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ABSTRACT
Gioscia-Ryan, Rachel Anna (Ph.D., Integrative Physiology)
Mitochondrial oxidative stress and antioxidant therapy in arterial aging

Thesis directed by College Professor of Distinction Douglas R. Seals

Advancing age is a primary risk factor for cardiovascular diseases (CVD), due primarily
to development of age-related arterial dysfunction, including arterial endothelial dysfunction and
stiffening of large elastic arteries. A key cellular mechanism underlying age-related arterial
dysfunction is oxidative stress, a state in which cellular production of reactive oxygen species
(ROS) such as superoxide exceeds endogenous antioxidant defense capabilities.

Vascular mitochondria are emerging as critical regulators of arterial function. Vascular
mitochondria produce physiological levels of ROS (mtROS) for signaling, but mitochondrial
dysfunction is characterized by excessive mtROS production. Thus, vascular mitochondria
represent a key potential source of arterial oxidative stress; however, the role of mtROS in age-
related arterial dysfunction has been unknown. Accordingly, the purpose of this dissertation was
to determine the role of mitochondria-derived oxidative stress in arterial aging and to investigate
the therapeutic potential of a mitochondria-targeted antioxidant, MitoQ, to ameliorate age-related
arterial dysfunction.

In arteries of old mice, mitochondrial superoxide production was ~3 times greater than in
arteries of young mice, and this was associated with arterial endothelial dysfunction, measured as
a reduction in nitric oxide-mediated endothelium-dependent dilation (EDD). Acute, ex-vivo
application of MitoQ to reduce mitochondrial oxidative stress abolished the age-associated
impairment in EDD. Moreover, chronic, in vivo MitoQ supplementation (4 weeks in drinking

water) in old mice completely restored EDD to levels similar to those of young mice,
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accompanied by normalization of age-related alterations in protein markers of mitochondrial
health measured in whole arteries.

Arterial aging in mice was also characterized by elevated large-elastic artery stiffness,
assessed in vivo as aortic pulse-wave velocity (aPWV). MitoQ supplementation in old mice
reduced aPWV to levels similar to those of young mice and this was at least partially mediated
by attenuation of the age-related reduction in arterial elastin content.

Together, these results indicate that mitochondrial oxidative stress is a key mechanism
underlying age-related arterial dysfunction. These studies demonstrate that reducing
mitochondrial oxidative stress with the targeted antioxidant MitoQ restores EDD and reduces
arterial stiffness in old mice, underscoring the therapeutic potential for mitochondria-targeted
strategies to reduce mitochondrial oxidative stress, improve arterial function, and reduce CVD

risk in humans.
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CHAPTER I
INTRODUCTION

Advancing age is the primary risk factor for cardiovascular diseases (CVD), which
remain the leading cause of morbidity, disability and death in developed societies (Lloyd-Jones
et al., 2010; Roger et al., 2012). The primary cause of increased CVD risk with age is adverse
changes to arteries, specifically the development of arterial endothelial dysfunction and
stiffening of the large elastic arteries (Herrera et al., 2010; Lakatta & Levy, 2003; Najjar et al.,
2005; Seals et al., 2014; Yeboah et al., 2007). Indeed, declines in endothelial function, assessed
as reduced endothelium-dependent dilation (EDD), and increases in arterial stiffness, assessed as
elevated aortic pulse-wave velocity (aPWV), are independent predictors of CVD risk (Mitchell et
al. 2010, Vita & Kearney, 2002; Yeboah et al., 2007). Demographic trends project a new
“epidemic” of clinical CVD in coming decades, driven largely by increases in the number of
middle-aged and older adults, that—in the absence of intervention—will become an enormous
biomedical and societal burden (Heidenreich et al., 2011; Olshansky et al., 2009). Thus,
identifying strategies that preserve arterial function and reduce CVD risk in this population is an
important biomedical goal.

A primary cellular mechanism underlying age-related arterial dysfunction is oxidative
stress, a state characterized by increased production of reactive oxygen species (ROS) relative to
cellular antioxidant defenses. Oxidative stress impairs endothelial function by decreasing the
bioavailability of the critical vasodilatory and vasoprotective molecule nitric oxide (NO), and
also promotes overall disruption of cellular homeostasis, including induction of adverse pro-
inflammatory signaling that suppresses vascular endothelial function (Bachschmid et al., 2013;
Brandes et al., 2005; Lakatta, 2003; Seals et al., 2014; van der Loo et al., 2000). Oxidative stress

also contributes to the development of age-associated arterial stiffness by inducing structural



changes to arteries, including increases in the load-bearing and stiffness-instilling protein
collagen, degradation of the flexibility-instilling protein elastin, and formation of cross-links
among proteins that further increase stiffness (Greenwald, 2008; Lakatta, 2003; Zieman et al.,
2005).

Because the persistent cellular production of excessive ROS plays such a central role in
age-related arterial dysfunction, reducing oxidative stress seems to be a particularly promising
therapeutic strategy. However, despite strong evidence that oxidative stress is a key mechanism
mediating impaired arterial function with age, clinical trials with traditional exogenous
antioxidants have proven largely unsuccessful (Drummond et al., 2011; Eskurza et al, 2004a;
Eskurza et al., 2004b; Kris-Etherton et al., 2004). This lack of efficacy may be due in part to
inefficient uptake of general antioxidants into cells, such that adequate levels of these
compounds may be unable to reach the cellular sources of ROS at concentrations that reduce or
prevent their adverse effects. Additionally, most general antioxidant compounds have short half-
lives (e.g., 30 minutes) that prevent sustained beneficial effects (Drummond et al., 2011; Murphy,
2014).

The recent development of mitochondria-targeted antioxidants offers a promising, novel
therapeutic strategy for reducing vascular oxidative stress and resulting functional sequelae,
while avoiding these limitations of general, exogenous antioxidant treatments
(Lakshminarasimhan & Steegborn, 2011; Smith & Murphy, 2010; Murphy, 2014). Mitochondria
are crucial for maintaining cellular homeostasis and signaling functions in the vasculature, many
of which are mediated by the production of ROS (mtROS), primarily superoxide, at
physiological levels (Dai et al., 2012; Dromparis & Michelakis, 2013; Kluge et al., 2012;

Quintero et al., 2006; Widlansky & Gutterman, 2011). However, mitochondria become



dysfunctional with aging and produce excessive levels of mtROS that are the central feature of a
‘vicious cycle’ of mitochondrial oxidative stress and dysfunction. Consequences of elevated
mtROS include direct oxidative damage to mitochondrial components that promotes further
impairments in mitochondrial respiration, metabolism, biogenesis, dynamics (e.g., increased
fission/reduced fusion) and antioxidant defenses, as well as activation of other cellular pro-
oxidant and stress response pathways (James & Murphy, 2002; Lopez-Armada et al., 2013;
Mammucari & Rizzuto, 2010; Quintero et al., 2006; Seo et al., 2010; Weber & Reichert, 2010).
Given the potential widespread effects of excessive mtROS, mitochondrial oxidative stress may
represent a novel therapeutic target for improving or preserving arterial function with aging.
Mitoquinone (MitoQ) is a mitochondria-targeted antioxidant compound composed of the
naturally-occurring antioxidant ubiquinone/coenzyme Q1o conjugated to a lipophilic cation
(triphenylphosphonium [TPP]). The lipophilicity and positive charge of this cation help drive
MitoQ to the inner mitochondrial membrane, where it accumulates at levels 100-1,000-fold
higher than in the cytosol of cells (Cocheme et al., 2007; Ross et al., 2008; Smith & Murphy,
2010). Although traditional, untargeted antioxidants (which are dispersed throughout many
cellular locations) may interact with some mtROS, the addition of the mitochondria-targeting
moiety optimally positions MitoQ at a major site of mtROS production to reduce mitochondrial
oxidative stress. MitoQ is also a recyclable antioxidant; the active (reduced) form of MitoQ is
regenerated by reaction with mitochondrial respiratory complex II (succinate-coenzyme Q
reductase), allowing for sustained antioxidant activity (Ross et al., 2008; Smith & Murphy, 2010).
MitoQ improves physiological function in pre-clinical models of clinically-relevant diseases
(Mercer et al., 2012; Miquel et al., 2014; reviewed in Smith & Murphy, 2010), has been used

safely in Phase II clinical trials for Parkinson’s and liver disease (Gane et al., 2010; Snow et al.,



2010) and has recently become commercially available as a dietary supplement. However, there
has been no information about the potential for MitoQ to ameliorate arterial dysfunction
associated with primary aging. Accordingly, in Chapters II and III of this dissertation we
investigated the therapeutic potential of MitoQ supplementation to improve arterial endothelial
function (Chapter II) and reduce arterial stiffness (Chapter III) in aged mice, with the goal of
establishing evidence and rationale to perform clinical trials in older adults.

In addition to baseline deficits in function, another hallmark of arterial aging is reduced
resilience, i.e., the ability to withstand stress. Indeed, cross-sectional data in humans indicate that
age-related impairments in endothelial function are exacerbated in the presence of common risk
factors such as elevated blood glucose or LDL cholesterol (deVan et al., 2013; Walker et al.,
2009). Feeding mice a “Western”-style diet (WD) high in saturated fat and sugar causes
impairments in arterial function, but the magnitude of impairment induced by WD feeding is
greater in old mice compared to young mice (Lesniewski et al., 2013), also supporting the
premise of reduced arterial resilience with advancing age.

Mitochondria are critical components of cellular stress response (Galuzzi et al., 2012;
Manoli et al., 2013; Nunnari & Suomalainen, 2012), but declines in mitochondrial health with
advancing age may contribute to reduced resilience, as many common stressors to which aging
arteries are exposed, including high circulating levels of fatty acids and glucose, induce cellular
production of mtROS (Gao et al., 2011; Koziel et al., 2015; Lu et al., 2013; Makino et al., 2010;
Shenouda et al., 2011; Yuzefovychet et al., 2010). Thus, in Chapter IV, we examined the effects
of aging on arterial resilience to acute mtROS stressors and also investigated the potential for
late-life aerobic exercise—an intervention that improves mitochondrial health (Hood et al., 2011;

Koltai et al., 2012)—to restore arterial resilience.



CHAPTER 11

Mitochondria-targeted antioxidant (MitoQ) ameliorates age-related arterial endothelial
dysfunction in mice

Gioscia-Ryan RA, LaRocca TJ, Sindler AL, Zigler MC, Murphy MP, Seals DR. J Physiol,
592(12), 2549-61, 2014.

ABSTRACT

Age-related arterial endothelial dysfunction, a key antecedent to the development of
cardiovascular diseases (CVD), is largely due to a reduction in nitric oxide (NO) bioavailability
as a consequence of oxidative stress. Mitochondria are a major source and target of vascular
oxidative stress when dysregulated. Mitochondrial dysregulation is associated with primary
aging, but its role in age-related endothelial dysfunction is unknown. Our aim was to determine
the efficacy of a mitochondria-targeted antioxidant, MitoQ, for ameliorating vascular endothelial
dysfunction in old mice. Ex vivo carotid artery endothelium-dependent dilation (EDD) to
increasing doses of acetylcholine was impaired ~30% in old (~27 mo.) compared to young (~8
mo.) mice due to reduced NO bioavailability (p<0.05). Acute (ex vivo) and chronic (4 weeks in
drinking water) administration of MitoQ completely restored EDD in older mice by improving
NO bioavailability. There were no effects of age or MitoQ on endothelium-independent dilation
to sodium nitroprusside. The improvements in endothelial function with MitoQ supplementation
were associated with normalization of age-related increases in total and mitochondria-derived
arterial superoxide production and oxidative stress (nitrotyrosine abundance), as well as
increases in markers of vascular mitochondrial health, including antioxidant status. MitoQ also
reversed the age-related increase in endothelial susceptibility to acute mitochondrial damage
(rotenone-induced impairment in EDD). Our results suggest that mitochondria-derived oxidative
stress is an important mechanism underlying the development of endothelial dysfunction with

primary aging. Mitochondria-targeted antioxidants such as MitoQ represent a promising, novel



strategy for preserving vascular endothelial function with advancing age and preventing age-

related CVD.



INTRODUCTION

Advancing age is the primary risk factor for cardiovascular diseases (CVD) (Roger et al.,
2012), driven significantly by the development of arterial endothelial dysfunction (Herrera et al.,
2010; Yeboah et al., 2007). Impaired endothelium-dependent dilation (EDD), largely a result of
reduced nitric oxide (NO) bioavailability secondary to increased oxidative stress (Bachschmid et
al., 2013; Lakatta, 2003; van der Loo et al., 2000), is an important clinical manifestation of
endothelial dysfunction.

Oxidative stress, a state in which the production of pro-oxidant molecules such as
superoxide outweighs endogenous antioxidant defense mechanisms, directly and indirectly
reduces NO bioavailability. Superoxide reacts with NO to form peroxynitrite, which, in turn, can
oxidize and inactivate tetrahydrobiopterin, a necessary co-factor for endothelial NO synthase
(eNOS). As a result, eNOS becomes uncoupled and produces additional superoxide rather than
NO (Brandes et al., 2005; van der Loo et al., 2000). Peroxynitrite also propagates oxidative stress
via excessive nitration of cellular proteins, including the key antioxidant enzyme manganese
superoxide dismutase (MnSOD), effectively reducing endogenous antioxidant capacity (Brandes
et al., 2005; van der Loo et al., 2000). Overall, the age-related increase in oxidative stress
represents a vicious cycle of processes that interact to reduce NO and impair endothelial function.

Healthy mitochondria are crucial for maintaining numerous aspects of physiological
function and mitochondrial reactive oxygen species (mtROS), primarily produced as superoxide
and subsequently converted to hydrogen peroxide, play a crucial role in cellular signaling and
maintenance of homeostasis in the vasculature (Dai et al., 2012; Dromparis & Michelakis, 2013;
Kluge et al., 2013; Quintero et al., 2006). However, excessive mtROS production leads to a state

of cellular oxidative stress and is a hallmark of mitochondrial dysfunction (Dromparis &



Michelakis, 2013; Murphy, 2009). Excess mtROS may promote disruption of vascular function
directly (via oxidative stress) and indirectly through mitochondrial dysfunction-induced
alterations in signaling (Dai et al., 2012; Dromparis & Michelakis, 2013; Kluge et al., 2013).
Mice with genetic MnSOD deficiency, a model of elevated mitochondrial oxidative stress,
display impairments in endothelial function (Wenzel et al., 2008). However, the role of mtROS
in primary aging-associated vascular endothelial dysfunction has not been established.
Compounds that specifically target mtROS hold great promise for ameliorating
impairments, including vascular dysfunction, that stem from mitochondria-associated oxidative
stress (Cochemé et al., 2007; Lakshminarasimhan & Steegborn, 2011; Murphy & Smith, 2007;
Smith et al., 2012). Because mitochondrial oxidative stress is closely linked to overall
mitochondrial health, reducing mitochondrial oxidative stress may have the potential to restore
homeostasis in this critical cellular organelle and, in turn, improve cellular homeostasis and
physiological function. In contrast to traditional non-targeted exogenous antioxidants, which
have been ineffective in clinical trials (Kris-Etherton et al., 2004), mitochondria-targeted
antioxidants accumulate specifically at this site of ROS production and may, therefore, be more
effective at reducing oxidative stress and resulting functional sequelae (Cochemé et al., 2007;
Smith et al., 2012). One such compound is mitochondria-targeted ubiquinone, or MitoQ. MitoQ
is a biochemically modified form of the naturally-occurring antioxidant ubiquinone conjugated
to a lipophilic cation (decyl-triphenylphosphonium [TPP]) (Murphy & Smith, 2007; Smith &
Murphy, 2010). The positive charge and lipophilicity of this cation drive MitoQ to accumulate
predominately in the inner mitochondrial membrane (Ross et al., 2008), where it blocks
mitochondrial oxidative damage. The reduced form of MitoQ is then regenerated via reaction

with mitochondrial respiratory complex II (succinate-coenzyme Q reductase) (Ross et al., 2008;



Smith & Murphy, 2010). MitoQ has been studied in models of CVD and in patients with clinical
disease, but the efficacy of MitoQ for reversing primary arterial aging, including vascular
endothelial dysfunction, is unknown.

