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Abstract: The prevalence of cardiovascular diseases is significantly increased in the older 

population. Risk factors and predictors of future cardiovascular events such as hypertension, 

atherosclerosis, or diabetes are observed with higher frequency in elderly individuals.  

A major determinant of vascular aging is endothelial dysfunction, characterized by impaired 

endothelium-dependent signaling processes. Increased production of reactive oxygen 

species (ROS) leads to oxidative stress, loss of nitric oxide (�NO) signaling, loss of 

endothelial barrier function and infiltration of leukocytes to the vascular wall, explaining  

the low-grade inflammation characteristic for the aged vasculature. We here discuss  

the importance of different sources of ROS for vascular aging and their contribution to  

the increased cardiovascular risk in the elderly population with special emphasis on 

mitochondrial ROS formation and oxidative damage of mitochondrial DNA. Also  

the interaction (crosstalk) of mitochondria with nicotinamide adenosine dinucleotide 

phosphate (NADPH) oxidases is highlighted. Current concepts of vascular aging, 

consequences for the development of cardiovascular events and the particular role of ROS 

are evaluated on the basis of cell culture experiments, animal studies and clinical trials. 
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Present data point to a more important role of oxidative stress for the maximal healthspan 

(healthy aging) than for the maximal lifespan. 

Keywords: aging; mitochondrial oxidative stress; mitochondrial DNA damage;  

vascular dysfunction 

 

1. Introduction 

Demographic change is an emerging issue in the Western world. The proportion of people older than 

65 years will dramatically increase within the next decades [1]. Besides its negative effects on the costs 

for retirement funds, an increasing average age will amplify the economic burden for healthcare costs in 

these countries. Cardiovascular diseases (CVD) are a main cause of morbidity and mortality in elderly 

people and their incidence is closely correlated with age [2] (Figure 1A). The term “vascular aging” 

outlines all changes in vessels, which are associated with aging. Smooth muscle cells and endothelial 

cells are involved in these changes during vascular aging. Progressive aging leads to arterial stiffness 

and endothelial dysfunction, which is known to correlate with future cardiovascular events in humans [3]. 

Furthermore, aged vessels are more prone to develop atherosclerotic lesions, vascular injury, impaired 

angiogenesis and calcification [4]. Consequently, the incidence and frequency of cardiovascular diseases 

such as atherosclerosis and its late complications such as coronary artery disease or stroke, increase 

substantially with age [5]. However, endothelial dysfunction in the elderly is not only associated with 

CVD, but also with other disorders related to aging, such as erectile dysfunction, renal dysfunction, 

Alzheimer’s disease or retinopathy [6–9]. Since the CVD burden is predicted to increase dramatically in 

Western societies and the knowledge about vascular aging is limited, there is urgent need for research 

in this field in order to reduce morbidity and mortality in the aging population. Within the last years, 

scientists identified three key players in the vascular aging process: nitric oxide signaling, oxidative 

stress and inflammation [10]. It should be noted, that these players do not stand alone as they affect and 

influence each other. Especially pathophysiological convergence of different organ diseases with 

associated comorbidities increases at higher age and represents another important field of research that 

needs to be addressed in the future [11–13]. 

Nitric oxide (�NO) is essential for a functional endothelium and diminished �NO bioavailability leads 

to endothelial dysfunction [14,15]. In aged vessels the bioavailability of �NO is reduced, whereas 

production of reactive oxygen species (ROS) is increased [10,16,17]. It is not only the reaction of �NO 

with superoxide anion (O2
�−), leading in turn to production of peroxynitrite (ONOO−) [17], which 

reduces �NO bioavailability. Also dysregulation of the endothelial nitric oxide synthase (eNOS), known 

as eNOS uncoupling, results in impaired �NO release from the endothelium and leads instead to increased 

superoxide production [18]. The mechanisms of this uncoupling process are complex and multiple. They 

include decreased availability of the eNOS substrate L-arginine or the cofactor tetrahydrobiopterin 

(BH4), but also phosphorylation state (Ser1177, Thr495, Tyr657) or S-glutathionlyation of the protein 

(for review see [19]). All of them play an important role for the coupling state of the enzyme and many 

of them were identified in the vascular aging process [16,20–22]. Imbalance of �NO bioavailability by 

ROS is not only induced by eNOS itself. Increased oxidative stress from mitochondria and other 
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enzymatic sources are observed in aged animals and affect the coupling state of eNOS [23]. This 

observation points to a strong correlation between aging, oxidative stress, and as a consequence of 

imbalanced �NO bioavailability, the development of endothelial dysfunction (Figure 1B) [24]. The impact  

of vascular oxidative stress on endothelial function and the predictive value of this parameter was 

previously shown by a large clinical trial demonstrating better cardiovascular prognosis in patients with 

lower burden of vascular oxidative stress (less pronounced effect of vitamin C infusion on flow-mediated 

dilation) (Figure 1C) [25]. 

 

Figure 1. (A) Prevalence of coronary artery diseases (CAD) increases with progressing age 

and gender in Germany. Drawn from results of the Detect Study [26,27] and figure adopted 

from [28] with permission of the publisher. © Springer Science+Business Media, LLC 2010; 

(B) Correlation between age and endothelium-dependent (methacholine (MCh), solid line) 

and -independent (sodium nitroprusside (SNP), broken line) relaxation. Healthy individuals 

with an age of 25–70 years were tested for MCh- and SNP-dependent vasodilation. 

Endothelium-dependent relaxation was impaired with age (r = 0.81, p < 0.001, r is the correlation 

coefficient), whereas endothelium-independent relaxation was decreased only by trend  

in older individuals (r = 0.1, not significant). According to [24]; and (C) Results from 

Kaplan-Meier-analysis for the cardiovascular event rate in two cohorts of patients displaying 

either pronounced or weak effect of vitamin C on endothelial function (measured by forearm 

plethysmography after infusion of acetylcholine (ACh)) over a time period of more than 6 years. 

The take-home message is: Higher levels of vascular oxidative stress (free radicals) are 

associated with a more pronounced beneficial effect of the radical scavenger vitamin C on 

endothelial function and an increased cardiovascular event rate. FBF means forearm blood flow. 

According to Heitzer et al., Circulation 2001 [25]. 

There is good evidence that mitochondria represent a major source of ROS in aging tissues [29,30]. 

Mitochondrial DNA damage accumulates in the aging cell leading to mitochondrial dysfunction [31] 

and aging-related cardiovascular and neurodegenerative disease [10,32]. The present review will discuss 

the impact of mitochondrial oxidative stress and mitochondrial DNA damage on vascular dysfunction 

in the aging process. 
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2. The Cardiovascular System 

The cardiovascular system is a closed network containing arteries, veins and capillaries. The center 

of this network is the heart. Transportation is one of the most important functions of the human 

cardiovascular system. By every heartbeat nutrients, oxygen, carbon dioxide and hormones are 

distributed to all parts of the body. Furthermore, the cardiovascular system is involved in host defense 

by the inflammatory system and hemostasis by the coagulation system. As the interface between blood 

and vessel wall, the endothelium plays a crucial role as a specialized monolayered squamous epithelium 

that lines the interior surface of blood vessels. Preserving the blood barrier function and thereby 

preventing adhesion of immune cells is a defense against infiltration of immune cells such as monocytes 

into lesion-prone areas of the endothelium, an essential step in the development of atherosclerotic 

plaques [33,34]. There are over 2 billion heartbeats in one human life and every heartbeat is associated 

with increased sheer stress and elongation of the vessel. The endothelial cell layer has to control  

the vascular tone under all circumstances by nitric oxide (�NO), endothelium-derived hyperpolarizing 

factor, prostacyclin or natriuretic peptides. Furthermore, these mediators released by the endothelium 

have antiaggregatory properties and suppress thrombus formation, vascular stenosis [35] and cardiac 

hypertrophy. On the other hand, the endothelium acts synergistically with a regulatory system, which 

consists of vasoconstrictors such as catecholamines and other vasoactive peptides (i.e., angiotensin, 

vasopressin, endothelin). 

