 
products have been shown to increase in infl ammation, athero-
sclerosis, and aging and are known to form protein adducts by re-
acting with histidine or cysteine residues. At low concentrations, 
such electrophilic compounds can regulate protein expression 
and activity. However, continuous exposure and high abundance 
may lead to non-specifi c and irreversible protein modifi cations 
that accumulate as lipid-modifi ed protein aggregates within the 
cell. A reason for the accumulation is that heavily oxidized and 
lipidated proteins cannot be further processed and degraded by 
the ubiquitin/proteasome system. 

 A prime example for the regulatory role of electrophilic com-
pounds or RNOS is the Keap1/Nrf2 complex that controls the an-
tioxidant- or electrophile-response element (ARE) (188). Various 
important genes for type II detoxifi cation of RNOS and electro-
philes are under control of this element, including SODs and gluta-
thione metabolism (189). Reactive electrophiles such as 15d-PGJ 2  
or RNOS react with a critical cysteine residue on Keap1, leading to 
the dissociation of Nrf2 and to ubiquitination and degradation of 
Keap1 (190). Free Nrf2 translocates to the nucleus, heterodimeriz-
es with Maf protein, and activates the AREs. Th is example illus-
trates that at low concentrations the RNOS- and PGHS-derived 
electrophilic 15d-PGJ 2  acts as a signaling molecule that leads to 

evidence of on-going altered radical formation in the aged vas-
culature, but some of the assumed enzymatic   •  O 2   �   sources still 
remain controversial (Table III). 

 We and others have demonstrated that vascular   •  O 2   �   forma-
tion mainly occurs in adventitial fi broblasts and endothelial 
cells (131,170,171). Denudation of the endothelial cell layer de-
creases the detectable amount of   •  O 2   �   in aged vessels compared 
with young controls (170). In contrast, smooth muscle cells only 
contribute a minor amount, which might be due to a higher an-
tioxidant capacity. Th e highest increase in peroxynitrite-derived 
nitrotyrosine formation can be found in mitochondria (4 – 5-fold 
increase), which points to the mitochondrial electron transport 
chain as the major age-dependent   •  O 2   �   source. Uncoupled 
NOS-3 in the endothelium also seems to be a likely candidate, 
since NOS-3 is over-expressed in aged tissues (170). Th e enzyme 
was proven to be active by confi rmation of the conversion of 
 L -arginine to L-citrulline, although the release of   •  NO was re-
duced in these vessels. However, other investigators have found 
a decrease in NOS-3 expression accounting for the reduced   •  NO 
bioavailability (51,172). In our opinion, mitochondrial   •  O 2   �   for-
mation will scavenge free   •  NO, forming peroxynitrite, as proven 
by enhanced protein nitration, and might lead to oxidation of the 
NOS co-factor BH 4 . Th is could then, to some extent, uncouple 
NOS-3, further amplifying and aggravating the   •  O 2   �   formation 
in the endothelium. In order to maintain vascular homeostasis, 
the endothelium reacts with an increase in NOS-3 expression 
partially to compensate the loss of   •  NO, eventually leading to a 
vicious cycle, and thereby representing a futile mechanism to 
prevent endothelial dysfunction. 

 Th ere are several reports indicating that vascular NADPH 
oxidases are major contributors to enhanced   •  O 2   �   formation 
(19,171). Th ese data oft en should be interpreted with caution in 
those cases in which lucigenin-enhanced chemiluminescence 
together with the addition of NADPH as substrate had been 
used. Th is is because the non-specifi c autoxidation of NADPH by 
membrane-localized fl avoproteins may result in measurement of 
artifacts. However, the suitability of lucigenin below 50  μ M as a 
highly specifi c probe for   •  O 2   �   was demonstrated, by comparison, 
with high-performance liquid chromatography (HPLC)-based 
hydroxyethidium measurements and electron paramagnetic 
resonance (EPR) measurements (67,144,173). 

 Immunohistochemical localizations are mostly restricted to one 
subunit of the NADPH oxidase complex, e.g. p22 phox , demonstrating 
a marginal alteration only (171). In contrast, in aged hypertensive 
animals a signifi cant increase can be observed, related to the well 
known age-dependent increase in the activation of the renin – Ang II 
system (18,19). Using quantitative real-time PCR, no signifi cant tran-
scriptional alterations induced by aging could be detected, neither in 
the mouse (NOX-1, NOX-2, NOX-4, p47 phox , p67 phox ; unpublished 
data) nor in the rat model (protein kinase C translocation, p47 phox , 
p67 phox ) (174). However, the possibility of an enhanced activation 
during the aging process will need further investigation. 