Here, we tested the hypothesis that oral MitoQ treatment would ameliorate vascular
endothelial dysfunction in old mice, and that these improvements would be associated with
reductions in vascular mitochondrial oxidative stress and improvements in vascular
mitochondrial health.

METHODS
Ethical approval

All studies were approved by the Institutional Animal Care and Use Committee at the
University of Colorado Boulder and conform to the Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011).

Animals

Male c57BL/6 mice, an established model of age-related vascular endothelial dysfunction
(Brown et al., 2007; Sprott & Ramirez, 1997), were purchased from the aging colony at the
National Institute on Aging at ~6 or ~25 months of age and allowed to acclimate to our facilities
for 2 weeks prior to beginning treatment. Mice were housed in standard cages on a 12-hour
light/dark cycle and were allowed access to normal rodent chow (Harlan 7917) and water ad
libitum. Body mass and water intake were monitored regularly throughout the study.

MitoQ treatment

Based on previous findings of effective dose and duration of treatment of MitoQ

(Rodriguez-Cuenca et al., 2010; Smith & Murphy, 2010), mice were randomly assigned to

treatment with MitoQ (250 uM) (young MitoQ-treated [YMQ, ~8 mo., n=6] and old MitoQ-



treated [OMQ, ~27 mo., n=14]) or normal drinking water (young control [YC, ~8 mo., n=12]
and old control [OC, ~27 mo., n=13]) for 4 weeks. MitoQ (Antipodean Pharmaceuticals, gift
from MPM) was prepared fresh and administered in light-protected water bottles changed every
three days. To rule out potential effects of the TPP cation (mitochondria-targeting moiety),
additional groups of young and old mice were provided drinking water containing a control
compound comprising only decyl-TPP cation (n=5-6/group, YMP and OMP) and not the
antioxidant (Adlam et al., 2005; Graham et al., 2009; Smith & Murphy, 2010).
Vascular endothelial function

Following the 4-week treatment period, mice were anesthetized with isofluorane and
killed by exsanguination via cardiac puncture. EDD and endothelium-independent dilation
(EID) were measured in isolated carotid arteries as previously described (LaRocca et al., 2013;
Rippe et al., 2010). The carotid arteries were dissected free of surrounding tissue and cannulated
onto glass micropipettes in warmed (37° C) physiological saline solution in myograph chambers
(DMT, Aarhus, Denmark). Arteries were pressurized to 50 mmHg and allowed to equilibrate for
~1h prior to the beginning of experiments. Following preconstriction with phenylephrine (2 uM,
Sigma Aldrich, St. Louis, MO, USA), EDD was assessed by measuring the increase in luminal
diameter in response to increasing concentrations of acetylcholine (ACh, 1 x10” to 1x 10™* M,
Sigma Aldrich). EID was measured as dilation in response to increasing doses of the exogenous
NO donor sodium nitroprusside (SNP, 1 x10™° to 1x 10 M, Sigma Aldrich). To account for
baseline differences in vessel diameter, all dose-response data are reported on a percent basis.
NO-mediated EDD. EDD was assessed in the presence of the eNOS inhibitor N-Nitro-L-

Arginine Methyl Ester (L-NAME, 0.1 mM, 30 minute incubation, Sigma Aldrich) and the
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contribution of NO was calculated as the difference between maximal dilation to ACh alone and
maximal dilation in the presence of L-NAME (LaRocca et al., 2012; Rippe et al., 2010).
Chronic mtROS suppression of EDD. To determine tonic mtROS suppression of EDD, arteries
were incubated for 40 minutes with 1 uM MitoQ to scavenge mtROS prior to assessment of
EDD to ACh as described above.
Acute mtROS challenge. To determine the effects of an acute increase in mtROS on EDD, a sub-
set of arteries were incubated for 40 minutes with 0.5 uM rotenone (Sigma Aldrich), a
concentration previously shown to stimulate mtROS production at respiratory Complex I without
completely inhibiting cellular respiration (Li et al., 2003; Weir et al., 1991) prior to assessment
of EDD to ACh. The difference between maximal dilation to ACh in the presence vs. absence of
rotenone was calculated to determine the rotenone-induced decrement in EDD.
Aortic whole-cell and mitochondria-specific superoxide production

Measurement of superoxide production in the thoracic aorta was performed via electron
paramagnetic resonance spectroscopy, as described previously (Fleenor et al., 2012; LaRocca et
al., 2012; LaRocca et al., 2013). Briefly, the aorta was removed and dissected free of
surrounding tissue. 2 mm segments were incubated for 1 hour at 37 °C in Krebs-HEPES buffer
with the superoxide-specific spin probe 1-hydroxy-3methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (0.5 mM, Enzo Life Sciences, Farmington, NY, USA) or mitochondrial
superoxide-specific spin probe MitoTEMPO-H (0.5 mM, Enzo Life Sciences) for detection of
whole-cell and mitochondria-specific superoxide production, respectively (Dikalov, et al., 2011;
Dikalova et al., 2010). The signal amplitude was analyzed using an MS300 X-band EPR

spectrometer (Magnettech, Berlin, Germany) with the following settings: centerfield, 3350 G;
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sweep, 80 G; microwave modulation, 3000 mG; microwave attenuation, 7 dB. Data are
presented relative to the mean of the young control group.
Aortic protein expression

Protein expression was determined by standard Western blotting techniques using
segments of thoracic aorta, a representative large elastic artery that, unlike the carotid, provides
sufficient sample for analysis (LaRocca et al., 2012; Rippe et al., 2010). Following
homogenization in radio-immunoprecipitation assay lysis buffer, 15 pg of aortic protein were
loaded onto 4-12% polyacrylamide gels and transferred onto nitrocellulose membranes (Criterion
System; Bio-Rad, Hercules, CA, USA). Membranes were incubated (overnight at 4° C) with
primary antibodies: glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:1000, normalizer,
Cell Signaling, Boston, MA, USA), phosphorylated (ser36) p66°"C (1:500, Abcam, Cambridge,
MA, USA), cytochrome ¢ oxidase (COX-IV, 1:1000, Cell Signaling), MnSOD (1:2000, Enzo
Life Sciences), nitrotyrosine (NT, 1:500, Abcam) and peroxisome proliferator-activated receptor
gamma coactivator-1 alpha (PGC-1a, 1:1000, Cell Signaling). Proteins were visualized on a
digital acquisition system (ChemiDoc-It, UVP, Upland, CA, USA) using chemilluminescence
with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch,
Westgrove, PA, USA) and ECL substrate (Pierce, Rockford, IL, USA). Relative intensity was
quantified using Imagel software and normalized to GAPDH intensity and then expressed as a
ratio of the mean intensity of the young control group.
Nitric oxide synthase activity assay

Activity of nitric oxide synthase (NOS) was determined in aortic lysates using the
Ultrasensitive Colorimetric Assay for Nitric Oxide Synthase (Oxford Biomedical Research,

Oxford, MI, USA), according to the manufacturer directions. Briefly, 30 uL of aortic lysate
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(containing 40-60 ng protein) were incubated with NOS substrates NADPH and L-arginine for 4
hours to allow continual production of NO by NOS. This reaction was carried out in aqueous
solution, in which NO rapidly degrades into the more stable products nitrate and nitrite. Nitrate
reductase was added to the samples to facilitate the enzymatic conversion of nitrate to nitrite.
Subsequently, nitrite (representing the total NO generated by NOS) was quantified
colorimetrically using Griess reagent. The concentration of nitrite in each sample was
determined by interpolating from a standard curve generated using known concentrations of
nitrite. Values were normalized to the protein content of each sample and expressed as pmoles of
NO produced per pg of aortic protein.
Statistical analysis

All statistical analyses were performed using SPSS 21.0 software (Armonk, NY, USA)
with an alpha value of 0.05. EDD and EID dose-responses to ACh and SNP, respectively, were
analyzed using 2-factor (treatment group x dose) repeated measures ANOVA. Within-group
differences in EDD dose-responses to ACh in the absence vs. presence of pharmacological
modulation (e.g., L-NAME, rotenone) were also determined using 2-factor (condition x dose)
repeated measures ANOVA. For all other outcomes, group differences were determined using
one-way ANOVA. When a significant main effect was observed, Tukey’s honestly significant
difference post-hoc tests were performed to determine specific pair-wise differences.
RESULTS
Animal characteristics and MitoQ intake

Selected morphological characteristics and water intake are shown in Table 1. There

were no differences in body mass across groups, and organ weights did not differ between
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control and MitoQ-treated mice, indicating an absence of off-target effects. MitoQ intake was
similar between young and old treated groups.
MitoQ treatment reverses the age-related decline in EDD

Primary comparison. Carotid artery dose response (Figure 1A) and peak (Figure 1C)
EDD to ACh were reduced in old compared to young mice. /n vivo (4 weeks) MitoQ
supplementation restored EDD in old mice (Figure 1A and C).

Control comparisons. MitoQ treatment had no effect on EDD in young mice (Figure 1B
and C) and EDD did not differ in young or older control (normal drinking water) vs. decyl-TPP
treated mice (Figure 1B and C).

There were no differences in endothelium-independent dilation in response to the NO
donor SNP among the groups (Figure 1D). These results indicate that short-term treatment with
MitoQ restores ACh-mediated endothelial function with aging in mice. Because the normal
drinking water and decyl-TPP treated groups did not differ, all subsequent analyses were
performed only in the normal drinking water and MitoQ treated groups (YC, OC, YMQ and
OMQ) in order to increase statistical power.

MitoQ treatment restores NO bioavailability in old mice

The reduction in EDD in old mice was a result of reduced NO bioavailability, as
indicated by a lesser reduction in EDD upon incubation with the eNOS inhibitor L-NAME
(Figures 2A and B). MitoQ supplementation normalized the NO component of EDD in old mice
while having no effect in young mice (Figure 2B). These results indicate that MitoQ increases

NO bioavailability and restores the NO-component of EDD in old mice.
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Total NOS activity was reduced in arteries of old compared to young mice, and this was
not altered by MitoQ supplementation (Figure 2C), indicating that the restoration of NO
bioavailability with MitoQ treatment was not the result of changes in eNOS activity.

MitoQ supplementation normalizes vascular oxidative stress in old mice

Aorta from old mice exhibited greatly increased nitrotyrosine (Figure 3A), a biomarker
of general oxidative protein modification (Radi, 2013; Radi, 2004), and markedly increased
whole-vessel superoxide production (Figure 3B) compared to young mice. MitoQ treatment
ameliorated the age-related increases in aortic nitrotyrosine and superoxide while having no
effect in young mice. These data indicate that MitoQ has potent antioxidant effects in arteries of
old mice, which could contribute to its beneficial effects on vascular endothelial function.
MitoQ supplementation reverses arterial mitochondria-derived oxidative stress and
suppression of function in old mice

Aortic mitochondrial superoxide production was substantially greater in old compared to
young mice (Figure 4A), as was aortic phosphorylated (activated) p66°"“ (Figure 4B), a
signaling protein that is a marker and master regulator of mitochondrial oxidative stress (Gertz &
Steegborn, 2010). MitoQ treatment in old mice ameliorated the age-related increases in
mitochondrial superoxide and p-p66°".

Acute (40 minutes) incubation of carotid arteries with MitoQ (1.0 uM) restored EDD to
ACh in old control animals, indicating excessive mitochondrial superoxide-mediated suppression
of EDD with aging (Figure 4C). Acute MitoQ treatment had no effect on EDD in young control
or young and old MitoQ treated animals.

Together, these results indicate that an increase in arterial mitochondrial superoxide

production and mitochondrial oxidative stress contributes to age-related declines in endothelial
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function. Moreover, the data suggest that MitoQ treatment markedly reduces vascular
mitochondrial superoxide production and oxidative stress, which is associated with complete
rescue of endothelial function in old mice.
MitoQ restores markers of vascular mitochondrial health in old mice

Protein expression of markers of mitochondrial signaling/biogenesis, antioxidant defense
and mass (PGC-1a, MnSOD and COX-IV) was reduced in arteries of old compared to young
mice (Figure 5 A-C). MitoQ treatment restored these markers of mitochondrial health in old
mice to levels similar to young controls, and further increased COX-IV expression in young
mice. These results indicate that reducing mitochondrial oxidative stress with MitoQ treatment
may also restore mitochondrial homeostasis in the aging vasculature.
MitoQ supplementation improves resistance to acute mtROS stress in arteries of old mice

Acute incubation with 0.5uM rotenone to stimulate production of mtROS (Li et al., 2003;
Weir et al., 1991) caused a significant further (~25%) reduction in carotid artery EDD to ACh in
old control mice, but had no significant effect on EDD in young control mice (Figure 6). MitoQ
treatment attenuated the rotenone-induced impairment of EDD in old mice, while having no
effect in young mice. These results indicate that aging is associated with reduced resistance to an
acute mtROS challenge in arteries of mice, and that MitoQ treatment improves resistance to this
mtROS stressor to levels observed in young mice.
DISCUSSION

Our results here demonstrate for the first time that a mitochondria-targeted antioxidant
(MitoQ) completely reverses endothelial dysfunction in old mice, restores NO bioavailability and
normalizes total and mitochondria-derived arterial superoxide production and oxidative stress

(nitrotyrosine abundance). These improvements are accompanied by normalization of age-related
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declines in markers of vascular mitochondrial health, and an increased ability of arteries to resist
an acute stress induced by excessive mtROS.

The present results extend previous findings by our laboratory showing that restoring
NO-bioavailability and reducing oxidative stress in old mice ameliorates endothelial dysfunction
(Donato et al., 2013; Fleenor et al., 2013; LaRocca et al., 2013; Rippe et al., 2010; Sindler et al.,
2011) by specifically examining the role of mitochondria-derived oxidative stress and
dysregulation in mediating age-related endothelial dysfunction. Although it is well established
that age-related declines in mitochondrial function and increases in mitochondria-derived
oxidative stress contribute to the development of dysfunction in other tissues such as skeletal
muscle, heart, and brain (Balaban et al., 2005; Sastre, 2003; Weber & Reichert, 2010), the role of
vascular mitochondrial oxidative stress in mediating impairments in endothelial function with
primary aging is unknown. Our results demonstrate that aging is associated with increases in
mitochondria-specific superoxide production and protein markers of mitochondrial oxidative
stress in the large elastic arteries of mice. Importantly, inhibiting mitochondrial oxidative stress
with MitoQ either acutely (ex vivo) or chronically (in vivo supplementation) abolished the age-
related reduction in EDD by restoring NO bioavailability secondary to a reduction in oxidative
stress, and not by obvious improvement in eNOS enzyme activation or function. These
observations provide strong evidence that excess mitochondrial oxidative stress is an important
mechanism underlying the development of endothelial dysfunction with aging, supporting the
efficacy of mitochondria-targeted strategies to improve endothelial function with aging.

Mitochondrial production of ROS has previously been implicated in the progression of
vascular dysfunction in the settings of clinical CVD and in genetic models of mitochondrial

antioxidant deficiency. Production of mtROS can be induced by exposing cultured endothelial
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cells to adverse conditions associated with cardiometabolic disease (e.g., hyperglycemia)
(Shenouda et al., 2011), and cross-sectional studies in humans and rodent models have shown
that CVD is accompanied by increased vascular mitochondrial damage/dysfunction (Ballinger,
2002; Ungvari et al., 2008; Zhang & Gutterman, 2007). Endothelial function is also impaired in
mice with genetic MnSOD insufficiency, a model of excess mitochondrial oxidative stress
(Wengzel et al., 2008). Together, data in experimental and disease models indicate that excess
mtROS play a critical role in mediating vascular dysfunction (Wenzel et al., 2008). However, the
present data provide the first evidence that mtROS contribute to vascular endothelial dysfunction
with primary aging.