The aging endothelium is more and more unable to fulfill all these tasks. In elderly people a significant 

impairment of endothelium-dependent relaxation (endothelial dysfunction) can be found [36,37].  

This dysfunction promotes thrombosis, vasoconstriction, leukocyte infiltration and cell proliferation in 

the vessel wall. Thus, endothelial dysfunction in aging is an early predictor for the development of 

atherosclerosis, hypertension and future cardiovascular events. Besides this interaction during the aging 

process, this correlation was also proven by a meta-analysis of 23 studies [3], which nicely demonstrates 

flow-mediated dilation (FMD) of the brachial artery as a prognostic marker for cardiovascular events. 

Although this study cannot prove endothelial dysfunction as the cause of increased cardiovascular 

morbidity, it demonstrates that endothelial dysfunction is a precursor of cardiovascular disease. Not only 

are macrovessels, like aorta or coronary arteries, affected by aging-dependent endothelial dysfunction 

and oxidative stress but the microcirculation (resistance vessels) are especially affected by vascular aging 

(for review see [38]). Studies of Mayhan et al. demonstrated impaired eNOS-dependent reactivity of 

cerebral arterioles, which was associated with increased oxidative stress [39]. Similar evidence for 

endothelial dysfunction could be found for retinal vessels during the aging process [40] and its 

contribution to neurodegenerative disease is very likely [41,42] Our group and many others revealed 

impaired �NO signaling, vascular inflammation and oxidative stress as key players in the pathogenesis 

of aging dependent endothelial dysfunction (for review see [28]). 

3. Aging and Oxidative Stress 

As early as in 1954, Harman expressed for the first time the free radical theory of aging [43]. This 

idea was based on the observations, that aging is a universal phenomenon, and its contributing factors 

must be present in every living organism. His first hypothesis emphasized the importance of the hydroxyl 
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radical, as well as molecular oxygen in the aging process [44]. Later, this concept was extended to 

mitochondria which are the most abundant cellular source of ROS. Mitochondrial ROS formation 

probably contributes to the high mutation rate of the mitochondrial genome. In general, assembly of  

the respiratory chain components requires the contribution of two spatially separated genomes, the 

nuclear DNA and the maternally inherited mtDNA [45]. Malfunctioning of the mitochondrial genome 

is directly correlated with impaired mitochondrial physiology and depleted ATP-synthesis, which are 

accompanied by enhanced ROS formation and increased apoptosis [29]. Age-dependent impairment of 

vascular redox regulation is demonstrated by the bioavailability of another free radical species –�NO. 

Nitric oxide is not only involved in vasodilation, but also in vascular smooth muscle cell proliferation, 

inhibition of platelet aggregation and several others [46]. It has been postulated that �NO is gradually 

reduced with age and might serve as an applicable biomarker for age-dependent endothelial dysfunction. 

The prevailing paradigm is that an age-dependent increase in superoxide rapidly consumes �NO, 

consequently reduces its endothelial levels and thereby leads to impaired vasorelaxation [24,47]. 

Oxidative stress burden usually correlates with cellular thiol levels or vice versa cellular 

thiol/disulfide ratio is a well-accepted indicator of the redox state of a cell. Therefore, thiols and  

thiol-dependent enzymes were in the focus of oxidative stress and aging-related research. Cellular thiols 

possess significant antioxidant effects and affect the organismal healthspan. Glutathione peroxidases 

(GPx) belong to the class of enzymes responsible for the removal of H2O2 from the intracellular 

compartments. GPx deficiency leads to increased levels of oxidative stress, pronounced vascular 

dysfunction [16] and increased senescence of fibroblasts [48]. Even though genetic depletion of either 

GPx-1 or GPx-4 has no effect on the lifespan of the experimental animals, their effect on the process of 

healthy aging cannot be disputed [16]. Thioredoxins (Trx) are another class of antioxidant enzymes that 

can directly react with peroxides and eliminate damage caused by peroxides via reduction of disulfides 

and methionine sulfoxides [49]. Complete knock-out of the mitochondrial Trx isoform (Trx2−/−) is 

embryonically lethal and partial knock-out (Trx2+/−) mice show elevated levels of lipid peroxides, 

oxidized nucleobases and proteins [50]. Although Trx2+/− mice exhibited reduction in their lifespan by 

trend, a further increase of the significance power would require higher number of animals. On the other 

hand, genetic knock-in of the cytosolic isoform of thioredoxin, Trx1, showed considerable increase in 

mice longevity and stronger resistance to oxidative stress inducers, like UV-light or ischemia/reperfusion, 

further supporting the previous notion of the importance of antioxidant enzymes [51]. 

The impact of antioxidant defense enzymes on aging-related cardiovascular complications is well 

established and has been previously demonstrated for the mitochondrial superoxide dismutase 2  

(SOD2) [52], the cytosolic superoxide dismutase (SOD1) [47,53], the extracellular superoxide dismutase 

(ecSOD), and the thioredoxin-1 protein (Trx) [49]. Considering the fact that superoxide is the major 

contributing factor to the endothelial dysfunction in the aging vasculature further investigations of  

the antioxidant systems have been conducted in order to understand why these defense mechanisms are 

not able to combat increasing levels of the oxidative stress. On the example of SOD2, it has been shown 

that in aging vessels, MnSOD has been heavily nitrated, most probably by peroxynitrite, as indicated by 

increased staining for 3-nitrotyrosine [54]. Inhibition of this protective enzyme results in the activation 

of the vicious cycle of increased oxidative burden. On the other hand, no direct correlation between 

lifespan and deletion of or overexpression of most antioxidant enzymes (SOD2+/− or transgenic 

overexpression of SOD2 (SOD2tg), GPx-1−/−, GPx-4−/− or MsrA−/−, transgenic overexpression of SOD1 
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(SOD1tg), transgenic overexpression of catalase (catalasetg)) could affect the longevity [55]. Only SOD1−/− 

mice and mice with double gene ablation combinations showed reduced life expectancy [55,56]. It is  

worth to mention that mice completely deficient in SOD2 show lethality at the embryo stage or a few  

weeks after birth, once again stressing the importance of these antioxidant enzymes in the normal  

physiology [57,58]. Of note, overexpression of Trx1 increased the lifespan and stress resistance [51]. 

Although there is only a limited role for oxidative stress as a direct determinant for accelerated aging  

or decreased lifespan [55,56,59], there is substantial evidence for a contribution of oxidative stress to 

detrimental effects on physiological organ function during the aging process preventing healthy aging [60–63]. 

The observation that antioxidant enzymes have a significant effect on the healthspan of animals 

during normal aging (e.g., indicated by decreased aging-associated cardiovascular complications during 

the sunset years) and also on the resistance to stress conditions is of high clinical importance [51]. 

Previously, we demonstrated that genetic deletion of the mitochondrial antioxidant proteins aldehyde 

dehydrogenase-2 (ALDH-2) and manganese superoxide dismutase (Mn-SOD) leads to vascular 

dysfunction and mitochondrial oxidative stress with increasing age [23]. These data support the concept 

that oxidative stress in general and mitochondrial ROS formation in particular, despite not playing a key 

role for the lifespan, have significant impact on the quality of aging, the healthspan [60–63]. 

4. Vascular Function, Oxidative Stress and �NO Bioavailability in Aging 

Endothelial dysfunction was found in several animal models of hypertension or atherosclerosis, both 

representing important cardiovascular risk factors (for review see [19]). Furthermore, patients with 

endothelial dysfunction display a higher burden of oxidative stress and have increased risk factors for 

cardiovascular disease and events (see Figure 1). Endothelial dysfunction and most cardiovascular 

disease are characterized by increased levels of ROS formation due to an imbalance between pro-oxidative 

enzymes (xanthine oxidase, NADPH oxidase, uncoupled eNOS or enzymes of mitochondrial respiration) 

and antioxidant enzymes (Cu, Zn-SOD, Mn-SOD and extracellular SOD), resulting in a deviation of 

cellular redox environment from the normal [64]. A similar pattern of vascular dysregulation can be 

found in aging tissues (for review see [28]) and was first described in 1956 by Harman et al. (“free 

radical theory of aging”). 