 Th e proteasome, which is responsible for the removal of oxida-
tively damaged proteins accumulating during cellular aging, is it-
self aff ected by oxidative stress. Consequently, its activity declines 
in an age-related manner (175,176), although, in contrast to the 
cytosolic proteasome the nuclear proteasome is relatively resis-
tant to this age-dependent decline (177). Th ese changes, however, 
are still as of yet unconfi rmed in the VSMC proteasome (178).   

 Peroxide tone in aging and its impact on the prostanoid 
signaling cascade 

 Most studies of vascular disease and aging demonstrate that a 
decline in endothelium-derived bioavailable   •  NO, an increase 
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consequences arise: initially, a certain portion of anti-aggregatory 
  •  NO, which is released in small quantities under basal conditions 
and which can be up-regulated following stimulation, is trapped 
to form peroxynitrite. Secondly, the formed peroxynitrite pro-
vides the peroxide tone for PGHS-1 in platelets, thus supporting 
TxA 2  formation and ultimately aggregation. Interestingly, it was 
also observed that platelets of aged individuals are more sensitive 
to PGI 2  (Bachschmid et al., unpublished). Th is may represent a 
compensatory mechanism to counteract the increased platelet ag-
gregability in aging (Figure 4). Th is concept is further supported 
by fi ndings of increased 6-keto-PGF 1 α   levels in the plasma of el-
derly people (198), presumably originating from the vascular en-
dothelium by a likewise elevated peroxide tone. Since endothelial 
PGI 2  synthase was shown to become nitrated and inactivated in 
an age-dependent manner, this event may represent a turning-
point from counter-regulation to a state accompanied by a high 
risk of thrombotic events.   

 Vitamins and the role of antioxidant enzymes 
in vascular aging 

 Based upon the oxidative stress hypothesis of vascular aging, it 
would seem particularly attractive to prevent the production of 
RNOS and their subsequent reactions with naturally occurring 
antioxidants, i.e. vitamins, and/or other antioxidative substances .  
Prevention of oxidative stress depends on a fully functional en-
dogenous system, so that a loss of endogenous antioxidants and 
antioxidant enzymes, even without a change in RNOS formation, 
would increase oxidative stress and demand for dietary anti-
oxidant supplementation. Th e benefi cial eff ects of dietary anti-
oxidants to extend lifespan are, however, highly controversial. For 

the induction of cytoprotective genes. Th ese examples suggest 
that the aging process may be counterbalanced by the induc-
tion of PGHS-2 to release more PGI 2  from the endothelium and 
smooth muscle cells. Increased, RNOS that support the peroxide 
tone for PGHS and the formation of electrophilic side products 
initially induce cytoprotective mechanisms. However, these cas-
cades become futile with age, and the over-activation may lead to 
hyperoxidized proteins by RNOS or electrophilic lipid oxidation 
products. Th is in turn leads to progressive deterioration of mul-
tiple signaling cascades including Nrf2 (191,192), AP-1, NF-kB 
(193,194), FoxO (forkhead box O) (178) and may be the cause 
of aging. Nevertheless, these examples also underline the chal-
lenges for aging research to decipher what is cause and what is 
consequence.   

 Age-dependent compensatory mechanisms 

 Platelets are a major source of pro-aggregatory TxA 2  in the vas-
cular system. Th e aging process is associated with an increased 
risk of thrombus formation which can ultimately lead to capillary 
plugging and infarction. Platelets from elderly people are more 
sensitive to various stimuli (195). Furthermore, this increased 
susceptibility to stimulation is accompanied by an increased basal 
formation of TxA 2  in aged individuals. We recently demonstrated 
peroxynitrite-mediated activation of PGHS-1 and subsequent 
TxA 2  formation and aggregation in human platelets. Sources of 
free radicals in platelets include NADPH oxidase, mitochondria 
(196), xanthine oxidase (197), and uncoupled NOS-3. It could 
be shown that an age-dependent increase in   •  O 2   �   formation 
in platelets leads to an increased formation of peroxynitrite 
(Schildknecht et al., unpublished). From this interaction, two 