Despite the relative paucity of mitochondria in the endothelium compared to tissues such
as skeletal muscle and liver (Blouin et al., 1977), our results suggest a pivotal role of
mitochondria-related signaling and mtROS in modulating endothelial function with age. This
possibility is further supported by previous studies showing a life-extending effect of endothelial

cell-specific knockout of p66°c

, a signaling protein involved in sensing and regulation of
mtROS production (Camici et al., 2007; Gertz & Steegborn, 2010). We observed a marked
elevation in phosphorylation of p66°"', an indication of its activation (Gertz & Steegborn, 2010),
in arteries of old compared to young mice, and this was accompanied by increased vascular

H . .
6°HC activation and reduced

mitochondrial superoxide production. MitoQ normalized p6
mitochondrial superoxide production, suggesting that an increase mtROS-mediated vascular
oxidative stress may be a key mechanism contributing to the age-related decline in endothelial
function.

Our results also support a critical role for healthy mitochondria in the maintenance of

vascular endothelial function with aging. Mitochondria are an important source of cellular ROS,
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which are produced at several sites, including Complexes I, 11, and III of the respiratory chain,
enzymes involved in electron transfer and mitochondrial metabolism (e.g., a-ketoglutarate
dehydrogenase, electron transfer flavoprotein:coenzyme-Q oxidoreductase), p66°", the
monoamine oxidase family of enzymes on the outer mitochondrial membrane, and nicotinamide
adenine dinucleotide phosphate oxidase 4, which localizes to the mitochondria (Kluge et al.,
2013; Murphy, 2009). Due to their role in production of and proximity to ROS, mitochondria are
particularly vulnerable to oxidative damage (Murphy, 2009; Weber & Reichert, 2010). Healthy
mitochondria are equipped with antioxidant defense systems that act to maintain mtROS at
physiological levels and facilitate signaling functions (Nunnari & Suomalainen, 2012; Dromparis
& Michelakis, 2013), but prolonged, uncontrolled oxidative stress can lead to inhibition of
mitochondrial function and related signaling pathways, including a reduction in mitochondrial
antioxidant enzymes and biogenesis (Anderson & Prolla, 2009; Dromparis & Michelakis, 2013;
Galluzzi et al., 2012). Our findings indicate that the age-related increase in vascular mtROS is
associated with disruption of vascular mitochondrial homeostasis, as we observed a decline in
the mitochondrial antioxidant MnSOD in arteries of old mice as well as reductions in protein
markers of mitochondrial biogenesis (PGC-1a) and mass (COX-1V), all of which were restored
with MitoQ treatment.

Mitochondria are critical for mediating the cellular response to oxidative stress, such as
occurs cumulatively with advancing age (Galluzzi et al., 2012; Nunnari & Suomalainen, 2012;
Sastre, 2003; Zhang & Gutterman, 2007). Our observation that arteries from old mice had
impaired ability to resist an acute mtROS-induced stress (administration of rotenone) is
indicative of age-related dysregulation of mitochondria, including a reduction in mitochondrial

antioxidant defenses (e.g., MnSOD). This finding is consistent with previous work showing that
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genetic MnSOD deficiency in mice aggravates age-associated endothelial dysfunction (Wenzel
et al., 2008). Rotenone, a known inhibitor of mitochondrial respiratory Complex I, also
stimulates mtROS production without completely inhibiting cellular respiration when applied at
low concentrations (<1 pM; Li et al., 2003). Previous studies (Csiszar et al., 2006; Griffith et al.,
1986; Rodman et al., 1991; Weir et al., 1991) examining the effects of mitochondrial respiratory
inhibition on endothelial function have demonstrated impairment in EDD following rotenone
administration (concentrations >1 uM), but the magnitude of impairment differed among species
and types of arteries tested. It is also plausible that complete inhibition of mitochondrial
respiration may have distinctly different effects on vascular function than an increase in mtROS,
perhaps explaining lack of significant impairment observed in our young mice, which—in
contrast to old mice—are expected to have adequate mitochondrial antioxidant defenses to
counter this acute stressor. Importantly, MitoQ treatment in old mice restored the ability of
arteries to resist an acute increase in mtROS to levels similar to what was observed in young
mice. Together, our data provide evidence that reducing mitochondrial oxidative stress in the
vasculature (e.g., via MitoQ supplementation) may restore overall mitochondrial health, with
corresponding functional improvements.

In support of the present observations on primary aging, MitoQ has also been reported to
ameliorate dysfunction associated with mitochondrial oxidative damage in several animal models
of clinical disease, including cardiac ischemia-reperfusion injury, sepsis, fatty liver disease,
kidney disease, neurodegeneration, and CVD (reviewed in Smith & Murphy, 2010). Whereas
MitoQ supplementation initiated prior to establishment of CVD in young (8 week-old) stroke-
prone hypertensive rats prevented the development of endothelial dysfunction (Graham et al.,

2009), our results here are the first to demonstrate the efficacy of MitoQ for reversing vascular
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dysfunction in aged animals. MitoQ treatment has also been successful in Phase II clinical trials
in patients with liver and neurological diseases (Gane et al., 2010; Snow et al., 2010),
underscoring strong potential for translation to human vascular aging.

Although the observed changes in arterial mitochondrial superoxide production and
protein expression of select mitochondrial markers strongly suggest age- and treatment-
associated effects on mitochondrial health and homeostasis, future investigation is warranted to
more fully characterize vascular mitochondrial function (e.g., respiratory function, ATP
production, calcium signaling, biogenesis, fission/fusion dynamics) in this setting. It is well
established that mtROS and mitochondrial dysfunction contribute to adverse cellular signaling,
including activation of inflammatory pathways that may exacerbate endothelial dysfunction
(Lopez-Armada et al., 2013; Nunnari & Suomalainen, 2012; Ungvari et al., 2007), but the
potential for mitochondrial antioxidant treatment to attenuate adverse inflammatory signaling in
the vasculature is currently unknown. Our findings that MitoQ treatment not only reduces
mitochondrial oxidative stress, but also restores markers of mitochondrial health in arteries of old
mice indicate that this treatment may reduce age-related adverse signaling via restoration of
mitochondrial homeostasis.

In conclusion, the present study demonstrates for the first time that a mitochondria-
targeted antioxidant, MitoQ, effectively reverses age-related vascular endothelial dysfunction,
restores NO bioavailability, normalizes total and mitochondria-derived oxidative stress, and
improves vascular mitochondrial health and stress resistance. These results indicate that
mitochondria-targeted antioxidants may represent a novel, promising strategy for preserving
healthy vascular endothelial function with primary aging in humans, and preventing age-related

CVD.
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Table 1. General morphological characteristics and MitoQ intake

YC oC YMQ oMQ
Body mass (g) 30.06 £2.15 | 30.38+ 3.69 | 28.97+0.80 | 29.51 + 1.54
Heart mass (mg) 151 £11 184 +£37* 142 + 22 178 £ 10*
Liver mass (g) 1.75+ 0.16 | 1.62+031 | 1.40+0.12 | 1.22+ 0.28
Quadriceps mass (mg) 171 £3.2 146 + 18* 199 + 31 135+ 25%*
Visceral fat mass (mg) 478 + 208 335+£229 384 £162 288 £ 266
MitoQ intake (umol/day) n/a n/a 1.07+ 0.33 | 1.01+£0.28

*p<0.05 vs. YC and YMQ
Data are presented as group means + SEM.
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Figure 1. MitoQ reverses the age-related decline in endothelium-dependent dilation

Endothelium-dependent dilation (EDD) dose-responses to acetylcholine (ACh) in carotid
arteries: A) primary group comparisons of young and old mice provided normal drinking water
(YC and OC) and old mice supplemented with MitoQ (OMQ); B) control group comparisons of
young and old decyl-TPP treated (YMP and OMP) and young MitoQ supplemented (YMQ)
mice; * p<0.05 vs. YC (main effect of group). C) Maximal EDD to acetylcholine; * p<0.05 vs.
YC; D) endothelium-independent dilation to the NO-donor sodium nitroprusside.

Data are presented on a percentage basis to account for differences in vessel diameter among
groups. Values are means = SEM (n=6-13/group).
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Figure 2. MitoQ restores nitric oxide-dependent endothelium-dependent dilation in old
mice

A) Endothelium-dependent dilation (EDD) dose-responses to acetylcholine (ACh) in the
absence/presence of the nitric oxide (NO) inhibitor N-nitro-L-arginine methyl ester (L-NAME)
in carotid arteries of young and old control (YC and OC) and young and old MitoQ
supplemented (YMQ and OMQ) mice. Data are presented on a percentage basis to account for
differences in vessel diameter among groups. * p<0.05 vs. YC (main effect of group for dose-
response to ACh alone); # p<0.05 within-group, dose-response to ACh + L-NAME vs. dose-
response to ACh alone. There were no group differences for the dose-response with ACh+L-
NAME.

B) NO-dependent dilation (maxEDD ¢y - maxEDDchirname). * p<0.05 vs. YC.

C) Total NOS activity in the aorta. * p<0.05 vs. YC.

All data are presented as means £ SEM (n=6-8/group).
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Figure 3. MitoQ normalizes vascular oxidative stress in old mice

A) Nitrotyrosine (NT), a biomarker of oxidative protein damage, in arteries (aorta) of young and
old control (YC and OC) and young and old MitoQ supplemented (YMQ and OMQ) mice;
representative Western blot images (25 kDa and 55kDa bands) below; B) whole-cell superoxide
production in aortic segments; representative EPR spectra below. Protein expression data are
normalized to GAPDH expression.

All data are normalized to YC mean values and presented as means + SEM (n=5-8/group).

* p<0.05 vs. YC.
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Figure 4. MitoQ reduces arterial mitochondria-derived oxidative stress and suppression of

function in old mice

A) Mitochondria-specific superoxide production in aortic segments of young and old control
(YC and OC) and young and old MitoQ supplemented (YMQ and OMQ) mice; representative
EPR spectra below; B) aortic protein expression of phosphorylated (serine36) p66°1¢;
representative Western blot image below; C) dose-response and maximal (inset) endothelium-
dependent dilation to acetylcholine in the presence of MitoQ (1.0 uM, 40 minute incubation to

scavenge mitochondrial reactive oxygen species).

Protein expression data are normalized to GAPDH expression. Protein expression and
mitochondrial superoxide data are normalized to YC mean values. All values are presented as

means = SEM (n=6-8/group). * p<0.05 vs. YC.
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Figure 5. MitoQ improves markers of mitochondrial health in old mice

Protein expression of A) peroxisome proliferator-activated receptor gamma co-activator 1 alpha
(PGC-1a), B) manganese superoxide dismutase (MnSOD) and C) cytochrome c oxidase (COX-
IV) in aorta of young and old control (YC and OC) and young and old MitoQ supplemented
(YMQ and OMQ) mice; representative Western blot images below. Protein expression data are
normalized to GAPDH expression and YC mean values and presented as means + SEM (n=6-
10/group). * p<0.05 vs. YC.
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Figure 6. MitoQ improves resistance to acute mtROS stress in arteries of old mice

Endothelium-dependent dilation (EDD) dose-responses to acetylcholine (ACh) in the
absence/presence of rotenone (0.5 pL, 40 minute incubation to induce mitochondrial superoxide
production) in carotid arteries of A) young control and MitoQ supplemented (YC and YMQ) and
B) old control and MitoQ supplemented (OC and OMQ) mice (n=5-6/group). Data are presented
on a percentage basis to account for differences in vessel diameter among groups. Young and old
data are presented separately for clarity. * p<0.05 within-group, dose-response to ACh +
Rotenone vs. dose-response to ACh alone; # p<0.05 vs. OMQ (main effect of group) for dose-
response to ACh alone.

C) Impairment in EDD induced by acute incubation with rotenone (maxEDDacy -
maxEDDchiroreENONE). Data are presented as means = SEM (n=5-6/group). * p<0.05 vs. within-
group maximal dilation to ACh alone.
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Figure 7. Working hypothesis

An increase in vascular mitochondria-derived reactive oxygen species (mtROS) production and
associated dysregulation of mitochondrial homeostasis with primary aging contributes to a state
of oxidative stress and a reduction in NO bioavailability, which promote the development of
endothelial dysfunction. Mitochondria-targeted antioxidant treatment with MitoQ may be a
promising therapeutic strategy for reducing vascular mitochondrial oxidative stress, restoring
vascular mitochondrial homeostasis, and preserving endothelial function with advancing age to
reduce cardiovascular disease (CVD) risk.
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CHAPTER III

Mitochondria-targeted antioxidant therapy with MitoQ ameliorates large elastic artery
stiffness in old mice

Rachel A. Gioscia-Ryan, Micah L. Battson, Lauren M. Cuevas, Jason S. Eng, Michael P.
Murphy, and Douglas R. Seals

ABSTRACT

Age-related arterial stiffening, a major factor underlying the age-associated increase in
cardiovascular disease (CVD) risk, is mediated largely by structural changes to arteries,
including increases in collagen and reductions in elastin, secondary to oxidative stress.
Mitochondria are a major source of arterial oxidative stress but the potential for mitochondria-
targeted therapeutic strategies to ameliorate arterial stiffness with primary aging is unknown. We
assessed aortic pulse-wave velocity (aPWV), intrinsic aortic stiffness (elastic modulus of
collagen and elastin regions) and aortic structural proteins in young (~ 6 mo) and old (~27 mo)
male c57BL/6 mice consuming normal drinking water (YC and OC) or water containing
mitochondria-targeted antioxidant MitoQ (250 uM; YMQ and OMQ) for 4 weeks. Following the
intervention period, aPWV was significantly higher in OC versus YC (482 £21.4 vs. 420+ 5
cm/sec, p<0.05). MitoQ treatment significantly reduced aPWV in OMQ to levels similar to
young mice (426 £ 20, p<0.05 vs. OC) and had no further effect in YMQ (410 £ 10). MitoQ
treatment had no effect on the age-associated increase in collagen-region elastic modulus or
aortic collagen content but partially attenuated the age-associated decrease in elastin-region
elastic modulus and aortic elastin content, and normalized the age-related increase in aortic
matrix metalloproteinase-2 expression. Together, these results indicate that the reduction in in
vivo arterial stiffness in old mice following MitoQ treatment was mediated by attenuation of age-

related elastin degradation, and suggest that mitochondria-targeted antioxidants may represent a
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novel, promising therapeutic strategy for reducing arterial stiffness with primary aging in

humans.
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INTRODUCTION

Cardiovascular diseases (CVD) remain the leading cause of mortality in the developed
world (Lloyd-Jones et al., 2010), and advancing age is a primary risk factor for the development
of CVD, as greater than 90% of CVD deaths occur in adults over the age of 55 (Roger et al.,
2011). The increase in CVD risk with aging is primarily attributable to the development of
vascular dysfunction, including increased large elastic artery stiffness (Laktta & Levy, 2003;
Najjar et al., 2005; Mitchell et al., 2010). Indeed, aortic pulse wave velocity (aPWV), the gold-
standard measure of arterial stiffness, is a strong independent risk factor for incident CV events
among older adults (Mitchell et al., 2010; Sutton-Tyrell et al., 2005). Stiffening of the large
elastic arteries increases the pulsatile shear and pressure experienced by the heart, blood vessels
and other organs, which can have many pathophysiological effects influencing the development
of CVD (Laktta & Levy, 2003; Mitchell et al., 2010; Najjar et al., 2005; Zieman et al., 2005).
Current demographic trends predict a major increase in the number of older adults in the coming
decades which will be accompanied by attendant increases in CVD prevalence and health care
costs (Heidenreich et al., 2011). As such, a top biomedical research priority is to identify
strategies that preserve low levels of arterial stiffness with advancing age, as this may help
prevent, reduce, or delay the development of CVD.