Irreversible oxidations and accumulation of oxidized biological macromolecules (e.g., DNA 

mutations, oxidized proteins) appear in biological systems, which are suffering from chronic oxidative 

stress. Besides these long-term consequences, ROS interfere rapidly with nitric oxide (�NO) signaling. 

The accepted concept for reduced �NO bioavailability is the reaction of superoxide with �NO under formation 

of peroxynitrite (ONOO−) [65]. Not only is reduced bioavailability of the important vasodilator �NO 

problematic for the vascular system, ONOO− itself has the ability to disturb the enzymatic function of 

proteins by nitration of tyrosine residues and oxidation of cysteine-thiol-groups [66–68]. Among others,  

the mitochondrial isoform of superoxide dismutase, Mn-SOD, is affected by nitration and becomes 

inactivated which further reduces antioxidant capacity of the cell [69]. 

The �NO producing enzyme eNOS itself is highly susceptible to damage by increased oxidative stress [15]. 

Tetrahydrobiopterin (BH4), a cofactor of eNOS, can be oxidized by ONOO− and the latter can potentially 

uncouple eNOS [70,71]. BH4 is a redox cofactor of eNOS and regulates the catalytic activity. In aged 

animals reduced vascular BH4 levels were shown [72], but the results in the literature are controversial [73]. 
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Nevertheless, pharmacological supplementation of BH4 improves endothelial function in aged humans 

compared to young subjects [22]. This shortage of cofactor leads to a conformational change in  

eNOS resulting in uncoupling. Besides BH4, eNOS has several other redox switches that may lead to 

dysfunction/uncoupling in a ROS-dependent fashion: it can be S-glutathionylated [74], inhibited  

by asymmetric dimethylarginine (ADMA) and phosphorylated in a protein kinase C (PKC) or protein 

tyrosine kinase (PYK-2) dependent manner at Thr495 or Tyr657 [75]. Likewise, the zinc-sulfur-complex 

at the dimer-binding-interface can be oxidatively disrupted [76]. 

Uncoupling of eNOS switches the enzyme from good to evil [77]. In the uncoupled state, eNOS is 

generating ROS, which further oxidize BH4 and reduce �NO bioavailability [71]. This vicious circle is 

an established concept and part of the pathogenesis of endothelial dysfunction in aged vessels [24,36]. 

Several groups reported on increased eNOS expression levels in aging, which might be a counter-regulatory 

effect to compensate for decreased �NO bioavailability. In contrast, other groups found no change of 

eNOS expression in aging, but observed decreased Akt-dependent phosphorylation of eNOS at Ser1177 

with increasing age as a potential explanation for an impaired endothelial dysfunction in the elderly [78]. 

Our group just recently provided evidence for S-glutathionylation and adverse phosphorylation of  

eNOS at Thr495 and Tyr657 by redox-sensitive PKC and PYK-2, respectively, as important mechanisms 

in the process of aging-induced vascular dysfunction [16]. 

NADPH oxidase (Nox) is a major source of ROS in the cardiovascular system [79,80]. Isoforms 1, 

2, 4 and 5 are significantly expressed in heart and vessels. Nox2 and Nox4 are known to be upregulated 

in vascular tissue of aged mice [81]. In addition, these enzymes are regulated by tumor necrosis factor-α 

(TNF-α), which is known to be elevated in aged animals and humans [82,83]. The cytokine TNF-α  

plays an important role in many inflammatory disorders and vascular dysfunction is closely linked to 

inflammatory processes [84]. In fact, administration of TNF-α can promote oxidative stress by activation 

of Nox, endothelial dysfunction, endothelial apoptosis, and upregulation of proatherogenic inflammatory 

mediators, like inducible nitric oxide synthase (iNOS) and adhesion molecules [85,86]. Furthermore, 

TNF-α stimulates mitochondrial superoxide production in human retinal endothelial cells [87]. Chronic 

TNF-α inhibition improves flow-mediated arterial dilation in resistance arteries of aged animals, while 

reducing iNOS and intercellular adhesion molecule-1 (ICAM-1) expression [88]. All the mentioned  

effects are similar to functional alterations of the aged vascular endothelium. Not only TNF-α, but also 

interleukins (IL-1β, IL-6, IL-17) and C-reactive protein (CRP) are elevated in aging independent to  

other risk factors (e.g., smoking) [89]. Since, infiltrating leukocytes contribute to increased oxidative 

stress and reduced �NO bioavailability in the vessel wall [90,91], cytokine release and chemoattraction of 

leukocytes by the endothelium are important in the pathogenesis of aging-mediated endothelial dysfunction. 

5. Aging, Mitochondrial Oxidative Stress, Mitochondrial DNA Damage and Endothelial Dysfunction 

In 1972, Harman modified his “free radical theory of aging” to specify the role of mitochondria [92]. 

He tried to explain why exogenous supplementation of antioxidants to rodents could not improve their 

lifespan. His explanation was that these antioxidants do not reach the mitochondrion. He proposed that 

mitochondria are both the primary origin and target of oxidative stress. 

Recently, we demonstrated in two different knock-out models with increased mitochondrial ROS 

(ALDH-2−/−, MnSOD−/− mice), that mitochondrial ROS formation and oxidative mitochondrial DNA 
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(mtDNA) lesions as well as vascular dysfunction are increasing with age [23] (Figure 2). According to 

our data, endothelial dysfunction was clearly correlated with mitochondrial oxidative stress. The increase 

of mitochondrial ROS was more dependent on aging, then on the presence or absence of antioxidant 

proteins. The correlation between mtROS and mtDNA strand breaks, led us to speculate that the 

mitochondrial DNA damage could induce even more mtROS. Since the mitochondrial DNA mainly 

encodes for proteins of the mitochondrial respiration chain, one could assume that impaired mtDNA 

translation leads to mitochondrial uncoupling with secondary increase in mtROS formation. 

 

Figure 2. Correlations between mitochondrial oxidative stress (mtROS), mitochondrial 

DNA (mtDNA) damage and vascular (endothelial) function (ACh-induced maximal 

relaxation). (A) mtROS formation was plotted for all age-groups and mouse strains versus 

the corresponding maximal efficacy in response to acetylcholine (ACh); (B) mtROS was 

plotted for all age-groups and mouse strains versus the corresponding mtDNA damage. ROS 

were measured using L-012 (100 µM) enhanced chemiluminescence in isolated cardiac 

mitochondria upon stimulation with succinate (5 mM). r is the correlation coefficient. The 

groups are: 1 = B6 WT, 2mo; 2 = B6 WT, 6mo; 3 = ALDH-2−/−, 2mo; 4 = MnSOD+/+, 7mo;  

5 = MnSOD+/−, 7mo; 6 = WT B6, 12mo; 7 = ALDH-2−/−, 12mo; 8 = MnSOD+/+, 16mo;  

9 = ALDH-2−/−, 6mo; 10 = MnSOD+/−, 16mo. The age of measured groups increases from  

the left to the right. Adopted from Wenzel et al., Cardiovasc. Res. 2008 [23]. With permission 

of the European Society of Cardiology. All rights reserved. © The Author and Oxford 

University Press 2008. 

Previous reports highlighted increased mitochondrial and systemic oxidative stress in mice with 

genetic deficiency in glutathione peroxidase-1 (GPx-1) [48]. In addition, GPx-1 deficiency showed 

synergistic negative effects on vascular function in the setting of diabetes [93], hyperlipidemia [94], and 

hypertension [95]. Moreover, increased senescence was reported for fibroblasts from GPx-1−/− mice [48]. 