  Figure 4.     Free radical-mediated platelet hyperreactivity in aging. Platelets use peroxynitrite at low concentrations ( �  21 nM) in order to provide the peroxide 
tone for modulating basal prostaglandin endoperoxide H 2  synthase (cyclo-oxygenase-1) activity aft er agonist-mediated platelet activation. NADPH oxidase 
and endothelial NO synthase concertedly release superoxide anion and   •  NO to form peroxynitrite. Cyclo-oxygenase-1 provides the substrate prostaglandin 
endoperoxide H 2  for thromboxane synthase, which is converted into thromboxane A 2 . Th is potent eicosanoid further activates platelets in an autocrine loop 
or causes the recruitment of other platelets to the thrombus. However, aging leads to an elevated superoxide formation via uncoupling of NO synthase, 
conversion of xanthine dehydrogenase into an oxidase, activation of NADPH oxidase, or by electron leakage in the mitochondrial electron transport 
chain. Th is saturates the platelet peroxide tone, resulting in loss of the modulation of COX-1 activity, which subsequently leads to hyperreactivity of 
platelets. Th erefore, platelet aggregation readily occurs at lower doses of agonists and proceeds faster. (Ag  �  agonist; Rec  �  receptor; PLA 2   �  phospholipase 
A 2 ; PGHS-1  �  prostaglandin endoperoxide H 2  synthase; AA  �  arachidonic acid; PGH 2   �  prostaglandin endoperoxide H 2 ; TxAS  �  thromboxane synthase; 
ONOO  –    �  peroxynitrite; TxA 2   �  thromboxane A 2 ; [Ca 2  �   ] i   �  intracellular calcium;   •  NO  �  nitric oxide;   •  O 2  

 �    �  superoxide)  
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 Another approach in aging research is to eliminate highly 
reactive radical species such as the   •  OH, which is derived from 
Fenton chemistry via free iron and other transition metals. One 
such approach utilized cardiac specifi c metallothionin transgenic 
mice (213, 214). Th is low-molecular-weight enzyme is a chelator 
for free metal ions such as iron and copper, and almost 30% of 
its amino acid residues are comprised of cysteines. Th is potent 
thiol antioxidant may have contributed and alleviated the aging-
induced cardiac contractile defects leading to a 4-month lifespan 
extension in the transgenic mouse model.    

 Mitochondria: the seed of senescence?  

 Mitochondrial antioxidants 
 Cardiovascular diseases are associated with a chronic increase in 
mitochondrial ROS formation. Under conditions such as aging, an 
increased amount of electrons is misdirected from the respiratory 
chain into ROS production. An age-associated decline of enzymatic 
function normally responsible for the detoxifi cation of ROS is one 
of the most important reasons. Th is has been shown for aconitase 
(215) and MnSOD (170). Mice lacking MnSOD exhibit increased 
mitochondria-derived oxidative stress and decreased mitochon-
drial function (94). Nitration of an essential tyrosine residue in 
MnSOD, which causes inactivation of the enzyme, may lead to 
subsequent peroxynitrite formation and has been associated with 
age-related endothelial dysfunction (67,170). Genetic inactiva-
tion of MnSOD results in premature death, while treatment with 
the SOD mimetic manganese-tetrakis-benzoic acid porphyrin 
(MnTBAP) dramatically prolongs survival of MnSOD �/�  mice 
(90). Conversely, MnSOD over-expression increased yeast chron-
ological lifespan (216), and a synthetic SOD/catalase mimetic ex-
tended lifespan in  C. elegans  (208). Furthermore, over-expression 
of catalase, another enzyme crucially involved in the antioxidative 
defense, enhanced protection of mitochondria from ROS and led 
to an extended lifespan in mice (68). Interestingly, compared with 
catalase targeted to peroxisomes and to the nucleus, catalase tar-
geted to mitochondria maximally increases lifespan (68,217), thus 
strongly supporting the role of ROS derived from mitochondria 
as a pivotal limiting factor of longevity in rodents. Even in cardiac 
specifi c transgenic mice, catalase over-expression still extended 
lifespan and attenuated or even nullifi ed various aging-induced 
myocyte defects (218). For other mitochondrial antioxidant en-
zymes little information on the vasculature is available. We could 
recently demonstrate that ALDH-2 �/�  (aldehyde dehydrogenase) 
mice develop severe endothelial dysfunction at medium age (67). 
Th is enzyme removes reactive aldehydes in the mitochondria and 
was shown to activate organic nitrites that lead to vasorelaxation. 
Moreover, the enzyme contains various reactive cysteines, which 
also may exert peroxidase activity and antioxidant activity. 