Changes in arterial wall structure are a major mechanism by which the large elastic
arteries stiffen with age (Fleenor, 2013; Greenwald, 2007; Lakatta, 2003; Zieman et al., 2005).
Specific structural changes that promote arterial stiffening include increased deposition of the
load-bearing protein collagen and degradation and fragmentation of elastin, as well as increased
cross-linking among structural proteins that results in further stiffening (Greenwald, 2007,

Lakatta, 2003; Sell & Monnier, 2012). A key cellular mechanism underlying these structural
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changes to arteries with advancing age is oxidative stress (Fleenor, 2013; Greenwald, 2007;
Lakatta, 2003; Zieman et al., 2005), a state in which the production of reactive oxygen species
(ROS) exceeds the buffering capacity of endogenous antioxidant systems. Increased oxidative
stress can directly and indirectly alter the activity of the enzymes involved in structural protein
turnover, shifting the balance of synthesis and breakdown toward collagen deposition and elastin
degradation (Fleenor, 2013; Greenwald, 2007; Lakatta, 2003; Zieman et al., 2005).

Mitochondria are now recognized as a primary source of arterial oxidative stress with
aging and cardiovascular disease (Ballinger, 2002; Dai et al., 2012; Graham et al., 2009;
Vendrov et al., 2015; Zhou et al., 2011), and evidence from genetic models indicates that
modulation of mtROS affects large elastic artery stiffening. For example, age-related arterial
stiffness, pathological remodeling and vascular disease are accelerated in mice deficient in
mitochondrial antioxidant manganese superoxide dismutase (MnSOD) (Zhou et al., 2011) and
blunted in mice lacking a mitochondria-localized form of pro-oxidant enzyme nicotinamide
adenine dinucleotide phosphate-oxidase (NOX4) (Vendrov et al., 2015), suggesting that excess
mtROS contribute to arterial stiffening by inducing structural changes to arteries.

Our laboratory recently demonstrated that treating old mice with the mitochondria-
targeted antioxidant MitoQ to reduce mitochondrial oxidative stress completely reversed the age-
related impairment in arterial endothelial function in old mice (Gioscia-Ryan et al. 2014).
However, the effects of mitochondria-targeted antioxidants on aortic stiffness with primary aging
have never been investigated. Therefore, in this study we tested the hypothesis that 4 weeks of
MitoQ supplementation in the drinking water would reduce arterial stiffness (as assessed in vivo

by aPWV) in old mice. To gain insights into the potential underlying mechanisms, we also
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assessed the collagen- and elastin-mediated contributions to intrinsic aortic stiffness (assessed ex
vivo in aortic rings) and aortic content of these key structural proteins.
METHODS

All studies were approved by the Institutional Animal Care and Use Committee at the
University of Colorado Boulder and conformed to the Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011).
Mice

Male c57BL/6 mice, an established model of age-related vascular dysfunction (Fleenor et
al., 2012a; Sprott & Ramirez, 1997), were purchased from the aging colony at the National
Institute on Aging at ~6 or ~25 months of age and allowed to acclimate to our facilities for 2
weeks prior to beginning treatment. Mice were housed in standard cages on a 12-hour light/dark
cycle and were allowed access to normal rodent chow (Harlan 7917) and water ad libitum. Body
mass and water intake were monitored regularly throughout the study.
MitoQ Treatment

Based on reports of effective dose and duration of treatment with MitoQ and our previous
work (Gioscia-Ryan et al., 2014; Rodriguez-Cuenca et al., 2010; Smith & Murphy, 2010), mice
were randomly assigned to treatment with MitoQ (250 uM; Antipodean Pharmaceuticals, gift
from MPM) (young MitoQ-treated [YMQ, ~8 mo., n=11] and old MitoQ-treated [OMQ, ~27 mo.,
n=10]) or normal drinking water (young control [YC, ~8 mo., n=8] and old control [OC, ~27 mo.,
n=10]) for 4 weeks, a duration we have previously shown to be effective in reversing age-related
arterial endothelial dysfunction (Gioscia-Ryan et al., 2014). MitoQ was prepared fresh and

administered in light-protected water bottles changed every three days.
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In Vivo Assessment of Arterial Stiffness: Aortic Pulse-Wave Velocity

In vivo arterial stiffness was assessed at baseline and after 4 weeks of MitoQ treatment by
aortic pulse-wave velocity (aPWV) using Doppler ultrasound, as previously described by our
laboratory (Fleenor et al., 2012a (nitrite); LaRocca et al., 2014). Briefly, mice were anesthetized
via inhaled isoflurane (1.5-2%) and positioned supine on a warmed platform with paws secured
to ECG leads. Doppler probes were placed at the transverse aortic arch and abdominal aorta to
detect pulse waves. Three consecutive 2-second recordings were made for each animal and used
to determine time delay between the ECG R-wave and the foot of the Doppler signal for each
site (Atimeapdominal aNd AtiMeiransverse). aPWV was then calculated as aPWV = (physical distance
between the two probes) / (Atimeapdominal-AtiMEiransverse)-

To examine the potential role of changes in blood pressure to treatment-related
differences in aPWV, we assessed systolic and diastolic blood pressure at baseline and following
4 weeks of MitoQ or normal drinking water consumption using the CODA non-invasive tail-cuff
system as previously described (Fleenor et al., 2014; LaRocca et al., 2014). The pressure
measurements from 20 collection cycles (following 5 acclimation cycles) on each of three
consecutive days were averaged for each mouse at each timepoint.

Ex-vivo Assessment of Arterial Stiffness: Intrinsic Mechanical Stiffness

Following all in vivo assessments, mice were euthanized and aortas were harvested for
measurements of ex-vivo intrinsic mechanical stiffness and protein expression. Two 1-mm aortic
rings (dissected free of surrounding connective tissue) were used to assess intrinsic aortic
stiffness via wire myography, as described previously by our laboratory (de Picciotto et al.,
2016; Fleenor et al., 2012a; Fleenor et al., 2014; LaRocca et al., 2014). Aortic rings were loaded

into heated myograph chambers (DMT, Inc.) with calcium-free phosphate buffered saline.
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Following three cycles of pre-stretching, ring diameter was increased to achieve ImN force and
then incrementally stretched by 10% every 3 minutes until failure. The force corresponding to
each stretching interval was recorded and used to calculate stress and strain, defined as follows:
Strain (A) = A d/d(i)

d= diameter; d(i)= initial diameter
Stress (t) = AL/2HD

L= one-dimensional load; H= wall thickness determined by histology; D= vessel length
The slope of the stress-strain curve was used to determine the elastic modulus in the collagen-
dominant and elastin-dominant regions of the curve, as described below.
Collagen elastic modulus

When aortic rings are subjected to stress-strain testing, the region of the stress-strain
curve corresponding to the highest forces represents the stretching of predominately collagen
fibers (Sokolis et al., 2002; Lammers et al., 2008). The elastic modulus of the collagen-dominant
region was determined as the slope of the linear regression fit to the final four points of the
stress-strain curve, as described previously (de Picciotto et al., 2016; Fleenor et al., 2014),
LaRocca et al., 2014).
Elastin elastic modulus

During stress-strain testing in aortic rings, the region of the stress-strain curve
corresponding to the stretching of exclusively elastin fibers is a lower-force region prior to
collagen fiber engagement that can be identified as the portion of the stress-strain curve where
curvature (determined from the second derivative of the stress-strain curve) is approximately
zero; the engagement of collagen fibers is indicated by an elevation in the curvature (non-zero

second derivative) (Lammers et al., 2008). To determine the boundaries of the elastin region of
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our stress strain curves, we calculated the roots of the second derivative of a 7™ order polynomial
fit to the data (R*>0.99). The first root was considered the boundary between the very low-force
region and the elastin region, and the second root was considered the boundary between the
elastin region and the onset of collagen fiber engagement (Lammers et al., 2008). The elastic
modulus of the elastin region was then determined as the slope of the linear regression fit to the
stress-strain data between the two points.
Aortic Protein Expression

Protein expression was determined in aortic homogenates by standard Western blotting
techniques and immunohistochemistry (IHC) in aortic sections, as previously described (de
Picciotto et al., 2016; Fleenor et al., 2010; LaRocca et al., 2014). For Western blotting, aortas
were homogenized in radio-immunoprecipitation assay lysis buffer. Following homogenization,
15 pg of aortic protein were loaded onto 4-12% polyacrylamide gels and then transferred onto
nitrocellulose membranes (Criterion System; Bio-Rad, Hercules, CA, USA). Membranes were
incubated (overnight at 4°C) with primary antibodies: collagen-I (1:1000, Millipore Corp.), a-
elastin (1:200, Abcam, Inc., Cambridge, MA, USA), matrix metalloproteinase-2 (MMP-2; 1:200,
Santa Cruz), lysl oxidase (LOX; 1:500, Novus Biologicals) and glyceraldehyde 3-phosphate
dehydrogenase (Cell Signaling, 1:1000, normalizer). Proteins were visualized on a digital
acquisition system (ChemiDoc-It, UVP, Upland, CA, USA) using chemilluminescence with
horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, Westgrove,
PA, USA) and ECL substrate (Pierce, Rockford, IL, USA). Relative intensity was quantified
using Imagel software and normalized to GAPDH intensity and then expressed as a ratio of the

mean intensity of the young control group.
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For IHC, aortic segments were frozen in OCT compound in liquid nitrogen-cooled
isopentane. Aortic sections (7 um) were fixed in acetone, washed in Tris buffer, and stained
using the Dako EnVision+ System-HRP-DAB kit, as performed previously in our laboratory
(Fleenor et al., 2010). Sections were incubated for 1 h at 4°C with primary antibodies for a-
elastin (1:50, Abcam Inc.) and collagen-I (1:200, Millipore) and then incubated with the labelled
polymer secondary for 30 minutes. Staining was visualized after a 10-minute or 1-minute
exposure to diaminobenzidine (elastin and collagen, respectively) and then slides were
dehydrated and coverslipped.

Stained aortic sections were imaged using a Nikon Eclipse TS100 photomicroscope
under identical conditions for all sections for each protein. Quantification of the integrated
density of the stain was performed using ImageJ software for the entire region of interest by a
single investigator blinded to the group assignment of each sample. Integrated density values
from 4 sections of each aorta were averaged to provide a single value for each protein.
Statistical Analysis

All statistical analyses were performed using SPSS 23.0 software (Armonk, NY, USA).
Data were assessed for outliers and normality/homogeneity of variance. When assumptions of
normality were met, between-group differences in elastic modulus and aortic protein expression
were determined using a linear mixed model with age (young versus old) and treatment (control
versus MitoQ) as factors, whereas within-group differences in aPWV were examined using a
linear mixed model that included a repeated factor (pre versus post intervention period). When a
significant main effect was observed, Fisher’s least significant difference post-hoc tests were

performed to determine specific pair-wise differences.
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RESULTS

MitoQ consumption across the 4-week treatment period was similar to our previous
report and not different between young and old mice (~1 mmol/day; Gioscia-Ryan et al., 2014).
Select morphological characteristics and blood pressure are shown in Table 1. Consistent with
our previous study (Gioscia-Ryan et al., 2014), MitoQ treatment did not influence overall
morphology; although there were age-associated differences in body mass, heart mass, and
quadriceps mass, these were not different between mice receiving MitoQ versus normal drinking
water. There were no age- or treatment-related differences in aortic diameter or systolic and
diastolic blood pressure.
MitoQ treatment reduces arterial stiffness in old mice

At baseline, aPWV was significantly higher in old compared to young mice and aPWV
was not significantly different from baseline to post-intervention in either young or old control
mice receiving normal drinking water (Figure 1). In contrast, 4 weeks of MitoQ treatment
significantly reduced aPWV in old mice to levels similar to young mice following the
intervention period. MitoQ treatment had no significant effect on aPWV in young mice. These
results indicate that 4 weeks of MitoQ treatment in old mice reverses age-associated large elastic
artery stiffening.
MitoQ treatment attenuates the age-related decline in elastin-mediated mechanical properties
but has no effect on collagen-mediated mechanical stiffness

The elastic modulus of the collagen region of stress-strain curves was significantly
greater in old control versus young control mice (Figure 2A), whereas the elastic modulus of the
elastin region was significantly lower in old control compared to young control mice (Figure

2B), indicating an age-related increase in intrinsic arterial stiffness mediated by increased arterial
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collagen and reduced arterial elastin content. MitoQ treatment had no effect on the collagen
elastic modulus, such that the values in old and young MitoQ-treated mice were not significantly
different from old and young control mice, respectively. However, in arteries from old mice
treated with MitoQ, the elastic modulus in the elastin region was significantly greater than that of
old control mice but remained significantly lower than the elastin elastic modulus of young
MitoQ-treated mice, indicating partial attenuation of the age-related decline in elastin.
MitoQ treatment attenuates the age-related decline in aortic elastin content

Consistent with our intrinsic mechanical stiffness observations, aortic collagen protein
expression was greater (Figure 3A and B) and aortic elastin expression was lower (Figure 3C
and D) in old control versus young control mice. MitoQ treatment did not alter aortic collagen
content, such that collagen levels in old MitoQ-treated mice were not significantly different that
those of old control mice, whether assessed in whole artery homogenate by Western blot or in
aortic sections via [HC. When measured in whole artery homogenate by Western blot, aortic
elastin content in old MitoQ-treated mice was not significantly different from that of either
young control or old control mice. However, when assessed via IHC in the medial layer of
aortas—the primary site of age-related elastin degradation (Fleenor et al., 2010; Fleenor,
2013)—elastin content in old MitoQ-treated mice was greater than that of old control mice
(p=0.07).

Together, these results suggest that the reduction in in vivo arterial stiffness in old mice
following MitoQ treatment was mediated not by effects on aortic collagen content, but rather by

attenuation of the age-related decline in elastin content.
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MitoQ treatment normalizes aortic MMP-2 expression in old mice but does not alter LOX
expression

Expression of the key elastin-degrading enzyme MMP-2 was significantly higher in old
control compared to young control mice (Figure 4A). MitoQ treatment reduced aortic MMP-2
expression in old mice and had no further effect in young mice. We did not observe any
significant differences in aortic expression of elastin-synthesizing enzyme LOX with age or
MitoQ treatment (Figure 4B). These results suggest that the preservation of elastin content with
MitoQ treatment may be due to a reduction in MMP-2-mediated elastin degradation.
DISCUSSION

The primary, novel finding of this study is that 4 weeks of treatment with the
mitochondria-targeted antioxidant MitoQ in old mice completely reverses the age-associated
increase in arterial stiffness, assessed in vivo as aPWV, and this is mediated at least partially by
attenuation of the age-related reduction in arterial elastin content.

Our observation that MitoQ treatment reduces large elastic artery stiffness in old mice
extends previous work with general antioxidant compounds and adds to the evidence from
transgenic/disease models that specifically implicates mitochondrial oxidative stress as a key
contributor to arterial stiffness. A previous pre-clinical intervention study employing the general
antioxidant compound TEMPOL established oxidative stress as a key mechanism underlying
age-related arterial stiffening (Fleenor et al., 2012b), and other strategies that reduce arterial
oxidative stress also ameliorate arterial stiffness (Fleenor et al., 2010; Fleenor et al., 2012a;
Fleenor et al., 2012c; LaRocca et al., 2014; Steppan et al., 2012). Recent work with genetic
mouse models now indicates that mitochondria are a major source of the vascular oxidative

stress contributing to arterial stiffness. Mice with genetic deletion of mitochondrial antioxidant
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enzyme MnSOD, a model of excess mitochondrial oxidative stress, demonstrate exacerbation of
age-related arterial stiffening (Zhou et al., 2011), whereas mice with genetic deletion of
mitochondria-localized pro-oxidant enzyme NOX4, a model of reduced mitochondrial oxidative
stress, demonstrate lower arterial stiffness compared to wild-type controls (Vendrov et al., 2015).
Our finding here that treatment with the mitochondria-targeted antioxidant MitoQ treatment in
old mice reduces arterial stiffness provides further support for mitochondrial oxidative stress as a
key mediator of arterial dysfunction with primary aging.