Most importantly, a correlation between cardiovascular risk and GPx-1 activity in blood cells was 

previously reported conferring high clinical relevance to the expression/activity of GPx-1 [96] and again 

supporting the concept that antioxidant enzymes and oxidative stress might contribute significantly to 

the healthspan and comorbidity of the elderly [60–63]. 
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Recently, we demonstrated for the first time that aging per se leads to eNOS dysfunction and eNOS 

uncoupling via increased adverse phosphorylation and S-glutathionylation of the enzyme (Figure 3B) [16]. 

We also established that GPx-1 deficiency resulted in a phenotype of endothelial and vascular dysfunction, 

which was substantially potentiated by the aging process (Figure 3A). By using oxidative stress-prone 

GPx-1−/− mice (a model representing decreased break-down of cellular hydrogen peroxide) in a study of 

the aging process, we can provide a strong mechanistic link between oxidative stress, eNOS dysfunction 

and vascular dysfunction in aging animals (Figure 3). Most importantly, �NO bioavailability was also 

significantly decreased in aged GPx-1−/− mice (Figure 4) supporting a dysregulation of eNOS and/or 

increased oxidative degradation of �NO during the aging process in general and in animals with decreased 

antioxidant defense in particular. 

 

Figure 3. (A) Correlation between endothelium (ACh)-dependent relaxation (isometric 

tension measurement in isolated aortic ring segments) and aortic ROS formation (DHE 

staining of the aortic wall). Linear regression: p < 0.01, R2 = 0.85; (B) Correlation between 

eNOS uncoupling marker (S-glutathionylated eNOS) and endothelial (eNOS-derived) 

superoxide formation (endothelial DHE staining). Linear regression: p < 0.07, R2 = 0.71;  

(C) Correlation between inflammation (CD68 staining) and aortic ROS formation (DHE 

staining of the aortic wall). Linear regression: p < 0.06, R2 = 0.63; and (D) Correlation 

between mitochondrial ROS formation (mitoSOX staining) and aortic ROS formation (DHE 

staining of the aortic wall). Linear regression: p < 0.04, R2 = 0.69. Linear regressions were 

performed with GraphPad Prism 6 for Windows (version 6.02). All data were collected from 

our previous work [16]. Each data point was based on measurement of 4–10 animals. B6 

means C57/BL6 wild type control; GPx-1−/− means glutathione peroxidase-1 knockout mice 

on C57/BL6 background. The age of measured groups increases from the left to the right. The 

solid red lines are simple linear regression fits to the data. Blue lines are the 95% confidence 

intervals on the estimated means. With permission of Wolters Kluwer Health, Inc. Copyright 

© 2014, Wolters Kluwer Health. 
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Figure 4. Nitric oxide formation in isolated aortic ring segments in old (12 mo) wild type 

(WT) and GPx-1 knockout mice. �NO was measured in aortic ring segments (1 thoracic aorta 

for each measurement) upon stimulation with calcium ionophore (A23187, 10 µM) for  

60 min at 37 °C in the presence of freshly prepared lipophilic spin trap Fe(II)(DETC)2. �NO 

bound to the spin trap generates a stable paramagnetic nitrosyl-iron species that yield  

a typical triplet signal when measured by electron spin resonance (EPR) spectroscopy in 

liquid nitrogen. The detailed method was published in [97,98] and samples were used from 

a published study [16]. (A) Representative spectra and (B) quantification of signal intensity. 

Data are mean ± SEM of 9 mice per group. *, p < 0.05 versus wild type. 

As a proof of endothelial and vascular dysfunction, we showed that both, endothelium-dependent  

and -independent relaxation was impaired in aged GPx-1−/− mice [16]. Altered eNOS function by 

inactivating or uncoupling phosphorylation, PKC-dependent at Thr495 [99,100] or PYK-2-dependent at 

Tyr657 [101], and S-glutathionylation [74] leading to diminished �NO bioavailability are plausible 

explanations for this phenotype. The deregulatory modifications of eNOS were also translated to 

increased uncoupling of the enzyme as envisaged by endothelial superoxide formation, which increased 

with age, was more pronounced in the GPx-1−/− group and nicely correlated with S-glutathionylation as a 

marker of uncoupled eNOS (Figure 3B) [16]. Since the �NO target enzyme soluble guanylyl cyclase (sGC) 

is also subject to oxidative inactivation (S-oxidation, S-nitrosation, heme-oxidation) [102–108], it might  

be speculated that the aging process will lead to an inactivation or at least desensitization of the enzyme.  

At least decreased expression of sGC subunits have been reported in tissues of old animals [109–111]. Future 

studies with sGC activators will prove whether apo-sGC or heme-oxidized sGC play a role for aging-induced 

vascular dysfunction. 

In cultured endothelial cells we demonstrated that GPx-1 silencing increased adhesion of leukocytes, 

which may contribute to the observed endothelial/vascular dysfunction (e.g., by increased oxidative 

breakdown of �NO and/or impairment of the �NO-cGMP signaling cascade by infiltrated leukocytes) [16]. 

Furthermore, we observed an appreciable increase in cardiovascular oxidative stress and mild vascular 

remodeling, as detected by Sirius red and Masson’s trichrome staining (indicative for increased fibrosis 

of the intima and thus a decrease in intima/media ratio) [16]. 

GPx-1 deficiency has been demonstrated to increase the susceptibility of cultured endothelial cells to 

lipopolysaccharide (LPS) by enforcing TLR4/CD14 signaling [112]. In conductance vessels, sustained 

overproduction of vasodilators (e.g., �NO by iNOS) may reduce the responsiveness of the vasculature to 
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these messengers because of a desensitization of the �NO/cGMP pathway [113]. Indeed, increased iNOS 

expression and activity has been demonstrated for selenium-deficient RAW cell macrophages [114] and 

selenium is the precursor for selenocysteine synthesis forming the active site of GPx-1. iNOS-derived 
�NO formation could also provide the basis for extensive protein tyrosine nitration as reported for old 

mice in general and GPx-1 deficient mice in particular [16]. In summary, the progressing phenotype of 

low-grade inflammation in GPx-1 deficient mice during the aging process was nicely reflected by  

the correlation of the marker of inflammation (CD68 staining) with the overall vascular ROS formation 

(dihydroethidine staining (DHE staining)) in dependence of age and antioxidant defense state of  

the animals (Figure 3C) [16]. Since global vascular ROS formation was nicely correlated with mitochondrial 

ROS formation (Figure 3D), and all other parameters were linked to global vascular ROS formation,  

one can assume that mtROS formation has significant impact on eNOS dysregulation/uncoupling,  

vascular function and low-grade inflammation during the aging process [16]. This assumption is in  

good accordance to the reports on mtROS-driven activation of the inflammasome and expression of 

proinflammatory cytokines [115–118]. 

We observed a moderate but consistent decline in reduced thiol groups in aged GPx-1−/− mice as 

compared to only a minor tendency of this decline in the aged B6 wild type mice [16]. Overall,  

the majority of literature supports a trend of decrease in reduced thiols during the aging process, which 

could affect the S-glutathionylation pattern and accordingly the coupling state of eNOS. Smith et al. 

showed in 2006 that the decline in endothelial GSH may contribute to a change of eNOS phosphorylation 

pattern (decline in P-Ser1176 and increase in P-Thr494) that was associated with a loss of vascular  
�NO bioavailability, increased proinflammatory cytokines and impaired endothelium-dependent 

vasodilation [119]. Recent work by Crabtree and coworkers even described an interplay of BH4 

deficiency and eNOS S-glutathionylation in cells with diminished GTP-cyclohydrolase-1 expression 

providing a functional link between these two routes of eNOS uncoupling [120] that could be of 

relevance for the aging process as well. 

According to our own previous data, mitochondrial oxidative stress increases with age and is  

a strong trigger of age-related endothelial/vascular dysfunction (Figure 2A) [23,28]. Using two genetic 

mouse models with ablated mitochondrial aldehyde dehydrogenase (ALDH-2−/−) or mitochondrial 

superoxide dismutase (MnSOD+/−), both important antioxidant enzymes, we could show that increased 

mitochondrial oxidative stress is associated with augmented oxidative mtDNA lesions (Figure 2B). 