 Based upon a better understanding of the role of mitochondria 
in the aging process, specifi cally designed therapies to delay aging 
may have a promising future.   

 Mitochondrial DNA and network dynamics 

 In the past, it was believed that mitochondrial DNA (mtDNA) 
must have a much higher mutation rate due to its plasmid-like 
appearance, the absence of effi  cient DNA repair systems, and 
histones. Recent research, however, demonstrates that mtDNA is 
organized in protein-DNA complexes in which 2 – 8 DNA mol-
ecules form a nucleoid. Th e mitochondrial transcription factor 
A (TFAM) plays a dual role of controlling DNA transcription 
and replication as well as a histone-like protein. Moreover, nucle-
oids are tethered to the inner mitochondrial membrane in close 

example the biological antioxidant vitamin E (tocopherol), which 
is an effi  cient scavenger of lipid-derived radicals and an electron 
source for the reduction of peroxynitrite, is reduced in rat serum 
(199). In contrast, a dramatic increase of  α -tocopherol, its most 
biologically active form, was found in the aortic vessel wall of aged 
rats fed a normal diet (199). Th is appears to be a compensatory 
mechanism for age-associated oxidative stress and underscores 
that additional vitamin E supplementation may be obsolete since 
the cell is already utilizing the antioxidant to its limit. 

 Nevertheless, various studies could demonstrate that vitamin 
supplementation improves age-related diseases. In an aging model 
of rat macrophages, vitamin E reduced PGHS-2 activity by lowering 
the peroxide tone, which in turn reduced immune senescence and 
dysfunction (182) caused by PGE 2 . Meydani and co-workers further 
developed this concept and showed in a human trial that vitamin E 
supplementation improved the T cell-mediated immune response 
in elderly over 65. Similarly, vitamin E attenuated the expression 
of adhesion molecules in endothelial cells, which participate in 
the innate immune response and slowed down the progression of 
atherosclerosis (200,201). Vitamin E also reduced the expression of 
genes leading to cardiac hypertrophy (202) in old mice. 

 SODs are the main scavengers of   •  O 2   �   and best studied anti-
oxidant system in the vasculature. Th ree diff erent isoenzymes ex-
ist: manganese SOD (MnSOD) is the major antioxidant enzyme 
in mitochondria of all mammals (see below). EC-SOD is the main 
scavenger of   •  O 2   �   in the extracellular space (203). Cu,ZnSOD, 
normally localized in the cytosol, was recently shown to relocate to 
mitochondria in an age-dependent manner (204), thus becoming 
part of a compensatory defense against compromised mitochon-
drial function. Th e importance of these enzymes, in particular 
Cu,ZnSOD and MnSOD, for vascular homeostasis was demon-
strated by gene ablation in mice, which signifi cantly impaired 
endothelium-dependent relaxation (205,206). Various strategies 
in the vasculature exist that target the restoration of endotheli-
um-dependent   •  NO formation by scavenging the antagonizing 
superoxide or preventing NOS-3 from age-dependent uncou-
pling by restoration of BH 4  levels with sepiapterin (207). SOD-
mimetics (208), peroxynitrite decomposition catalysts (209), and 
over-expression of EC-SOD improved vascular relaxation in old 
mice or rats (210). 

 Interestingly, the long-lived white-footed house mouse ( Pero-
myscus leucopus ) has unchanged levels of Cu,ZnSOD and MnSOD 
expression levels compared to the typical mouse ( Mus musculus ) 
but increased levels of glutathione peroxidase-1, catalase, and 
heme oxygenase that are associated with reduction of hydrogen 
peroxide (211). 