To gain initial mechanistic insight into the de-stiffening effects of MitoQ treatment, we
assessed intrinsic mechanical stiffness ex-vivo in aortic rings and examined both the collagen-
and elastin-predominant regions of the stress-strain curves. In contrast to previous studies
showing that the de-stiffening effects of late-life interventions, including those associated with
reduced oxidative stress, are primarily mediated by reductions in arterial collagen content
(Fleenor et al., 2010; Fleenor et al., 2012b; Fleenor et al., 2012c; Fleenor, 2013; Nosaka et al.,
2003), we observed that MitoQ treatment had no significant effect on the collagen region elastic
modulus or aortic collagen content but instead attenuated age-related declines in both aortic
elastin region elastic modulus and elastin content. Our finding of elastin preservation with MitoQ
treatment is consistent with the observations that heterozygous MnSOD deficient mice, a model
of excess mtROS, show marked exacerbation of age-associated declines in arterial elastin
content (Zhou et al., 2011), and that lifelong caloric restriction, a setting of reduced mtROS
(Lanza et al., 2012), also preserves arterial elastin content with aging (Donato et al., 2012).

Our finding that MitoQ treatment attenuated the age-associated reduction in aortic elastin
is also supported by evidence that mtROS are critical regulators of enzymes involved in elastin

turnover, including the matrix metalloproteinases (MMPS) (Nelson & Melendez, 2004). In
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heterozygous MnSOD knockout mice, the loss of arterial elastin is accompanied by an increase
in MMP-2 (Zhou et al., 2011) a key enzyme involved in elastin degradation (Fleenor, 2013;
Greenwald, 2007; Wang & Lakatta, 2002). Primary aging in preclinical models is associated
with increased arterial MMP-2 expression (Fleenor et al., 2010; Wang & Lakatta, 2002), and
elevated aortic MMP-2 levels are also observed in human aging (McNulty et al., 2005). We
observed that aortic MMP-2 expression was reduced in old mice following MitoQ treatment,
whereas expression of LOX, an elastin-synthesizing enzyme, was unaltered by MitoQ treatment.
Collectively, our results suggest that targeting mitochondria may attenuate elastin degradation,
preserving elastin content in large elastic arteries and contributing to lower levels of stiffness.
Limitations and future directions

It is also important to consider mechanisms other than preservation of aortic elastin
content that may have contributed to the dramatic reduction in arterial stiffness we observed with
MitoQ treatment in old mice. In addition to structural changes, age-related arterial stiffening is
also mediated by hemodynamic factors (including age-related reductions in vascular endothelial
function) and increased vasomotor tone (Greenwald, 2007; Lakatta, 2003; Zieman et al., 2005).
Although our data indicate that changes in resting blood pressure did not contribute to the effects
of MitoQ treatment, it is plausible that some of the de-stiffening we observed in old mice was
due to improvements in vascular endothelial function. Our previous study (Gioscia-Ryan et al.,
2014) demonstrated that MitoQ treatment increases endothelium-dependent dilation and nitric
oxide bioavailability in old mice, both of which are important direct (e.g., effects on pulse
pressure and smooth muscle tone) and indirect (e.g., regulation of structural protein turnover)
mediators of large elastic artery stiffness in vivo (Greenwald, 2007; Wilkinson et al., 2004;

Zieman et al., 2005).
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Although our results do not support a role for MitoQ in reducing total arterial collagen
content, future studies could examine not only arterial content of this key structural protein, but
also changes in collagen fiber orientation (Greenwald, 2007) and formation of cross-links among
proteins, both of which have the potential to influence arterial stiffness (Fleenor, 2013; Lakatta &
Levy, 2003; Zieman et al., 2005). Additionally, the regulation of structural protein turnover is
complex and involves many more enzymes, including other members of the MMP family and
their inhibitors, than were investigated here (Greenwald, 2007; Liu et al., 2015; Zieman et al.,
2005). Because the activity of many of these enzymes is influenced by redox status (Nelson &
Melendez, 2004; Sternlicht & Werb, 2001), future work could investigate how reducing
mitochondrial oxidative stress with MitoQ influences activity of these enzymes, and the effects
on structural protein turnover.

In conclusion, the present study demonstrates for the first time that late-life treatment
with a mitochondria-targeted antioxidant, MitoQ, effectively reverses age-related large elastic
artery stiffening, and that this effect is mediated at least partially by attenuation of the age-related
reduction in arterial elastin content. These results suggest that mitochondria-targeted antioxidants
may represent a novel, promising therapeutic strategy for reducing arterial stiffness, and reducing
CVD risk, with primary aging in humans.
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Table 1. General morphological characteristics and blood pressure

YC oC YMQ OoMQ
Body mass (g) 251+1.2 294+ 2.7* 260+1.4 28.5+ 3.0*
Heart mass (mg) 128 + 11 175 £22% 124+ 9 164 + 20*
Liver mass (g) 1.34+ 0.06 1.41£0.16 1.34+0.18 1.37+ 0.38
Quadriceps mass (mg) 163 +2.8 138 £ 27* 175+ 29 143 + 27%*
Visceral fat mass (mg) 306+ 70 302 + 89 256+ 71 229+ 118
Aorta diameter (um) 749 £ 72 780 £47 789 £ 77 785 £43
Systolic BP (mmHg) | Pre: 105.1+10.1 | Pre: 101.3+11.7 | Pre: 1012467 | Pre:93.5+10.8

Post: 101.4+12.9

Post: 94.9 £ 5.0

Post: 98.2 £ 10.8

Post: 101.0+4.4

Diastolic BP (mmHg)

Data are presented as means = SD. YC, young control mice; OC, old control mice; YMQ, young

Pre:73.3£11.5

Post: 71.9+11.3

Pre: 72.8 £ 11.0

Post: 67.0+4.6

Pre: 73.1 +£4.7

Post: 74.1 £ 9.3

Pre: 66.3 +£4.2

Post: 71.9 £ 10.1

MitoQ-treated mice; OMQ, old MitoQ-treated mice; BP, blood pressure; Pre, baseline

assessment (prior to treatment period); Post, assessment following 4-week treatment period with

MitoQ or normal drinking water).

* p<0.05 vs. YC and YMQ

46



600 ;| ——— Baseline

=== Post &
% *

500 1

N
o
o

aPWV (cm/sec)
S
o

200

YC ocC YMQ OMQ

Figure 1. MitoQ treatment reverses age-related arterial stiffness in mice

Aortic pulse-wave velocity (aPWV) was assessed in young and old mice before (baseline) and
following (post) consumption of normal drinking water (YC and OC) or MitoQ treatment (YMQ
and OMQ) for 4 weeks. n=8-11/group; error bars represent SEM.

* p<0.05 vs. YC and YMQ; ** p<0.05 vs. OC and OMQ baseline
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Figure 2. MitoQ treatment attenuates the age-related decline in elastin-mediated intrinsic
mechanical properties but has no effect on collagen-mediated intrinsic mechanical stiffness

A: Collagen region elastic modulus of aortic segments from young and old control (YC and OC)
and young and old MitoQ-treated (YMQ and OMQ) mice.

B: Elastin region elastic modulus of aortic segments from YC, OC, YMQ and OMQ mice.
n=8-11/group; error bars represent SEM.

*p<0.05 vs. YC and YMQ
# p<0.05 vs. OC and YMQ
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Figure 3. MitoQ treatment attenuates the age-related reduction in aortic elastin expression

A: Aortic collagen expression assessed by Western blot in aortic homogenates from young and
old control (YC and OC) and young and old MitoQ-treated (YMQ and OMQ) mice. Expression
levels are presented normalized to GAPDH expression and relative to the mean of the YC group
(error bars represent SEM). Representative images are presented below mean data. n=6/group

* p<0.05 vs. YC and YMQ

B: Aortic collagen expression assessed by immunohistochemistry in aortic sections from YC,
OC, YMQ and OMQ mice. Expression levels are presented relative to the mean of the YC group
(error bars represent SEM). Representative images are presented below mean data. n=4/group

* p<0.05 vs. YC and YMQ

C: Aortic elastin expression assessed by Western blot in aortic homogenates from young and old
control (YC and OC) and young and old MitoQ-treated (YMQ and OMQ) mice. Expression
levels are presented normalized to GAPDH expression and relative to the mean of the YC group
(error bars represent SEM). Representative images are presented below mean data. n=6/group

A p<0.074 vs. YC

D: Aortic elastin expression assessed by immunohistochemistry in aortic sections from YC, OC,
YMQ and OMQ mice. Expression levels are presented relative to the mean of the YC group
(error bars represent SEM). Representative images are presented below mean data. n=8-11/group
A p=0.086 vs. YC; A p=0.075 vs. OC
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Figure 4. MitoQ treatment in old mice reduces aortic MMP-2 expression

Aortic expression of matrix metalloproteinase-2 (MMP-2) and lysl oxidase (LOX) in aortic
homogenates from young and old control (YC and OC) and young and old MitoQ-treated (YMQ
and OMQ) mice. Expression levels are presented normalized to GAPDH expression and relative
to the mean of the YC group (error bars represent SEM). Representative images are presented
below mean data. n=4-6/group

* p<0.05 vs. all other groups
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CHAPTER IV

Voluntary aerobic exercise increases arterial resilience and mitochondrial health with
aging in mice

Gioscia-Ryan RA, Battson ML, Cuevas LM, Zigler MC, Sindler AL, Seals DR.

ABSTRACT

Mitochondrial dysregulation and associated excessive reactive oxygen species (mtROS)
production is a key source of oxidative stress in aging arteries that reduces baseline arterial
function and may also influence arterial resilience (ability to withstand stress). Aerobic exercise
restores baseline endothelial function with aging and improves mitochondrial health in many
tissues. We hypothesized that voluntary aerobic exercise would increase arterial resilience to
acute stressors in old mice, accompanied by improved arterial mitochondrial health. Ten weeks
of voluntary wheel running (VWR) reversed the age-associated decline in endothelium-
dependent dilation (EDD) and normalized basal arterial mtROS levels. An acute mitochondrial
stressor (rotenone) caused greater (further) impairment in peak EDD in old (OC; -32.5 £ -10.5%)
versus young (YC; -5.4 & - 3.7%) control mice, whereas arteries from young and old exercising
(YVR and OVR; -0.8 +-2.1% and -8.0 + 4.9%, respectively) mice were protected. Ex-vivo
treatment with simulated Western diet (WD) caused greater impairment in EDD in OC (-28.5 +
8.6%) versus YC (-16.9 = 5.2%) and YVR (-15.3 £2.3%), whereas OVR (-8.9 & 3.9%) were
more resilient (not different versus YC). Simultaneous ex-vivo treatment with the mitochondria-
specific antioxidant MitoQ selectively attenuated WD-induced impairments in YC and OC, but
not YVR or OVR, suggesting that exercise improved resilience to mtROS-mediated stress.
Exercise also normalized age-related alterations in protein markers of arterial mitochondrial

health and augmented cellular antioxidant and stress response proteins. Our results indicate that
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arterial aging is accompanied by reduced resilience and mitochondrial health, which are restored

by voluntary aerobic exercise.
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INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of death in developed societies
(Lloyd-Jones et al. 2010). The risk of CVD increases progressively with advancing age, such that
greater than 90% of deaths from CVD occur in people over the age of 55 (Roger et al. 2012).
Although the mechanisms underlying the age-related increase in CVD risk have not been fully
elucidated, strong evidence indicates that the development of arterial dysfunction is a key factor
(Herrera et al. 2010; Yeboah et al. 2007). An important manifestation of arterial dysfunction is
vascular endothelial dysfunction, characterized by a decline in endothelium-dependent dilation
(EDD) (Bachschmid et al. 2013; Lakatta 2003; Seals et al. 2014).

One of the major mechanisms underlying the development of age-related endothelial
dysfunction is oxidative stress, a state in which production of reactive oxygen species (ROS)
exceeds the capacity of endogenous antioxidant defense systems. In the aging vasculature,
oxidative stress reduces bioavailability of the vasodilatory and vasoprotective molecule nitric
oxide (NO), leading to declines in EDD (Brandes et al. 2005; van der Loo et al. 2000; Lakatta
2003; Seals et al. 2014; Bachschmid et al. 2013).

A key source of arterial oxidative stress is excessive production of mitochondrial reactive
oxygen species (mtROS). Healthy mitochondria are critical mediators of arterial homeostasis
(Kluge et al. 2013; Dai et al. 2012; Dromparis & Michelakis 2013; Gioscia-Ryan et al. 2014,
LaRocca et al., 2014) and produce physiological levels of mtROS vital for cell signaling
(Widlansky & Gutterman 2011). However, declines in mitochondrial health are characterized by
excessive mtROS production (Quintero et al. 2006; Dromparis & Michelakis 2013; Dai et al.
2012, Kluge et al. 2013; Widlansky & Gutterman 2011). We have recently shown that excess

arterial mtROS production is a major contributor to tonic arterial oxidative stress-mediated
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suppression of EDD with primary aging in mice (Gioscia-Ryan et al. 2014), as scavenging of
mtROS with a mitochondria-specific antioxidant completely restores EDD in old mice.
Emerging evidence suggests that, in addition to baseline deficits in vascular function,
aging may also be accompanied by reduced arterial resilience, i.e., the ability to withstand stress.
Aging exacerbates the effects of common in vivo stressors such as a “Western”-style (high
fat/high sugar) diet, hyperglycemia, and elevated low-density lipoprotein (LDL) cholesterol,
such that the age- and stressor-associated impairments are compounded, resulting in a greater
degree of impairment (Lesniewski et al. 2013; Walker et al. 2009; DeVan et al. 2013; Seals et al.
2014; Ungvari et al. 2010). Because human aging occurs in the presence of numerous stressors, it
is important to understand how aging alters arterial resilience and to identify potential
interventions that may improve the ability of arteries to withstand these challenges.
Mitochondria are critical components of the cellular stress response and interact with and
regulate other stress response mediators, including antioxidant enzymes and heat shock proteins
(Hsp) (Bause & Hagis 2013; Bell & Guarente 2011; Gielen et al. 2010; Manoli et al. 2007,
Noble et al. 2008). Thus, mitochondrial dysregulation has the potential to impact major upstream
mechanisms, such as oxidative stress, that mediate vascular function (Marzetti et al. 2013).
Indeed, recent work indicates that arterial functional impairments are linked to declines in
arterial mitochondrial health and that restoration of arterial function is accompanied by
concomitant improvements in arterial mitochondrial health, underscoring the importance of
healthy mitochondria for arterial function (Gioscia-Ryan et al. 2014; LaRocca et al. 2014; Keller
et al. 2015; Knaub et al. 2013; Marzetti et al. 2013; Young et al. 2004). However, it is unknown
whether age-related declines in arterial mitochondrial health contribute to decreased resilience in

the presence of acute stressors.
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Aerobic exercise is a powerful intervention that improves baseline endothelial function in
the setting of aging (Seals 2014, Seals et al. 2009; Seals et al. 2008, Lesniewski et al. 2013;
Durrant et al. 2009). It is well known that aerobic exercise improves mitochondrial biogenesis
and homeostasis in non-vascular tissues (Koltai et al. 2012; Hood et al. 2011; Meshnikova et al.
2006; Irrcher et al. 2003; Ljubicic et al. 2010; Handschin 2009), and recent work suggests that
exercise can also improve markers of arterial mitochondrial content and health in healthy
animals (Gu et al. 2014; Keller et al. 2015; Knaub et al. 2013; Miller et al. 2013; Park et al.
2016). However, these studies also indicate that the vascular mitochondrial response to exercise
is impaired in certain disease models and settings, including hypertension, diabetes and NO
deficiency (Gu et al. 2014; Keller et al. 2015; Knaub et al. 2013; Miller et al. 2013; Young et al.
2004), but the effects of aerobic exercise on arterial mitochondria with primary aging are unclear.
We tested the hypothesis that aging would be associated with impaired arterial resilience to acute
stress and reduced arterial mitochondrial health, and that voluntary aerobic exercise initiated in
late-life would increase resilience and improve mitochondrial health in aging arteries.
METHODS
Ethical approval

All experiments were approved by the Institutional Animal Care and Use Committee at
the University of Colorado Boulder and conformed to the standards published in the Guide for
Care and Use of Laboratory Animals (National Research Council, 2011).
Animals and exercise intervention

Male c57Bl/6 mice were obtained from the colony at the National Institute on Aging
(Bethesda, Maryland, U.S.) at ~5 or ~25 months of age. Animals were allowed to acclimate to

our facility for 2 weeks, were kept on a 12-hour light:dark cycle and were provided normal
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rodent chow (Harlan 7019) and water ad libitum. Following the 2-week acclimation period, mice
were randomly assigned to either a sedentary cage control group (young control [YC], n=11 and
old control [OC], n=12) or to a voluntary aerobic exercise group (young voluntary wheel running
[YVR], n=10 and old voluntary wheel running [OVR], n=11) for 10 weeks. The animals in the
voluntary aerobic exercise groups were housed in cages with access to a running wheel
(Lafayette Instruments, Lafayette, IN, USA) and were permitted to exercise ad libitum. Daily
wheel running was monitored using Activity Wheel Monitor software (Lafayette, IN, USA) for
72 continuous hours once per week, and daily running activity was determined as the average
distance run per 24 hour period. Following the 10-week intervention period, animals were killed
by exsanguination via cardiac puncture under inhaled isoflurane anesthetic, and tissues and
organs were harvested for assessment of arterial function and biochemical parameters as
described below.
Vascular endothelial function

Vascular endothelial function was assessed in isolated carotid arteries (2 per animal), as
described previously (Gioscia-Ryan et al. 2014; LaRocca et al. 2012). Briefly, arteries were
dissected and cleared of surrounding tissue and cannulated onto glass micropipettes in a
myograph chamber containing warmed (37 °C) physiological saline solution. Arteries were
pressurized to ~ 50mm Hg and allowed to equilibrate for 45 minutes. Following equilibration,
the arteries were pre-constricted with 2 uM phenylephrine (Sigma Aldrich Corp., St. Louis, MO,
USA), and endothelium-dependent dilation was assessed as the magnitude of dilation in response
to increasing doses of acetylcholine (ACh, 1x10-9 — 1x10-4M, Sigma Aldrich Corp.). Following
this assessment of baseline endothelial function, we next assessed endothelium-dependent

dilation in the presence of acute stressors (as described below) in the same arterial segments.