Outcome from studies in genetic animal models with increased mitochondrial ROS formation (e.g., 

MnSOD- or Trx-2-deficiency) strongly supports an important link between cellular aging and 

mitochondrial dysfunction. Of note, overexpression of mitochondria-targeted catalase enhanced 

protection of mitochondria from ROS-induced damage and extended life span in mice [121]. 

Mitochondria represent an important source of reactive oxygen species, caused by electron leakage in the 

respiratory chain that results in univalent reduction of oxygen into O2
�−. The steady state concentration of 

superoxide in the mitochondrial matrix is about 5- to 10-fold higher than that in the cytosolic and nuclear 

spaces. These apparently high mitochondrial superoxide formation rates correlate well with the reported 

mitochondrial oxidative DNA lesions being 10- to 20-fold higher in mitochondrial compared to nuclear 

DNA [29]. Cadenas and Davies proposed that susceptibility of mtDNA to oxidative damage may be 

ascribed to a combination of factors besides the higher superoxide formation rate in the mitochondrial 

matrix: unlike nuclear DNA, mitochondrial DNA lacks protective histones and enjoys only a relatively 
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low DNA repair activity [29]. Therefore, mitochondrial 8-oxo-deoxyguanosine (8-oxo-dG) DNA lesion 

could represent an interesting marker for the burden of oxidative stress during the aging process [122]. 

According to Sastre et al. “mitochondrial oxidative stress should be considered a hallmark of cellular 

aging” [123]. The impact of mitochondrial ROS production on longevity may involve direct signal transduction 

pathways that are sensitive to oxidative stress, and indirect pathways related to the accumulation of 

oxidative damage to mitochondrial DNA, proteins, and lipids. Of note, the majority of mtDNA encodes 

for proteins of the mitochondrial respiratory chain and accumulation of mtDNA lesions might contribute 

to further uncoupling of mitochondrial electron flow at the expense of oxygen reduction to water but 

instead favor the formation of superoxide [124]. 

The free radical hypothesis of aging highlights that reactive oxygen species are responsible for  

the accumulation of altered biological macromolecules such as DNA, over an organism’s lifespan [31]. 

Nucleic acid, in particular mitochondrial DNA (mtDNA), is regarded as a highly susceptible target for 

oxidant-induced mutations and deletions, which causes progressive deterioration of mitochondrial 

function over time (Figure 5). mtDNA deterioration belongs to a destructive cycle in which mitochondrial 

dysfunction further increases oxidative burden resulting in loss of cellular functions and finally apoptosis 

and necrosis. One of the major oxidative modifications of the mtDNA is 8-oxo-deoxyguanosine  

(8-oxo-dG) [125,126]. 8-oxo-dG is a mutagenic lesion and its accumulation is directly correlated with 

the development of pathological processes [127]. The correlation of lifespan with oxidant-induced 

mtDNA damage was demonstrated for the first time by Barja and co-workers [122]. These authors 

showed that in short-lived animals 8-oxo-dG content in nuclear and mitochondrial DNA was increased 

in cardiac tissue (Figure 6). These findings could be attributed to higher burden of oxidative stress in 

these short-lived animals (due to higher metabolic rate, less efficient antioxidant defense and/or less 

efficient DNA repair machinery). However, when brain tissue was investigated, accumulation of 8-oxo-dG 

in nuclear DNA was more pronounced in the long-lived animals (data not shown) [122]. This important 

study demonstrates that accumulation of oxidative DNA damage cannot per se be assumed for more 

living years among all different animal species, but each of them obviously has distinct kinetics of 

formation and repair of DNA damage, which, on top of this, depends on the specific tissue used for  

the quantification. 

This assumption was later expanded in genetically modified mice with a proofreading-deficient 

mitochondrial polymerase-γ (Polγ). These mice accumulated severe mtDNA mutations, leading to 

mitochondrial dysfunction, increase in apoptosis and premature aging [31,128]. One of the more  

recent studies clearly depicted that a transgenic mouse with cardiac tissue-specific overexpression of  

mutated human Polγ [129] developed early aging symptoms. Elevated ROS generation and severe 

cardiomyopathy, typical for the “mtDNA-mutator mouse”, was also observed in these animals.  

Our current knowledge of maternally inherited human diseases [130], e.g., DAD-syndrome (Leu-UUR 

tRNA = diabetes mellitus and deafness), MELAS- (mitochondrial encephalomyopathy, lactic acidosis, 

and stroke-like syndrome) [131–133] or KSS- (Kearns-Sayre syndrome) [131,133], highlight the importance 

of mtDNA. Various mutations or deletions, especially in tissues with high oxygen and energy consumption 

such as the myocardium, increase the rate of apoptosis, free radical species formation, leading to  

the functional impairment of the specific organ [131,134]. Therefore, mutated mtDNA is commonly regarded 

as a major contributor to vascular aging and various cardiovascular disorders [131,134]. 
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Figure 5. Schematic representation of mitochondrial DNA (mtDNA) damage by reactive 

oxygen species (ROS) leading to mtDNA mutations. Deleterious activity of ROS can be 

prevented by the administration of antioxidants. Damaged mtDNA can be repaired by  

the appropriate mtDNA repair pathway. 

Figure 6. Correlation of an organism’s life span with the content of 8-oxo-dG in nuclear (A) 

or mitochondrial (B) DNA in cardiac tissue. Surprisingly, oxidative DNA lesions do not  

per se accumulate with increasing number of living years but show distinct kinetics among 

different animal species, tissues and probably the underlying burden of oxidative stress, 

efficiency of the antioxidant system and DNA repair machinery. According to Barja et al. [122]. 

Considering that mtDNA damage accumulation with age is already widely accepted, more profound 

molecular explanations were provided during the last years. It has been recently shown that the observed 

mtDNA mutations might be mainly ascribed to errors in the replication process, to unrepaired damages, or 

to the spontaneous deamination of the nucleobases, indicating effects of ROS only as concomitant [135]. 



Int. J. Mol. Sci. 2015, 16 15931 

 

 

Investigations conducted by Itsara et al. [136] showed that malfunction of the replication process leads 

to a high accumulation of mtDNA mutations. This observation might be based on the fact that mtDNA 

propagates throughout the lifespan of the somatic cell, providing higher chances for the occurrence of 

mtDNA damage [137]. A typical mtDNA modification introduced by mitochondrial ROS is 8-hydroxy-

deoxyguanosine (8-oxo-dG) [125,126]. This type of damage results in G:C to T:A transversions after 

DNA replication [138]. Nonetheless, this concept has not been confirmed by experimental studies, 

detecting only 10% of all mutations to be G:C to T:A transversions, having no correlation with the age 

of the animals. The most prevailing type of detected mutation was G:C to A:T transitions, attributed to 

the imperfect activity of mtDNA polymerase γ. 
Another study by Kennedy et al. [139], utilizing a more clinically relevant experimental model of 

aging human brain, showed that mtDNA mutations during aging consist mostly of transition mutations 

(G:C to A:T), as depicted by ultra-sensitive detection technique and Duplex Sequencing methodology. 

These mtDNA mutations showed a nice correlation with the malfunction of Polγ or deamination of 

cytidine resulting in uracil and adenosine deamination, yielding inosine as the major mutagenic 

contributors in mtDNA. 

Several recent papers that were summarized in the review by Cha et al. [140], highlight the direct 

correlation of mitochondrial DNA mutations with neurodegenerative diseases, in particular Huntington’s, 

Parkinson’s, Alzheimer’s diseases and amyotrophic lateral sclerosis (ALS). The incidence of these 

neurodegenerative disease increases with higher age [32]. In the setting of Alzheimer’s diseases (AD)  

it has been shown that post-mortem brain tissues of AD patients have elevated levels of degraded 

mtDNA [141] and defective base excision repair [142]. Another group was able to show that patients 

suffering from AD have an increased number of cytochrome C oxidase deficient neurons [143], 

supporting the above mentioned concept that accumulating mtDNA damage during the aging process 

leads to impaired biosynthesis of the respiratory chain proteins. 