 Th e most complex antioxidant and detoxifi cation systems in 
the cell are glutathione and glutathione utilizing proteins includ-
ing peroxiredoxins, thioredoxin, glutaredoxins, glutathione per-
oxidases, and glutathione-S transferases. Eff ects on these systems 
by aging are far more complex, vary among the tissues, and are less 
studied in the cardiovascular system. Th ioredoxin (Trx), which is 
a multifunctional enzyme that has a chaperone function, modu-
lates the signaling function of thiol-controlled transcription fac-
tors, including NF-kB and AP-1, and has an antioxidant function 
by reducing intra- and intermolecular protein disulfi des. Over-
expression of cytosolic Trx in mice (212) extended median and 
maximum lifespans, increased stress resistance, and enhanced te-
lomerase activity. It has also been observed that N-acetylcysteine, 
which can replete cellular glutathione levels, prevented hydrogen 
peroxide-induced telomere shortening and endothelial cell se-
nescence (52). From the study of Trx transgenics it is not clear 
whether Trx enhanced the lifespan by its antioxidant function or 
by infl uencing important signaling cascades. 
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Sirt1 aft er all (234). Nevertheless, improvements in type II dia-
betes, atherosclerosis (235), angiogenesis (236), and activation 
of NOS-3 (237,238) due to resveratrol-dependent up-regulation 
of Sirt1 and compensation of Sirt1 deletion in endothelial cells 
(239,240) have been demonstrated. Additional targets of res-
veratrol include Nrf2, which up-regulates mitochondrial genes 
such as NAD(P)H:quinone oxidoreductase-1 and MnSOD or 
other antioxidant enzymes including  γ -glutamylcysteine syn-
thetase and heme oxygenase (241), all of which can counteract 
the aging process. As already mentioned, resveratrol was shown 
to activate NOS-3, probably via Sirt1, and promoted mitochon-
drial biogenesis leading to improved metabolism in aging and 
caloric restriction-like eff ects. Besides resveratrol, over-expression 
of Sirt1 showed benefi cial eff ects in disease and aging by up-
regulation of mitochondrial genes via FoxO1 and PGC-1 α . 
Th is leads to an increase in the cellular mitochondrial mass 
as well as induction of antioxidant enzymes such as MnSOD 
that protects against oxidative damage and promotes molecular 
activation (242,243) of caloric restriction.    

 Summary 

 Our mechanistic model of vascular aging combines concepts 
from diff erent theories, especially the oxidative stress hypothesis 
and the mitochondrial theory of aging, with a more extended and 
modernized view based on ideas partly yet to be proven. 

 Enhanced formation of RNOS is a central regulator of vas-
cular aging which is mainly characterized by endothelial dys-
function. Th e sources of increased   •  O 2   �   production involve the 
endothelial NADPH oxidase system, mitochondrial respiratory 
chain components, and NOS-3. Age-associated up-regulation of 
NOS-3 may lead to either a scavenger mechanism of   •  O 2   �   or as a 
source of   •  O 2   �   itself, especially in the absence of co-factors. Th e 
mechanisms leading to   •  O 2   �   generation in the mitochondria, the 
cytoplasm, and at the cell membrane may well occur in parallel 
without a special order or sequence, and, in the end, it is irrelevant 
which is the fi rst to trigger vascular dysfunction in aging. Th e link 
between increased   •  O 2   �   production and decreased   •  NO bioavail-
ability to form peroxynitrite is stringent in view of the chemistry, 
kinetics, and diff usion properties of both free radicals. Th e most 
signifi cant generation of peroxynitrite occurs within endothe-
lial mitochondria. Nitration and inactivation of key enzymes of 
antioxidant defense means that counterbalancing mechanisms 
cannot be preserved with increasing age. However, it has also to 
be pointed out that peroxynitrite is an important signaling mol-
ecule as exemplifi ed by the fact that PGH 2  synthase activity is 
maintained by peroxides. 

 Increased generation of   •  O 2   �   and peroxynitrite entails in-
creased nuclear and mitochondrial DNA damage. Oxidative DNA 
lesions promote mutation and dysfunction of respiratory chain 
components, thus leading to yet more RNOS generation and 
hence vascular dysfunction. We have recently shown that MnSOD 
is an integral component of the nucleoids in VSMCs, where it can 
protect mtDNA from RNOS. MnSOD can be acetylated which 
may modulate its association with mtDNA within the nucleoids. 
Mitochondria harbor three isoforms of sirtuins, master switches 
in metabolism which may, by deacetylation, increase MnSOD 
association with mtDNA. Age-associated increased production of 
peroxynitrite has been shown to inactivate Sirt1, suggesting that 
sirtuins may age-dependently lose their ability to modulate, by 
acetylation/deacetylation, key enzymes involved in antioxidative 
defense. 