56



Following all measurements of endothelium-dependent dilation, endothelium-independent
dilation was assessed as the magnitude of dilation in response to increasing doses of sodium
nitroprusside (SNP, 1x10-10- 1x10-4 M, Sigma Aldrich Corp.), an exogenous NO donor. All
vessel data are presented on a percentage basis to account for baseline differences in vessel
diameter among animals. Peak EDD (greatest value of endothelium-dependent dilation) and the
area under the dose-response curve (AUC, trapezoid method) were determined for each response.
Acute mitochondria-specific stress

To determine the effects of an acute mitochondria-specific stress on endothelial function,
following assessment of dilation in response to ACh alone as described above, a sub-set of
arteries (n =7 (YC), 8 (OC), 5 (YVR), 6 (OVR)) was incubated with 0.5 uM rotenone (Sigma
Aldrich Corp.), a mitochondrial respiratory Complex I inhibitor, for 40 minutes prior to
assessment of EDD to ACh, as previously described (Gioscia-Ryan et al. 2014). This low dose
of rotenone has been shown to increase mitochondrial superoxide production from Complex I
without completely inhibiting respiratory activity (Li et al. 2003; Weir et al. 1991). The
rotenone-induced impairment in peak EDD was determined as the relative reduction in peak
dilation in the presence versus absence of rotenone ([PeakEDDACh-
PeakEDDRotenone/PeakEDDACh]x100). Similarly, the rotenone-induced impairment in the
EDD AUC was determined as the relative reduction in the AUC in the presence versus absence
of rotenone ([AUCACh-AUCRotenone/AUCACh]x100).
Acute ex-vivo simulated Western diet stress

To determine the effects of acute exposure to a more physiologically relevant stressor, we
exposed a sub-set of arteries (n =7 (YC), 8 (OC), 4 (YVR), 8 (OVR)) to an ex-vivo, simulated

Western diet via intraluminal infusion for 40 minutes prior to assessment of EDD to ACh. This
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ex-vivo challenge comprised warmed physiological saline containing 8mM glucose (in addition
to 5SmM glucose already present in physiological saline, Sigma Aldrich Corp.) and 300 uM
palmitate (Sigma Aldrich Corp.), two of the major metabolites present upon consumption of a
Western-style diet high in saturated fat and sugar. These concentrations were selected to simulate
those reported in the circulation of rodents following chronic consumption of Western-style diets
(Buettner et al. 2007; Gregoire et al. 2002; Bailey-Downs et al. 2013; Symons et al. 2009). The
impairments in peak EDD and AUC induced by this ex-vivo simulated Western diet were
determined as the relative reduction in peak EDD or AUC in the presence versus absence of ex-
vivo Western diet ([PeakEDDACh-PeakEDDWD/PeakEDDACh]x100; [AUCACh-
AUCWD/AUCAChH]x100).
MItROS mediation of ex-vivo simulated Western diet stress

To determine the role of mtROS in mediating the effects of the ex-vivo simulated
Western diet, arteries were treated with the ex-vivo simulated Western diet (as above) in the
simultaneous acute, ex-vivo presence of the mitochondria-specific antioxidant MitoQ (1.0 puM,
Antipodean Pharmaceuticals, Inc., Menlo Park, CA, USA; gifted by Michael P. Murphy) to
scavenge mtROS for 40 minutes prior to assessment of EDD to ACh (Gioscia-Ryan et al. 2014).
Arterial mitochondrial superoxide production

Mitochondrial superoxide production was assessed using electron paramagnetic
resonance spectroscopy, as previously described (Fleenor et al. 2012; Gioscia-Ryan et al. 2014;
LaRocca et al. 2012). Briefly, 2mm segments of thoracic aorta were dissected free of
surrounding tissue and then incubated for one hour at 37° C in Krebs-HEPES buffer with the spin
probe MitoTEMPO-H (0.5 mM, Enzo Life Sciences, Inc., Farmington, NY, USA), which

specifically detects superoxide produced by mitochondria (Dikalov et al. 2011). Following the

58



incubation period, the amplitude of the signal was measured on an MS300 X-band EPR
spectrometer (Magnettech GmbH, Berlin, Germany) with settings as follows: center field,
3350G; sweep, 80G; microwave modulation, 3000 mG; microwave attenuation, 7dB. Values are
expressed relative to the mean of the young control group.
Arterial protein expression

Because the carotid arteries, large elastic arteries, were used for ex-vivo measurement of
endothelial function as described above, arterial protein expression was assessed using standard
Western blotting procedures in homogenate from thoracic aorta, a representative large elastic
artery, as performed previously (Durrant et al. 2009; Rippe et al. 2010). To confirm that aortic
expression of our proteins of interest was similar to that of the carotid arteries, we assessed
expression of a subset of proteins in both carotid arteries and aorta from a separate group of
young and old animals (n=6/group). Following homogenization in RIPA buffer, 15 pg of protein
were loaded into 4-12% polyacrylamide gels for separation by electrophoresis (Criterion System,
Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins were transferred onto nitrocellulose
membranes (Trans-Blot Turbo System, Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
incubated overnight with the following primary antibodies: peroxisome proliferator-activated
receptor gamma co-activator 1-alpha (PGC-1a, 1:1000, Novus Biologicals, USA), NAD-
dependent deacetylase sirtuin-3 (SIRT-3, 1:500, AbCam, Inc.), catalase (1:1000, AbCam, Inc.)
heat shock protein 90 (Hsp90, 1:1000, Enzo Life Sciences, Inc.), Total OXPHOS Rodent
Antibody Cocktail (containing antibodies against Complex I subunit NDUFBS, Complex I1 30k,
Complex III Core protein 2, Complex IV subunit I, and Complex V alpha subunit; 1:250, Novus
Biologicals, USA), Fisl (TTC11; 1:500, Novus Biologicals, USA), Mitofusin 2 (Mfn2; 1:500,

AbCam, Inc.), and beta actin (normalizer, 1:2000, Cell Signaling Technology, Inc.).
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Proteins were visualized using horseradish peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc., Westgrove, PA, USA) and enhanced chemiluminescence
(ECL) substrate (Pierce Biotechnology, Inc., Rockford, IL, USA) on a digital acquisition system
(ChemiDoc-It; UVP, Inc., Upland, CA, USA). Individual protein expression values were
quantified using Image J software (Bethesda, MD, USA) (Schneider et al. 2012) and normalized
to beta actin to control for differences in protein loading. Values for a single blot were expressed
relative to the mean of the young control group. Western blots were run in duplicate and results
for each animal were averaged. Representative images of individual proteins were obtained from
the same blots using identical imaging conditions.
Statistics

All statistical analyses were performed using IBM SPSS Statistics for Windows Version
22.0 (IBM Corp., Armonk, NY, USA). Data were assessed for the presence of outliers (Grubb’s
test), normality and homogeneity of variance prior to statistical analyses. Group differences were
determined for the following variables using one-way ANOVA: Peak EDD and EDD AUC for
each dose-response condition (ACh alone, rotenone, simulated WD, simulated WD+MitoQ);
relative impairment induced by rotenone; relative impairment induced by simulated WD; arterial
mitochondrial superoxide production; and arterial protein expression. Within-group differences
in peak EDD and EDD AUC under different treatment conditions (e.g., in the presence vs.
absence of MitoQ) were determined using a repeated-measures analysis of variance, with group
as the between factor and treatment (simulated WD, simulated WD+MitoQ, etc.) as the repeated
factor. When overall group or treatment differences were detected, specific pair-wise differences
were identified with Fisher’s least significant difference post-hoc tests (normally-distributed

variables) or Games-Howell post-hoc tests (non-normally-distributed variables). P-values <0.05
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were considered statistically significant. All data are presented as mean values (SD) in the text
and mean values (SEM) in figures for clarity, unless otherwise indicated.
RESULTS
Morphological characteristics and voluntary wheel running

Select morphological characteristics and running wheel activity are presented in Table 1.
Body mass and liver mass did not differ among groups following the 10-week voluntary aerobic
exercise intervention. Age-related changes in heart mass (increase), visceral fat mass (decrease)
and muscle mass (decrease) were unaltered by the late-life voluntary aerobic exercise
intervention, similar to previous reports (Durrant et al. 2009, Lesniewski et al. 2013). Carotid
artery diameter was increased with aging and with voluntary aerobic exercise. Voluntary running
activity was significantly greater in young versus old mice, consistent with previous reports, and
the average daily running activity in the old voluntary running group was similar to levels
previously reported by our laboratory to improve arterial function (Durrant et al. 2009;
Lesniewski et al. 2013).
Voluntary aerobic exercise reverses vascular endothelial dysfunction and normalizes arterial
mitochondrial superoxide production in old mice

In order to examine the effects of voluntary aerobic exercise on arterial resilience, we
first confirmed that voluntary wheel running had similar effects on baseline endothelial function
as have been reported previously (Durrant et al. 2009). Peak EDD (Figure 1B) and EDD AUC
(Figure 1C) were significantly lower in arteries of old control compared to young control mice.
Consistent with our previous report (Durrant et al. 2009), 10 weeks of voluntary wheel running
late in life completely restored endothelial function in old animals to levels similar to those of

young animals, whereas the exercise intervention had no further effect on endothelial function in
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arteries from young mice. There were no differences in endothelium-independent dilation in
response to SNP (data not shown), indicating that the differences among groups were specific to
the endothelium and not a result of changes in responsiveness of the vascular smooth muscle to
NO, consistent with previous reports (Durrant et al. 2009; Lesniewski et al. 2013).
We also observed that the age-associated impairment in endothelial function was accompanied
by a significant increase in basal arterial mitochondrial superoxide production, which was
normalized by voluntary wheel running (Figure 1D). These results suggest that normalization of
the age-related increase in arterial mitochondrial oxidative stress may contribute to
improvements in arterial endothelial function induced by voluntary aerobic exercise.
Voluntary aerobic exercise increases arterial resilience to acute mitochondria-specific stress
Acute treatment with rotenone to induce mitochondrial oxidative stress slightly impaired
peak EDD (Figure 2A) and EDD AUC (Figure 2B) in arteries of young control mice, whereas
this acute mitochondrial stress caused substantial, further impairments in EDD in old control
mice; importantly, the relative impairment in EDD in old control mice was significantly greater
than in young control mice (Figure 2C). Voluntary wheel running improved arterial resilience to
this stressor, such that rotenone had no significant effect in arteries of young or old voluntary
wheel-running mice.
These results suggest that aging is accompanied by increased vulnerability of arteries to an acute
mitochondria-specific stressor, and that voluntary aerobic exercise increases the ability of
arteries to resist this stress.
Voluntary aerobic exercise increases arterial resilience to simulated metabolic stress
Treatment with ex-vivo simulated Western diet reduced peak EDD (Figure 3A) and EDD

AUC (Figure 3B) in arteries of both young and old control mice, but the degree of impairment
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was significantly greater in old control mice (Figure 3C). Simultaneous acute, ex-vivo treatment
with the mitochondria-specific antioxidant MitoQ attenuated the simulated Western diet-induced
reductions in EDD in young and old control mice, indicating that excessive mtROS contributed
to the impairment induced by this stressor.

Voluntary wheel running improved arterial resilience to ex-vivo simulated Western diet
in old mice, such that the reductions in peak EDD and EDD AUC induced by the simulated
Western diet stressor in old exercising mice were less pronounced and not different in magnitude
compared to those of young control and young exercising mice. In contrast to what we observed
in arteries from young and old control mice, simultaneous ex-vivo MitoQ treatment had no effect
compared to the simulated Western diet alone in either young or old exercising mice, suggesting
an absence of excessive mtROS under conditions of simulated Western diet stress in these
groups.

Together, these data suggest that, in sedentary mice, exposure of arteries to ex-vivo
simulated Western diet induces or exacerbates endothelial dysfunction mediated by excess
mtROS, and that voluntary aerobic exercise increases arterial resilience to the mtROS-associated
component of this stressor.

Voluntary aerobic exercise normalizes age-related alterations in markers of arterial
mitochondrial health but not respiratory protein content

Aortic protein expression of PGC-1a and SIRT3, key markers of mitochondrial signaling
and health, was significantly lower in arteries from old control compared to young control mice
(Figure 4). Expression of Fisl, an important mediator of mitochondrial fission that is increased
in settings of mitochondrial dysregulation (Makino et al. 2010; Miller et al. 2013; Seo et al.

2010; Shenouda et al. 2011) was greater in arteries of old control versus young control mice,
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whereas expression of the key fusion mediator Mfn2 tended to be lower in arteries from old
versus young control mice (p=0.1), indicating an age-associated shift in mitochondrial dynamics
toward increased fission. Age-related differences in protein expression of a subset of these
markers were comparable whether assessed in the carotid arteries or aorta (Table 2), suggesting
that arterial mitochondrial health changes similarly in these two large elastic arteries. Importantly,
voluntary aerobic exercise in old mice normalized expression of PCG-1a, SIRT3 and Fis1 (with
no effect on Mfn2), and had no further effect on expression of these proteins in young mice.
These results suggest that voluntary aerobic exercise reverses age-related declines in markers of
arterial mitochondrial health, perhaps contributing to some of its beneficial effects on endothelial
function and stress resilience.

There were no statistically-significant differences in expression of respiratory chain
protein subunits from complexes I, II, IIl and V among groups (we were unable to resolve bands
for the subunit of complex IV), indicating that arterial mitochondrial respiratory protein content
was not altered with primary aging or voluntary aerobic exercise (Table 3).