6. Aging and Mitochondrial DNA Repair 

Not only the particular damage of the mtDNA molecule itself, but also the lifetime of mtDNA lesions 

has profound effects on the progression and characteristics of the aging phenotype. The accumulation of 

mtDNA damage is not only determined by the higher mtROS formation rates but also by the activity or 

expression levels of mitochondrial DNA repair systems. Therefore, the following part of the review 

concentrates on the impact of aging on the DNA repair machinery. 

Taking into account the highly oxidizing environment of the mitochondria, malfunctioning of  

the Polγ and peculiarity of the mtDNA replication process would ultimately lead to the accumulation of 

mtDNA lesions. During mtDNA replication, the lagging strand is kept in the single-stranded condition 

for a prolonged period of time, and thereby the chances are increased for impairment of the replication. 

For this reason, mitochondrial protein machinery evolutionary created a multi-layered DNA repair 

system that is able to resolve such complex challenges [144]. 

One of the most extensively studied DNA repair pathways in mitochondria is base excision repair 

(BER) [145]. Its enzymatic pathways are identical to the ones that take place in the nucleus, starting with 

the modified base identification by specific glycosylase, followed by its excision, insertion of the correct 

nucleotide and finishing with the DNA strand ligation [146]. The family of glycosylases involved in 
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mitochondrial BER consists of several members: OGG1 that is able to remove the most common and 

the most mutagenic modification introduced to the mtDNA—8-oxo-dG [147]; UNG1, which is 

responsible for the removal of uracil, resulting from the spontaneous deamination of the cytosine [148]; 

NTH1-dichotomous enzyme, possessing glycosylase and AP lyase activities, that excises pyrimidine 

lesions (ThyGly, FapyG and FapyA) [149]; NEIL1 and NEIL2 that are also involved in the removal of 

FapyG and FapyA [150]; MYH, enzyme that detects adenine placed opposite to 8-oxo-dG [151]. After 

specific glycosylases have identified and extracted the damaged base, the abasic sites are resolved by 

APE endonuclease that prepares the DNA molecule for the Polγ mediated repair process by cleaving  

3′-hydroxyl and 5′-deoxyribose-5-phosphate sites [152]. Afterwards, the newly synthesized section of 

DNA is ligated to the rest of the molecule by DNA ligase III. 

In case that the incorrect base has not been identified by BER and the replication process actually 

resulted in the formation of a mismatch, the adequate mismatch repair pathway (MMR) can be activated. 

There has been a lot of dispute in the field about the existence of this repair mechanism, since 

mitochondria doesn’t possess classical players of MMR, like MSH3, MSH6 or MLH1 [153]. Though 

recently, with the help of specific mass spectrometry analysis, a novel MMR repair protein has been 

identified. Y-box binding protein (YB-1) has been shown to efficiently bind DNA containing 

mismatches [154]. This finding was further supported by identifying 3′ and 5′-exonuclease activity of 

YB-1 on single stranded DNA and weak endonuclease activity on double-stranded DNA. Depletion of 

this enzyme by siRNA showed increased levels of mtDNA mutagenesis, confirming the presence of  

a unique mitochondrial MMR pathway. In contrast to the nucleus, mitochondrion doesn’t possess  

a nucleotide excision repair. This limitation leads to the accumulation of unrepaired bulky pyrimidine 

dimers, as observed upon UV irradiation. 

Enzymatic reactants of the homologous recombination (HR) or non-homologous end joining (NHEJ) 

that are quite abundantly involved in the DNA repair inside the nucleus have not been precisely identified 

in the mitochondria. So far, only products of their reactivity have been detected by super-resolution and 

transmission electron microscopy. Among them are the following ones: 1. mtDNA deletions, which are 

attributed to the exo- and endonucleases activity; 2. Holiday junctions, detected in the mtDNA of  

the human heart and brain [155]; 3. Formation of diverse brunched structures and multiple-way junctions. 

All three of them are indicative of the active homologous recombination process [156]. The identification 

of the novel single strand annealing enzyme Mgm101 further supports this notion [157]. 

Recent findings on the expression levels of DNA repair systems in the matrix of aging mitochondria 

are quite specific for the different DNA repair systems [158]. For example, it has been shown that 

incidents of the homologous recombination become more abundant with the progress of aging, being 

strongly correlated with linear increase in the mtDNA damage [159]. Alternatively, the specific DNA 

glycosylase, OGG1, has been shown to be down-regulated with the onset of aging, augmenting  

the deleterious effects of the oxidative stress burden in the mitochondrial environment and accelerating 

the process of cellular senescence [160]. 
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7. Crosstalk between Mitochondrial and NADPH Oxidase-Generated Reactive Oxygen and 

Nitrogen Species and Impact on Endothelial Function 

Primary mtROS not only cause direct oxidative damage to cellular structures but may also contribute 

to the activation of secondary ROS sources such as the NADPH oxidases. In a feed-forward fashion, this 

crosstalk initiates a vicious cycle that finally may lead to eNOS dysfunction/uncoupling and impairment 

of endothelial function [75]. Previously, we reported on the crosstalk between mtROS and cytosolic 

ROS in the model of nitroglycerin-induced nitrate tolerance that is associated with increased 

mitochondrial oxidative stress. Nitrate tolerance is an excellent model of vascular dysfunction and oxidative 

stress in general [161] and mitochondrial oxidative stress and dysfunction in particular [162–164]. Two 

distinct ROS sources could be identified: endothelial dysfunction was linked to activation of NADPH 

oxidases, whereas vascular dysfunction was associated with mitochondrial oxidative stress [165]. 

Cyclosporine A, the mitochondrial permeability transition pore inhibitor, blocked this interaction 

(crosstalk) between mitochondrial and NADPH-dependent ROS formation and selectively improved 

endothelial dysfunction, whereas nitrate tolerance was not affected. In support of this observation, 

gp91phox−/− and p47phox−/− mice developed tolerance under nitroglycerin treatment but no endothelial 

dysfunction. In contrast, endothelial dysfunction and tolerance was improved by the respiratory complex 

I inhibitor rotenone (preventing complex I-derived ROS formation by reverse electron transfer [166]). 

Likewise, administration of the KATP opener diazoxide caused a nitrate tolerance-like phenomenon in 

control animals, whereas tolerance phenomenon was improved by the KATP inhibitor glibenclamide. 

Very similar effects of these compounds have been recently demonstrated in animal and cell culture 

models of angiotensin-II induced hypertension [167,168]. NADPH oxidase-driven activation of 

mitochondrial ROS formation via KATP channels (acting as a redox switch) and changes in the membrane 

potential was previously proposed [169,170] and later confirmed [167]. The proposed mechanism for 

mtROS-driven activation of NADPH oxidase is redox-sensitive stimulation of protein kinases such as 

PKC and cSrc in a calcium-dependent process [97,166,171]. Synergistic formation of mtROS and 

NADPH oxidase derived ROS lead to uncoupling of eNOS, nitration of prostacyclin synthase and 

desensitization sGC [19]. Recently, we showed that this interaction (crosstalk) plays an essential role in 

angiotensin-II induced hypertension, vascular oxidative stress and endothelial dysfunction (envisaged 

by eNOS S-glutathionylation) [97]. In support of this proposed mechanism, increased oxidative stress 

per se is able to activate NADPH oxidase in a positive feedback fashion [172]. 

We and others propose a similar crosstalk between mitochondrial and NADPH oxidase-dependent ROS 

formation in the aging vasculature leading to age-related vascular dysfunction (Figure 7) [23,28,97,173]. 

This proposal is based on the finding that mtROS formation increases with age (and is higher in 

MnSOD+/− mice) and endothelial function is impaired with age (to a higher extent in MnSOD+/− mice) [23]. 