 Th e dysregulation of various cellular signaling pathways in 
conjunction with oxidative stress induces cellular senescence. In 

proximity to the respiratory chain, which suggests that mtDNA 
and the respiratory chain build a functional cluster or super-
complexes (219,220). We have recently shown that MnSOD is 
an integral component of the nucleoids in VSMCs, where it can 
protect mtDNA from RNOS. In addition, MnSOD is acetylated 
(221), which might modulate its association with mtDNA within 
the nucleoids as well as activity. One of the most active deacety-
lases in the mitochondria is sirtuin 3, which has been shown to 
deacetylate MnSOD and regulate its activity (222,223). A poly-
morphism of Sirt3 was demonstrated in humans to correlate with 
centenarians (224). 

 Since mtDNA solely encodes components of the respiratory 
chain (components of all complexes except for complex II, which 
is exclusively encoded by nuclear genes) a deterioration of the 
mtDNA would result in a dysfunctional respiratory chain, which 
could be detected by the cell machinery for degradation. In fact, 
vascular mitochondria are organized into dynamic networks 
that undergo constant fi ssion and fusion. Th is network structure 
is important during cell division, since mitochondria as well as 
mtDNA can be distributed to the daughter cell, which is also 
known as mtDNA segregation. However, single particle-like mi-
tochondria with spherical to tubular appearance can be formed. 
Th ese mitochondria have variable membrane potentials, which 
is an indicator for the integrity of respiratory chain complexes 
and consequently of the mtDNA. It has been observed that such 
mitochondria are removed by a specialized lysosomal pathway 
of autophagy, known as mitophagy (225,226). Some researchers 
believe that this pathway is important for maintaining functional 
mtDNA and mitochondria, thus preventing aging. Indeed, we 
have observed that the network in umbilical vein endothelial 
cells is more dynamic than in aortic endothelial cells (unpub-
lished observation) (227). Also, RNOS, hyperglycemia, and other 
xenobiotics that may oxidatively damage the DNA were shown 
to disrupt the mitochondrial network. Th is probably enables the 
cell immediately to identify and remove damaged mitochondria 
and mtDNA. Such processes are of particular importance for 
low-dividing cells such as endothelial cells or postmitotic tissues 
such as the myocardium (100). In these tissues, mtDNA lesions 
such as major deletions or point mutations have been observed 
with aging, whereas somatic cells that undergo frequent cell divi-
sions seem to maintain and remove damaged mtDNA molecules 
during the cell cycle.   

 Metabolism, mitochondria, and sirtuins 

 Caloric restriction is a simple and universal intervention in the 
aging process, which has shown eff ectiveness from yeast up to 
mammals (228). In the past decade, sirtuins, a group of class III 
NAD   �   -dependent deacetylases and mono-ADP-ribosylases, 
have gained interest as master regulators in metabolism, ag-
ing (229,230), and mitochondrial function. Sirt1, currently the 
most studied isoform, can directly infl uence telomere length 
and reduces senescence (231) but has also a signifi cant impact 
on metabolism. In this context, the French paradox, which is 
the consumption of a fat-rich diet in combination with red 
wine, has surprisingly few adverse consequences in the devel-
opment of obesity, metabolic syndrome, and aging. Resveratrol, 
a polyphenol that was isolated from red wine, appeared to be 
the major active compound in mediating benefi cial eff ects 
analogous to those induced by caloric restriction. Sinclair and 
co-workers demonstrated that sirtuins (232,233), in particular 
Sirt1, also known as Sir2, are the pharmacological targets of 
resveratrol and executers of caloric restriction in mammals. 
Currently, this concept has been questioned, since newer Sirt1 
activators as well as resveratrol may not be direct activators of 
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particular for the endothelium, senescent cells may have a negative 
impact on neighboring cells, furthering endothelial dysfunction. 
Cellular senescence can be induced by stress or by shortening of 
indispensable telomeres on nuclear chromosomes. 

 Studying the molecular basis of the link between DNA dam-
age and vascular dysfunction will help better to understand and 
ultimately to treat vascular aging. 
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