Voluntary aerobic exercise augments markers of arterial antioxidant defense and stress
response

Aortic protein expression values of the antioxidant protein catalase and stress-response
protein Hsp90 were not different in old versus young control mice (Figure 5). However,
voluntary aerobic exercise significantly increased expression of catalase and Hsp90 in arteries
from both young and old mice. These results indicate that voluntary aerobic exercise augments
these key mediators of cellular antioxidant defense and stress response (Arslan et al. 2006;
Manoli et al. 2007; Balaban et al. 2005) in arteries, which may contribute to the improved

resilience of arteries in exercise-trained mice.
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DISCUSSION

The primary, novel findings of this study are that voluntary aerobic exercise improves
resilience of aging arteries to acute, mtROS-mediated stress, and that this is accompanied by
normalization of basal arterial mtROS production and improvements in arterial mitochondrial
health and cellular antioxidant defense and stress response proteins.

Previous studies in our laboratory (Durrant et al. 2009; Lesniewski et al. 2013) reported
that late-life voluntary aerobic exercise restores baseline vascular endothelial function in old
mice and we replicated this in the present study to confirm the effectiveness of the exercise
intervention. These studies identified normalization of arterial oxidative stress as a key
mechanism underlying the beneficial effects of voluntary aerobic exercise. Here, we extend these
findings by specifically examining the role of mitochondria-derived oxidative stress and its
potential amelioration by voluntary aerobic exercise. In line with a recent study in our laboratory
(Gioscia-Ryan et al. 2014), we show that age-related vascular endothelial dysfunction is
accompanied by elevated arterial mitochondrial superoxide production. Importantly, voluntary
aerobic exercise normalized mitochondrial superoxide production in arteries of old mice,
suggesting exercise-induced reductions in arterial mitochondrial oxidative stress may contribute
to improvements in vascular endothelial function.

Our findings further extend previous work by demonstrating that, in addition to
improving baseline vascular endothelial function, voluntary aerobic exercise restores arterial
resilience in old mice. Consistent with our previous report (Gioscia-Ryan et al. 2014), we
observed that acute treatment with rotenone, a mitochondria-specific inhibitor that induces
mitochondrial superoxide production (Li et al. 2003; Weir et al. 1991), impairs carotid artery

endothelial function in old mice to a greater degree than arteries from young mice. These results
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provide evidence that mitochondrial health is altered in aging arteries such that arteries are more
vulnerable to a mitochondria-specific challenge. Importantly, in the present study, we show that
voluntary aerobic exercise completely restores the ability of aged arteries to withstand this acute
mitochondrial stress.

In addition to a mitochondria-specific challenge, we also examined arterial resilience in
response to a simulated Western diet stressor composed of ex-vivo glucose and palmitate, major
nutrients present in the circulation with consumption of a high-fat, high-sugar Western diet. Ex-
vivo simulated Western diet exposure caused a more substantial, further impairment in
endothelial function in old sedentary mice versus young sedentary and young and old exercising
mice. When considered from a translational perspective, it is important to note that although the
ex-vivo simulated Western diet slightly impaired endothelial function in young sedentary and
young and old exercising mice, the resulting level of function in these groups (peak EDD ~65-
80%) was still substantially greater than that of old sedentary mice, in which the combined
effects of aging and the ex-vivo simulated Western diet stressor resulted in dramatically reduced
endothelial function (peak EDD ~45%).

The increase in arterial susceptibility to ex-vivo simulated Western diet with aging is
similar to what is observed in a setting of chronic, in vivo Western diet consumption in mice.
Old mice consuming Western diet for 10 weeks display significantly reduced endothelial
function even compared to old mice consuming normal chow, and the magnitude of impairment
induced by chronic Western diet consumption in old mice is much greater than the modest
impairment observed in young mice consuming Western diet (Lesniewski et al. 2013).
Simultaneous aerobic exercise, in the form of voluntary wheel running, completely preserves

endothelial function in young and old mice chronically consuming Western diet (Lesniewski et
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al. 2013). However, in the present study, we observed that although voluntary wheel running
significantly improved arterial resilience to acute challenge with ex-vivo simulated Western diet,
it did not confer complete protection against this stressor. This difference in exercise-induced
arterial protection between studies may be due to the acute, ex-vivo nature of the simulated
Western diet stress in the present study versus chronic Western diet consumption.

The observation that ex-vivo simulated Western diet exposure acutely impairs endothelial
function is also consistent with clinical data that show reduced flow-mediated dilation following
consumption of single high-fat meals (Bae et al. 2001; Fard et. al 2000; Nicholls et al. 2006;
Plotnick et al. 2003) in heterogeneous populations that include older adults. Although data
comparing arterial resilience in young versus older subjects is currently lacking, cross-sectional
data support the premise that arterial resilience declines with age. Endothelial function is lower
in older adults with moderately elevated fasting blood glucose or LDL cholesterol versus their
age-matched sedentary peers with normal blood glucose or LDL levels (DeVan et al. 2013;
Walker et al. 2009), whereas—in support of our finding that exercise improves arterial resilience
in mice—endothelial function is preserved at levels similar to young adults in older habitually
exercising adults with both normal and elevated blood glucose or LDL cholesterol (DeVan et al.
2013; Walker et al. 2009).

Simultaneously treating arteries from young and old sedentary mice with ex-vivo MitoQ
abolished the impairment induced by simulated Western diet exposure, suggesting that the
effects of this stressor were acutely mediated by excess mtROS. That the effects of this stressor
may involve disruption of mitochondrial health is not unexpected, as glucose and palmitate
independently increase mtROS production in vitro (Paneni et al. 2012; Inoguchi et al. 2000; Du

et al. 2000; Yamagishi et al. 2001, Koziel et al. 2015; Kumar et al. 2015; Gao et al. 2011; Lu et
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al. 2013). Additionally, arterial mitochondrial dysfunction is an important feature of metabolic
diseases such as diabetes, in which arteries are chronically exposed to high circulating levels of
glucose and lipids (Giacco & Brownlee 2010; Makino et al. 2010; Shenouda et al. 2011).

Voluntary aerobic exercise conferred protection against ex-vivo simulated Western diet
exposure in old mice, such that the impairment in endothelium-dependent dilation in arteries
from old voluntary wheel running mice was much smaller in magnitude than that of old control
mice, and not different from young control or young voluntary wheel running mice. This
exercise-induced increase in arterial resilience appears to be primarily mediated by improved
mitochondrial health, as simultaneous ex-vivo treatment with MitoQ had no effect on the
response to simulated Western diet exposure in young or old exercising mice. However, this
stressor did result in a slight reduction in EDD in both exercising groups that was unaffected by
MitoQ, suggesting the involvement of additional mechanisms in the impairment induced by
simulated Western diet.

In line with normalization of mtROS production and increased arterial resilience to
mtROS-mediated challenges, our results also demonstrate that voluntary aerobic exercise
normalizes key indicators of arterial mitochondrial health in old mice. Despite relatively low
abundance (Blouin et al. 1977) and minimal respiratory activity (Dai et al. 2012; Kluge et al.
2013; Dromparis & Michelakis 2013), arterial mitochondria play a vital role in maintaining
arterial function, presumably via other roles involving intra- and extra-cellular signaling (Dai et
al. 2012; Kluge et al. 2013; Dromparis and Michelakis 2013, Widlansky & Gutterman 2011).
However, arterial mitochondrial health and quality control decline with aging and in disease
models of hypertension, NO deficiency, atherosclerosis, diabetes and metabolic syndrome

(Gioscia-Ryan et al. 2014; LaRocca et al. 2014; Keller et al. 2015; Knaub et al. 2013; Makino et
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al. 2010; Miller et al. 2013; Shenouda et al. 2011; Young et al. 2004). In the present study we
observed age-related declines in PGC-1a and SIRT3, key regulators of mitochondrial biogenesis,
health and antioxidant defenses (Bell & Guarente 2011; Bause & Haigis 2013; Handschin 2009),
as well as a shift in mitochondrial dynamics favoring increased mitochondrial fission (e.g.,
increased Fisl and decreased Mfn2), a characteristic of mitochondrial dysfunction (Makino et al.
2010; Miller et al. 2013; Seo et al. 2010; Shenouda et al. 2011). Similar changes in these markers
have been observed in models of disease and arterial dysfunction and with aging (Gu et al. 2014;
Knaub et al. 2013; Miller et al. 2013). It is well known that exercise improves mitochondrial
health and signaling in tissues such as skeletal muscle, promoting increased mitochondrial
quality (Koltai et al. 2012; Hood et al. 2011; Meshnikova et al. 2006; Irrcher et al. 2003; Ljubicic
et al. 2010; Handschin 2009). Previous studies investigating the effects of exercise on arterial
mitochondria indicate that although exercise induces favorable changes in arterial mitochondrial
health in young, healthy animals, the arterial mitochondrial response to exercise is impaired with
vascular and metabolic disease (Keller et al. 2015; Knaub et al. 2013; Miller et al. 2013; Young
et al. 2004). One recent study reported increases in PGC-1a and mitochondrial respiratory
protein content in aged rats following an exercise intervention (Gu et al. 2014). Our observation
that voluntary aerobic exercise normalized age-related changes in PGC-1a, SIRT-3 and Fisl
provide further evidence that arterial mitochondria of aged animals can adapt to exercise training
and suggest that exercise-induced improvements in arterial mitochondrial health may be an
important aspect of exercise-mediated vascular protection.

Finally, we also observed that voluntary aerobic exercise augments arterial expression of
heat shock protein 90 and catalase in both young and old mice. Hsp are ubiquitously-expressed

and highly-inducible chaperone proteins that are activated in response to a variety of cellular
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stressors (Arslan et al. 2006; Fiuza-Luces et al. 2013; Noble et al. 2008) and interact with
mitochondria to mediate cell survival pathways (Manoli et al. 2007; Noble et al. 2008). In the
vasculature, Hsp90 interacts with endothelial nitric oxide synthase (eNOS) to promote NO
production (Garcia-Cardefia et al. 1998). Exercise is a potent stimulus for induction of Hsp and
increases localization of Hsp in the coronary and skeletal muscle vasculature (Milne et al. 2012;
Rinaldi et al. 2006), and this is thought to contribute to the protective effects of aerobic exercise
in these tissues (Rinaldi et al. 2006; Quindry 2012; Milne et al. 2012). Although few studies have
specifically examined the effects of aerobic exercise on Hsp induction in the systemic
vasculature, resistance training-induced increases in femoral artery Hsp90 were associated with
improvements in eNOS activity and arterial function in young and old rats (Harris et al. 2010). In
the present study, we observed that arterial expression of Hsp90 was significantly increased in
both young and old mice following the voluntary aerobic exercise intervention.

Catalase is an antioxidant enzyme responsible for facilitating the decomposition of
hydrogen peroxide, the dismutation product of superoxide, into water. Although superoxide is
the primary species of ROS produced by mitochondria, the more stable hydrogen peroxide is
thought to be the main transducer of many physiological and pathophysiological effects of
mtROS (Collins et al. 2012; Murphy 2009). Acute and chronic aerobic exercise training induce
increases in catalase in the heart and vasculature and these adaptations are thought to contribute
to reduced progression of vascular disease and increased cardiac resilience to acute
ischemia/reperfusion injury (Gielen et al. 2010; Kavazis et al. 2008; Meilhac et al 2001; Sindler
etal. 2013). Additionally, previous studies from our laboratory and others have demonstrated
increases in content and activity of other antioxidant enzymes, including the key mitochondrial

antioxidant manganese superoxide dismutase, in arteries following aerobic exercise interventions
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(Durrant et al. 2009; Fukai et al. 2000; Rush et al. 2000). The exercise-induced increase in
arterial catalase that we observed in this study is consistent both with previous reports and with
our finding of increased resilience to mtROS-mediated acute stress. Our results suggest that
aerobic exercise-induced augmentation of cellular stress response pathways and antioxidant
defenses may contribute to vascular protective effects of voluntary aerobic exercise.
Considerations and future directions

The primary aim of this study was to examine the effects of primary aging on arterial
resilience to acute stress and to determine whether voluntary aerobic exercise is an intervention
that increases arterial resilience. The stressors we employed in this study were acutely applied to
arteries ex-vivo for a short (~40 minutes) period of time. We designed our ex-vivo simulated
Western diet to reflect two of the most prevalent nutrients (glucose and palmitate) that would be
expected to be in contact with the vasculature in settings of chronic Western diet consumption
and the concentrations used in the present study were selected to reflect levels commonly
measured in the circulation of rodents ingesting Western-style diets (Buettner et al. 2007,
Gregoire et al. 2002; Bailey-Downs et al. 2013; Symons et al. 2009). This stressor induced
impairments in endothelial function, particularly in old sedentary mice, and we observed a
similar age-related increase in susceptibility to simulated Western diet stress compared to
chronic Western diet consumption (Lesniewski et al. 2013). However, we recognize that this
simple model of ex-vivo challenge does not recapitulate all the elements of a Western diet and
that acute stressors may not reflect all aspects of chronic challenges such as persistently elevated
blood lipids or glucose or chronic consumption of a Western diet. For example, although
excessive levels of mtROS contributed acutely to the stressor-induced dysfunction we observed,

it is unlikely that the impairments were due to changes in mitochondrial DNA damage or gene
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expression, alterations that might be expected as a consequence of chronic mtROS elevations.
Therefore, future studies are needed to examine arterial resilience to stress following in vivo
acute and chronic Western diet consumption.

Although our results with acute MitoQ treatment indicate that suppression of endothelial
function by the simulated WD stressor is primarily mediated by mtROS, there remained a small
amount of impairment in arteries of the exercise-trained animals following acute MitoQ
treatment, suggesting involvement of a non-mtROS mechanism. Previous work employing ex-
vivo glucose and palmitate demonstrate that these compounds induce oxidative stress, a major
source of which is increased production of mitochondria-derived superoxide (Gao et al. 2011;
Kumar et al. 2015; Lu et al. 2013; Koziel et al. 2015; Yuzefovychet et al. 2010). However, these
compounds have also been reported to stimulate superoxide production via non-mitochondrial
pathways, including activation of the pro-oxidant enzyme NADPH oxidase (Chinen et al. 2007)
or the renin-angiotensin system (Wantanabe et al. 2005). Experimental paradigms involving
longer (e.g., 8-24 hour) exposures to hyperglycemia or palmitate suggest that these stressors can
also induce changes in gene expression or post-transcriptional modifications, including
suppression of AMPK signaling and induction of NFk-B mediated pro-inflammatory signaling,
that may act to suppress endothelial function (Cacicedo et al. 2004; Fard et al. 2000; Staiger et al.
2004; Wu et al. 2007). Importantly, our results indicate that voluntary aerobic exercise improves
arterial resilience to the mitochondria-specific oxidative stress induced by simulated WD
exposure.

In addition to the exercise-induced augmentation of antioxidant defenses we observed
that may allow arteries to maintain vasodilatory function in the face of acute mtROS challenges,

it is also important to consider the possibility that exercise may induce adaptations that enable
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arteries to dilate in response to mtROS, specifically hydrogen peroxide, which is emerging as a
critical vasodilator in the coronary and resistance vasculature (Beyer et al. 2014; Durand et al.
2015; Liu et al. 2003, Miura et al., 2003, Muller-Delp et al. 2012). Age and exercise have been
reported to influence the relative contribution of hydrogen peroxide to vasodilatory responses in
resistance arterioles (Beyer et al. 2014; Muller-Delp et al. 2012; Sindler et al. 2013), and the
exercise-induced enhancement of aortic catalase expression that we observed suggests an
adaptation to elevated hydrogen peroxide levels. Thus, future studies are warranted to determine
if hydrogen peroxide-mediated dilation may have contributed to the maintenance of vasodilation
in the presence of acute mtROS stressors that we observed in the arteries from exercise-trained
mice.