Of note, we and others also showed that mtROS participate in the activation of immune cells via 

stimulation of the phagocytic NADPH oxidase (Nox2) [97,174]. mtROS have also been reported to 

participate in the activation of the inflammasome and trigger the expression of proinflammatory 

cytokines [115–118]. In summary these data support a proinflammatory role of mtROS for progression of 

low-grade inflammation in the aging vasculature. 
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Figure 7. Hypothetic scheme of aging-induced vascular dysfunction and the role of 

mitochondria in this process. Aging-induced mitochondrial dysfunction triggers mitochondrial 

reactive oxygen species (mtROS) formation from respiratory complexes I, II, and III  

(Q = ubiquinone), whereas respiratory complexes IV and V were not reported to contribute 

to mtROS formation directly. Break-down of mtROS is catalyzed by glutathione peroxidase 

(GPx, for H2O2) or manganese superoxide dismutase (MnSOD), the latter is in turn inhibited 

by mitochondrial peroxynitrite (ONOO−) formation. mtROS increase the levels of toxic 

aldehydes and inhibit the mitochondrial aldehyde dehydrogenase (ALDH-2), the detoxifying 

enzyme of those aldehydes. Increase in mtROS and toxic aldehydes also leads to mtDNA 

strand breaks which leads to augmented dysfunction in respiratory chain complexes and 

further increase in mtROS since mtDNA encodes mainly for those respiratory complexes. 

mtROS also activates mitochondrial permeability transition pore (mPTP), which upon 

opening releases mtROS to the cytosol leading to protein kinase C (PKC)-dependent 

NADPH oxidase activation, eNOS uncoupling and finally to endothelial dysfunction [165]. 

Cytosolic reactive oxygen and nitrogen species (ROS/RNS) in turn were demonstrated to 

activate KATP channels, which causes alterations in mitochondrial membrane potential (C) 

and further augments mtROS levels [167]. Effects of rotenone (Rot), cyclosporine A (CsA), 

diazoxide (Diaz) and glibenclamide (Glib) have been recently demonstrated in related 

models of vascular dysfunction and oxidative stress, nitroglycerin-induced nitrate tolerance 

and angiotensin-II triggered hypertension [165,167]. + means promotion of pathways;  

− means inhibition of pathways. Adopted from Wenzel et al., Cardiovasc. Res. 2008 [23]. 

With permission of the European Society of Cardiology. All rights reserved. © The Author 

and Oxford University Press 2008. 

8. Emerging Concepts of Aging 

Moosmann and coworkers have published an interesting concept, based on the observation that 

intramembrane accumulation of methionine exhibits antioxidant and cytoprotective properties in living 
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cells [175]. Their findings highlight methionine as an evolutionarily selected antioxidant of the respiratory 

chain complexes. On top of that they provide evidence that methionine is able to redox-cycle between 

oxidized and reduced forms, and in such a way becomes a vital member of the antioxidant defense 

system. Knockout mice not expressing methionine sulfoxide reductase enzyme are characterized by  

a decreased lifespan and several other pathologies [176,177]. Methionine sulfoxide reductases are 

expressed in endothelial cells [178], are potentially involved in the prevention of endothelial dysfunction 

via regulation of RUNX2 transcription factor activity and biological function in endothelial cells [179]. 

The functional polymorphism (rs10903323 G/A) in methionine sulfoxide reductase A shows an association 

with the increased risk of coronary artery disease in Chinese population [180]. Moreover, vascular 

smooth muscle cells were protected against oxidative damage by cytosolic overexpression of methionine 

sulfoxide reductase A [181]. A meta-examination of 248 animal species genome sequences with known 

maximum lifespan, including mammals, birds, fish, insects, and helminths demonstrated that the frequency 

of cysteine encoded by mitochondrial DNA is a specific marker of aerobic longevity [182]: long-lived 

organisms synthesize respiratory chain complexes with low abundance of cysteine. These results provide 

distinct (indirect) support for the free radical theory of aging. 

Another explanation for worsening of the physical condition with age is based on a profound role of 

the mitochondrial enzyme p66Shc as an adaptor protein which is implicated in mitochondrial reactive 

oxygen species generation and translation of oxidative signals into apoptosis [183]. Mice deficient in 

p66Shc−/− gene produce decreased quantities of intracellular oxidants and display 30% longer life span. 

In order to elucidate the function of p66Shc and its possible implication in age-associated cardiovascular 

diseases, a series of studies were initiated. Extensive research revealed that p66Shc−/− mice are protected 

from age-dependent endothelial dysfunction [184] as well as age-related risk factors such as diabetes 

and hypercholesterolemia. The review of Camici et al. focused on deciphering the novel role of the p66Shc 

adaptor protein and its involvement in the age-associated cardiovascular disease and pathophysiology  

of aging. One of the major findings of these authors is that p66Shc N terminus is activated through 

reversible tetramerization by forming two disulfide bonds, as a result of which it forms a redox module 

responsible for apoptosis initiation that is tightly associated with senescence [185]. Other systems that 

are involved in p66Shc regulation are two antioxidant enzymatic classes—glutathione and thioredoxin 

enzymes that can inactivate p66Shc through a reduction mechanism. Consequently, this forms a thiol-based 

redox sensor system and initiates apoptosis once cellular protection systems cannot ameliorate cellular 

stress anymore. Protein kinase C β and prolyl isomerase 1 effectively regulates the mitochondrial effects 

of the longevity-associated stimulator-p66Shc [186]. Recently, highly specialized signaling pathways 

leading to mitochondrial import of p66Shc that are responsible for its proapoptotic activity upon 

oxidative stress were analyzed [187]. In contrast, advantages for diabetic cardiovascular complications [188] 

and age-associated endothelial �NO formation [189] were reported for genetic deletion of p66Shc. Last,  

but not least, it was validated that a p53-p66Shc signaling pathway controls intracellular redox status  

and contributes to increased levels of oxidative DNA damage [190] and mitochondrial oxidative  

stress [191]. The important role of p66Shc for vascular function is supported by recent findings that 

p66Shc expression correlates with the prognosis of stroke patients and post-ischemic inhibition of 

p66Shc reduces ischemia/reperfusion brain injury [192]. 

Another emerging concept in the field of aging is based on the contribution of epigenetic pathways. 

Epigenetic mechanisms that are involved in the aging process include alterations of the DNA 
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methylation status, modifications of the histone tails (mainly acetylation and methylation) and changes 

in the expression of non-coding RNAs [193]. With increasing age, global DNA demethylation processes 

have been detected, leading to a DNA hypomethylation condition. This has been mostly observed on  

the CpG islands, which constitute regions of the DNA consisting for more than 50% of cytosine and 

guanine repeats [194]. On the other hand, there is a lot of information regarding sequestered, locus 

specific DNA hypermethylation. These nuclear regions are called senescence-associated heterochromatin 

foci (SAHF) [195]. The presence of such DNA segments is of high interest since they are at variance 

with the generally accepted fact that aging is associated with a more relaxed state of chromatin,  

called euchromatin [196]. 

One of the major epigenetic hallmarks of aging is the increased acetylation level of the histone tails. 

Such state is mostly attributed to the decreased level of histone deacetylases, in particular NAD+-dependent 

sirtuins [197]. The most disputed histone modification that is associated with aging is the methylation 

status of lysine terminal ends. Recent data support a trend of increasing tri- and di-methylation of lysine 

4 and lysine 36 on the histone variant 3 (H3K4me2/3 and H3K36me3), which are considered to be gene 

activating marks, during the aging process. Likewise, a trend of decreasing methylation levels of lysine 

27 and lysine 9 on the histone variant 3 (H3K27me3, H3K9me2/3), which are known to be gene 

repressing marks, was reported for the aging process. These observations support a relaxed chromatin 

state, which is transcriptionally active [196]. Such epigenetic and genetic alterations of the coding 

nucleic acid molecules might at least partially explain the increased inflammation levels due to the 

transcriptional gene activation that are associated with the aging process. 

The field of non-coding RNAs, especially in the context of aging is currently one of the least 

discovered. The class of non-coding RNAs consists of microRNA, long non-coding RNAs and piwiRNA. 

The role of non-coding RNAs in the senescence mechanisms has been much appreciated in the form of 

biomarkers [198]. The novel microRNA—miR-34a, was documented as an aging marker in several 

tissues. Boon and colleagues have shown that miR-34a is induced in a cardiac aging model, particularly 

in cardiac tissue. miR-34a involvement has been also shown in acute myocardial infarction (MI). miR-34a 

inhibition reduces cell death and fibrosis associated with post MI conditions [199]. Investigations of 

Boon et al. clearly highlighted miR-34a and its target PNUTS as a key molecule regulating heart 

contractile function during the aging process by inducing DNA damage responses and telomere shortening. 

Finally, the aging process is closely linked to immunosenescence and low-grade inflammation 

contributing to higher prevalence of metabolic syndrome, diabetes and associated cardiovascular 

complications [200]. Since the risk factors for cardiovascular diseases and diabetes show a clear overlap, 

especially at the level of inflammation, the latter could represent a key player for aging-associated 

disorders and increased comorbidity in the elderly [11–13]. Therefore, targeting of the chronic 

inflammatory phenotype in the elderly could represent a promising strategy to normalize the increased 

prevalence of comorbidities in the elderly and increase their healthspan [201]. mtROS formation is 

augmented with increasing age [28] and mtROS can lead to the activation of immune cells and their 

phagocytic NADPH oxidase, induce the inflammasome and trigger cytokine release [97,115–118,174]. 

Therefore, targeting mitochondrial oxidative stress in the elderly could represent another strategy  

to suppress the chronic inflammatory phenotype and adverse effects of the aging process. This was 

recently shown in an animal model for metformin-dependent AMP-activated protein kinase activation 
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that suppressed oxidative damage and chronic inflammation in old animals and increased their lifespan 

and healthspan [202]. 

9. Clinical Impact 

The link between endothelial dysfunction, oxidative stress and aging has not only been defined in 

animal models. Hypertension, dyslipidemia and atherosclerosis are precursors of cardiovascular events, 

like stroke or myocardial infarction [203,204]. Oxidative stress and reduced �NO bioavailability impair 

vascular protective function of the endothelium [205]. In patients, non-invasive flow-mediated dilation 

(FMD) of the forearm brachial artery or plethysmography (acetylcholine-dependent vasodilation) are 

used to determine endothelial function in vivo [24] and are a predictor for cardiovascular events [3].  

In patients with well-defined risk factors such as dyslipidemia or smoking, a significantly impaired 

acetylcholine-triggered endothelium-dependent vasodilation was observed and both risk factors are 

known to be associated with oxidative stress. Endothelial dysfunction of coronary arteries is directly 

associated with an increased risk of myocardial infarction [206]. Furthermore, Heitzer et al. demonstrated 

that patients who showed improved endothelial function after vitamin C infusion had a worse prognosis 

for cardiovascular events as compared to patients with low vitamin C effects (Figure 1C) [25]. These 

findings indicate that oxidative stress is not only a key player in the pathogenesis of endothelial 

dysfunction in vivo, but furthermore also reflects the prognosis of patients with established coronary 

artery disease. The concept of an increased burden of oxidative stress is broadly accepted, but 

nevertheless results from clinical trials investigating antioxidant vitamins like B, C, E and folic acid are 

disappointing (for review see [207]) and for vitamin E even increased mortality and numbers of heart 

failure were found (HOPE and HOPE-TOO). These findings prove what Harman already postulated in 

1975 with his modified “free radical theory of aging” – that site-specific formation of ROS (e.g., in 

mitochondria) might be the key to understand the obvious discrepancy between association of most 

cardiovascular disease with oxidative stress but failure of antioxidant therapy so far. The reasons for  

the failure of large clinical trials on antioxidant therapy to display profound beneficial effects could be, 

among others, that this secondary prevention is applied to patients with already irreversible tissue/organ 

damage. In addition, secondary antioxidant prevention does not specifically target the defective defense 

and repair mechanisms (e.g., it could interfere with important intrinsic protective mechanisms such as 

ischemic preconditioning). Finally, the concentrations of the antioxidants reached at the sites of ROS 

formation could be too low (e.g., compliance was not controlled by measurement of plasma levels of  

the administrated antioxidants) [208]. The controversial and even contradictory results from antioxidant 

clinical trials or experiments manipulating antioxidants by pharmacological (or genetic approaches) 

suggest that aging is a complex and multifaceted process that cannot be explained by a single theory. 

In humans, the incidence of hypertension, diabetes and atherosclerosis correlates with age  

(Figure 1A) [26,27]. In parallel, endothelial dysfunction manifests with age (Figure 1B) [24], together 

with oxidative stress from mitochondria and other enzymatic sources [209,210]. Aging is an independent 

risk factor for cardiovascular disease, which is mainly caused by endothelial dysfunction due to oxidative 

stress and low-grade inflammation [24,211]. Recent data provided evidence for changes in high-density 

lipoprotein composition and function in dependence of age [212]. Therefore, the quality of high density 

lipoprotein (HDL) may be another future target for therapeutic intervention in and/or diagnosis of  
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age-related cardiovascular disease [213] because HDL quality decreases with age and this will  

negatively influence the endothelial function. Recently, the nitrovasodilator pentaerithrityl tetranitrate 

was demonstrated to provide heritable blood pressure lowering effects in hypertensive rats associated 

with enhanced H3K27ac and H3K4me3 and transcriptional activation of cardioprotective genes such as 

eNOS, SOD2, GPx-1, and HO-1 [214]. Drugs like pentaerithrityl tetranitrate could represent the prototype 

of future epigenetic drugs that could also improve the healthspan in general and cardiovascular aging in 

particular. Mitochondria-targeted antioxidants could represent another promising therapeutic strategy to 

combat the “side effects” of the aging process. Mito-quinone improved age-related endothelial dysfunction 

in mice [215]. Since aging cannot be stopped like smoking [216] and unspecific antioxidant treatment 

using vitamins is not effective, aging-induced mitochondrial ROS formation may become a target for 

diagnosis and treatment of cardiovascular disease in the elderly. 

10. Perspective 

In the present review, we have provided strong evidence from our own and others studies that 

mitochondrial oxidative stress plays a key determinant for aging-induced impairment of cellular 

signaling and as a consequence cell death. There is a large body of evidence for the association of cellular 

aging with mitochondrial dysfunction based on genetic animal models with increased mitochondrial 

reactive oxygen species (ROS) formation (e.g., MnSOD+/− or Trx-2-deficiency). Interestingly, 

overexpression of catalase, another enzyme crucially involved in the antioxidant defense, enhanced 

protection of mitochondria from ROS, led to an extended life span in mice [121]. The increase in life 

span was much more pronounced when catalase was targeted to mitochondria as compared to 

overexpression in peroxisomes or in the nucleus. There is also evidence for an interaction (crosstalk) 

between mitochondrial oxidative stress and cytosolic sources of oxidative stress providing a direct link 

between aging and vascular dysfunction. Therefore, a better understanding of the role of mitochondria 

in the aging process may lead to specifically designed therapies to interfere with mitochondrial 

dysfunction and to delay the aging process for longevity. Since regulation of the vascular tone largely 

depends on a redox-balance in favor of a more reductive milieu, increased oxidative stress impairs 

vascular function and leads to endothelial dysfunction, atherosclerosis and other cardiovascular 

complications. Therefore, therapeutic intervention at the level of mitochondrial dysfunction would not only 

beneficially influence the aging process but also most kinds of cardiovascular diseases. The hyperacetylation 

state of the histone tails and impaired DNA repair capacity in aged tissues imply a therapeutic 

modulation of the aging process by epigenetic drugs and improved DNA repair. Since cardiovascular 

diseases are the main reason for mortality in the Western world and their prevalence increases with age, 

development of therapeutic interventions not only promises a prolonged healthspan (maybe even 

increased lifespan) for a large part of the world population but also represents an appreciable 

pharmaceutical market. 
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