We observed improvements in protein markers of arterial mitochondrial health with
voluntary aerobic exercise that were consistent with previous studies in young, healthy animals.
However, in contrast to some previous reports investigating the effects of exercise on arterial
mitochondria (Gu et al. 2014; Keller et al. 2015; Knaub et al. 2013; Miller et al. 2013; Young et
al. 2004; Park et al. 2016) we did not observe an increase in arterial mitochondrial respiratory
protein content with voluntary aerobic exercise. The lack of increase in mitochondrial protein
content that we observed may be attributable to the nature of the exercise intervention, as
voluntary wheel running—an intermittent stimulus—is distinctly different than the forced,
continuous treadmill and swimming exercise paradigms employed in previous investigations.
However, our results suggest that improvements in upstream regulators of arterial mitochondrial
health induced by exercise can occur independently of changes in mitochondrial protein content
and underscore the importance of mitochondrial quality control in arterial tissue. Indeed, the

functional roles of vascular mitochondria may be more contingent on mitochondrial quality
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versus mitochondrial content. Mitochondria perform vital signaling functions in the vasculature
(Dai et al. 2010; Dromparis & Michelakis 2013; Kluge et al. 2013) that depend on maintenance
of an interconnected network of mitochondria via a balance of mitochondrial fission and fusion,
as well as mitophagy (Mammucari & Rizzuto 2010; Seo et al. 2010; Weber & Reichert 2010).
Thus, preservation of mitochondrial quality is critical in the vasculature, whereas an increase in
mitochondrial respiratory protein content might be expected to confer little benefit to vascular
cells that rely sparingly on aerobic metabolism. Although the exercise-induced improvements in
markers of mitochondrial health we observed strongly suggest that voluntary aerobic exercise
improves arterial mitochondrial function with aging, future work is needed to confirm whether
the observed effects of aerobic exercise extend to more comprehensive indices of intact
mitochondrial function in arteries.

We assessed markers of mitochondrial health in whole large elastic arteries and thus are
not able to distinguish changes that may be specific to endothelial cells versus vascular smooth
muscle cells (VSMCs). However, given that vascular mitochondria are particularly critical for
intra- and inter- cellular signaling functions (Dai et al. 2010; Dromparis & Michelakis 2013;
Kluge et al. 2013), mitochondria in both vascular cell types are likely important for regulation of
arterial endothelial function. In addition to our finding that preserved arterial resilience with
exercise is accompanied by improvements in whole artery mitochondrial health, previous work
has also demonstrated that alterations in whole artery and VSMC (Gioscia-Ryan et al. 2014; Gu
et al. 2014; Keller et al. 2015; Knaub et al. 2013; LaRocca et al. 2013; Miller et al. 2013; Park et
al. 2016) mitochondrial health with aging, disease and exercise are accompanied by

corresponding changes in endothelial function.
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In conclusion, age-associated vascular endothelial dysfunction is accompanied by
reductions in arterial resilience and mitochondrial health (elevated mtROS production, reduced
markers of mitochondrial biogenesis/signaling, altered fission/fusion dynamics). Ten weeks of
voluntary aerobic exercise improved arterial resilience to acute mitochondria-specific and ex-
vivo simulated Western diet stressors, normalized age-related alterations in arterial
mitochondrial health, and augmented arterial markers of antioxidant defense and cellular stress
response. Overall, our results highlight the importance of healthy mitochondria for maintenance
of arterial function and resilience with aging, and identify voluntary aerobic exercise as a later-
life intervention that improves arterial mitochondrial health as well as resilience.
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Table 1. Select morphological characteristics and voluntary running wheel activity

YC oC YVR OVR
Body mass (g) 32.15(2.94) | 30.71(3.12) | 32.08(4.0) | 28.95(1.77)

Heart mass (mg) 152.9(10.3) | 193.0 (182)*" | 144.6(11.6) | 216.5 (4.6)*"
Liver mass (g) 1.81(0.15) | 1.65(0.24) | 1.58(0.33) 1.69 (0.16)

Quadriceps mass (mg) 198.4 (36.3) | 143.3 (21.5)*" | 190.3 (16.8) | 138.4 (9.23)*"

Visceral fat mass (mg) 82.49 (48.1) | 244 (13.3)*" | 85.6(60.2) | 12.2(6.8)*"

Carotid artery diameter (um) | 418 (18)" 448 (20)* 451 (20)* 470 (40)*

Running activity (km/day) n/a n/a 19.37 (14.0) 3.13 (1.80)"

Data are presented as means (SD), n=10-12/group. Abbreviations: YC, young control mice; OC,
old control mice; YVR, young voluntary wheel running mice; OVR, old voluntary wheel running
mice. * p<0.05 vs. YC; * p<0.05 vs. YVR, * p<0.05 vs. OVR
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Table 2. Protein expression of mitochondrial health markers in carotid arteries versus

aorta of young and old mice

YCar OCar YAor OAor
PGC-1a (AU) 1.0 (0.14) 0.73 (0.15) 1.0 (0.12) 0.71 (0.15)
SIRT3 (AU) 1.0 (0.07) 0.70 (0.12) 1.00 (0.05) 0.80 (0.11)
Mitn2 (AU) 1.0 (0.33) 0.73 (0.35) 1.00 (0.36) 0.75 (0.18)

Data are presented normalized to beta actin and relative to the mean of the young group for each
type of artery and are shown as mean (SEM), n=6/group. Abbreviations: Y Car, carotid arteries
from young control mice; OCar, carotid arteries from old control mice; Y Aor, aorta from young
control mice, OAor, aorta from old control mice.
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Table 3. Aortic protein expression of mitochondrial respiratory complex proteins

YC oC YVR OVR
Complex I (AU) 0.96(0.32) | 1.0(0.65) | 0.78(0.24) | 1.04(0.67)
Complex II (AU) 0.96 (0.41) | 0.85(0.52) | 0.79(0.30) | 0.98 (0.66)
Complex I1I (AU) 0.97(0.99) | 1.04(0.77) | 0.78 (0.35) | 0.96 (0.63)
Complex V (AU) 1.07 (0.52) | 0.85(0.36) | 0.95(47) | 0.99(0.84)

Data are presented normalized to beta actin and relative to the mean of the young control group
and are shown as means (SD), n=6-8/group. Abbreviations: YC, young control mice; OC, old
control mice; YVR, young voluntary wheel running mice; OVR, old voluntary wheel running
mice. No significant differences were detected among groups.
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Figure 1. Voluntary aerobic exercise restores endothelium-dependent dilation and
normalizes mitochondrial superoxide production in old mice

Endothelium-dependent dilation (EDD) dose-response (A) to acetylcholine (ACh), peak dilation
(B), and EDD AUC (C) in carotid arteries and aortic mitochondria-specific superoxide
production (D) in young control (YC), old control (OC), young voluntary wheel running (Y VR)
and old voluntary wheel running (OVR) mice. Representative EPR spectra presented below
panel D. Data are presented as mean (SEM), n=10-12 per group. * p<0.05 vs. YC. Peak EDD
and EDD AUC data are shown again in Figures 2 and 3 for clarity of interpretation of within-

group changes in EDD in the presence of acute stressors.
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Figure 2. Voluntary aerobic exercise increases arterial resilience to acute mitochondria-
specific stress

A and B: Peak endothelium-dependent dilation (EDD) and EDD AUC to acetylcholine (ACh)
alone (black bars, shown again here for clarity) and in the presence of rotenone (red hashed bars)
in carotid arteries from young control (YC), old control (OC), young voluntary wheel running
(YVR) and old voluntary wheel running mice (OVR). C: Relative reduction in peak EDD in the
presence vs. absence of rotenone in arteries from YC, OC, YVR and OVR mice. D: EDD dose-
response curves to ACh in the acute presence of rotenone in carotid arteries from YC, OC, YVR
and OVR mice. Data are presented as mean (SEM), n=5-8/group. * p<0.05 within-group versus
ACh alone, * p<0.05 vs. all other groups.
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Figure 3. Voluntary aerobic exercise increases arterial resilience to acute simulated
Western diet stress

A and B: Peak endothelium-dependent dilation (EDD) and EDD AUC to acetylcholine (ACh)
alone (black bars, shown again here for clarity), in the presence of simulated Western diet
(yellow hashed bars), and simulated Western diet + MitoQ (green hashed bars) in carotid arteries
from young control (YC), old control (OC), young voluntary wheel running (YVR) and old
voluntary wheel running mice (OVR). C: Relative reduction in peak EDD in the presence vs.
absence of simulated Western diet in arteries from YC, OC, YVR and OVR mice. D: EDD dose-
response curves to ACh in the acute presence of simulated Western diet (yellow symbols with
solid lines) and simulated Western diet + MitoQ (green symbols with dashed lines) in carotid
arteries from YC, OC, YVR and OVR mice. Data are presented as mean (SEM), n=4-8/group. *
p<0.05 within-group versus ACh alone, * p<0.05 within-group versus simulated Western diet,
p<0.05 vs. all other groups.
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Figure 4. Voluntary aerobic exercise restores markers of arterial mitochondrial health in
old mice

Protein expression of PGC-1a (A), SIRT-3 (B), Fisl (C), and Mfn2 (D) in arteries from young
control (YC), old control (OC), young voluntary wheel running (Y VR) and old voluntary wheel
running (OVR) mice. Representative images are presented below each panel with corresponding
images of normalizer (beta actin) taken from the same region of the same blot. Data are
presented normalized to beta actin and relative to the mean of the YC group as mean (SEM),
n=6-8/group. * p<0.05 vs. YC, # p=0.1 vs. YC.
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Figure 5. Voluntary aerobic exercise augments arterial markers of antioxidant defense and
stress resistance

Protein expression of catalase (A) and Hsp90 (B) in arteries from young control (YC), old
control (OC), young voluntary wheel running (Y VR) and old voluntary wheel running (OVR)
mice. Representative images are presented below each panel with corresponding images of
normalizer (beta actin) taken from the same region of the same blot. Data are presented
normalized to beta actin and relative to the mean of the YC group as mean (SEM), n=6-8/group.
* p<0.05 vs. YC and OC.
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CHAPTER V
CONCLUSION

The purpose of this dissertation was to determine the role of arterial mitochondrial
oxidative stress in mediating age-related arterial dysfunction and to investigate the therapeutic
potential of mitochondria-targeted strategies to improve or preserve arterial function with age.

Primary arterial aging in mice was characterized by impaired nitric oxide-mediated
endothelium-dependent dilation, which was accompanied by elevated levels of arterial
mitochondrial oxidative stress and adverse changes to markers of mitochondrial
health/homeostasis. Acute ex-vivo and chronic in vivo treatment with the mitochondria-targeted
antioxidant MitoQ to reduce mitochondrial oxidative stress completely restored endothelial
function and (in the case of chronic in vivo supplementation) normalized age-related alterations
in mitochondrial health.

Arterial aging in mice was also characterized by elevated large elastic artery stiffness,
associated with increased arterial collagen content and reduced arterial elastin content. Chronic
in vivo supplementation with MitoQ reduced arterial stiffness to levels similar to those of young,
healthy mice, and attenuated the age-related decline in arterial elastin content. Together, the
results of these studies indicate that mitochondrial oxidative stress is a key mediator of age-
related arterial dysfunction and highlight the therapeutic potential of mitochondria-targeted
antioxidants to restore or preserve arterial function.

Another feature of primary arterial aging was reduced resilience, indicated by increased
vulnerability of aged arteries to impairments induced by acute ex-vivo stressors, including a
mtROS-specific challenge and a “simulated Western diet.” Late-life voluntary aerobic exercise,
an established intervention for improving baseline arterial function as well as mitochondrial

health, improved arterial resilience, such that the acute stressors induced minimal impairment in
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arteries of old mice following exercise training. Improved arterial resilience with exercise was
accompanied by normalization of age-associated adverse changes in markers of arterial
mitochondrial health.

Collectively, the results of this dissertation indicate that mitochondria-derived oxidative
stress is a key mechanism mediating age-related impairments in arterial function, and may
therefore represent a promising therapeutic target for preserving arterial function, and reducing
cardiovascular disease risk, with aging in humans.

Future Directions

The findings in this dissertation strongly suggest the possibility that targeting
mitochondrial oxidative stress may be an effective strategy to preserve arterial function with
aging in humans. Because MitoQ is now commercially available as a dietary supplement, clinical
trials in middle-aged and older adults are warranted to determine whether the efficacy we
observed in these preclinical studies translates to humans.

In the present studies, we assessed several protein markers of mitochondrial health and
homeostasis and our results indicate that arterial mitochondrial health is altered adversely by
primary aging and restored by late-life MitoQ supplementation and voluntary aerobic exercise.
However, future studies should expand on these assessments of mitochondrial health markers
and establish the effects of aging, MitoQ treatment, and exercise on intact arterial mitochondrial
function, including mitochondrial respiratory function, fusion/fission dynamics, and calcium
handling.

Changes in vascular mitochondrial oxidative stress and health have the potential to
impact other signaling pathways involved in the regulation of arterial function; for example,

mtROS can activate pro-inflammatory signaling that may directly impair endothelial function or
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alter the regulation of structural protein turnover to promote arterial stiffness. Follow-up studies
could examine the role of arterial mitochondrial oxidative stress in the regulation of the chronic,
low-grade inflammation that occurs with primary aging.

Finally, primary aging is associated with declines in physiological function beyond those
that occur in the vasculature, including impairments in physical and cognitive function that
precede the development of disability and chronic diseases. Mitochondria are critical for
maintenance of cellular function in numerous tissues, including the heart, skeletal muscle, and
nervous system, all of which demonstrate physiological and mitochondrial declines with age.
Therefore, mitochondria-targeted intervention strategies may have the potential to preserve
physiological functions in addition to arterial function in the setting of primary aging, and future
studies should determine the efficacy of such strategies on a broad range of physiological

functional outcomes.

86



CHAPTER VI
REFERENCES

Adlam VJ, Harrison JC, Porteous CM, James AM, Smith RAJ, Murphy MP & Sammut IA
(2005). Targeting an antioxidant to mitochondria decreases cardiac ischemia-reperfusion
injury. FASEB J, 19(9), 1088-95.

Arslan MA, Csermely P, & Soti C (2006). Protein homeostasis and molecular chaperones in
aging. Biogerontology, 7(5-6), 383-9.

Bachschmid MM, Schildknecht S, Matsui R, Zee R, Haeussler D, Cohen RA, Pimental D,
& van der Loo B (2013). Vascular aging: chronic oxidative stress and impairment of redox

signaling-consequences for vascular homeostasis and disease. Annals of Medicine, 45(1),
17-36.

Bae J-H, Bassenge E, Kim K-B, Kim Y-N, Kim K-S, Lee H-J, Moon K-C, Lee M-S, Park
K-Y, & Schwemmer M (2001). Postprandial hypertriglyceridemia impairs endothelial
function by enhanced oxidant stress. Atherosclerosis, 155(2), 517-523.

Bailey-Downs LC, Tucsek Z, Toth P, Sosnowska D, Gautam T, Sonntag WE, Csiszar A, &
Ungvari Z (2013). Aging exacerbates obesity-induced oxidative stress and inflammation in
perivascular adipose tissue in mice: a paracrine mechanism contributing to vascular redox
dysregulation and inflammation. J Gerontol A Biol Sci Med Sci, 68(7), 780-92.

Balaban RS, Nemoto S & Finkel T (2005). Mitochondria, oxidants, and aging. Cell/, 120(4),
483-95.

Ballinger SW (2002). Mitochondrial integrity and function in atherogenesis. Circulation,
106(5), 544-549.

Bause AS & Haigis MC (2013). SIRT3 regulation of mitochondrial oxidative stress. Exp
Gerontol, 48 (7), 634-639.

Bell EL & Guarente L (2011). The SirT3 divining rod points to oxidative stress. Mol Cell,
42, 561-566.

Beyer AM, Durand MJ, Hockenberry J, Gamblin TC, Phillips SA, & Gutterman DD (2014).
An acute rise in intraluminal pressure shifts the mediator of flow-mediated dilation from
nitric oxide to hydrogen peroxide in human arterioles. Am J Physiol Heart Circ Physiol,
307(11), H1587-93.

Blouin A, Bolender RP, & Weibel ER (1977). Distribution of organelles and membranes
between hepatocytes and non-hepatocytes in the rat liver parenchyma: A stereological
study. J Cell Biol, 72, 441-455.

Brandes RP, Fleming I, & Busse R (2005). Endothelial aging. Cardiovasc Res, 66(2), 286—
94.

Brown KA, Didion SP, Andresen JJ & Faraci FM (2007). Effect of aging, MnSOD
deficiency, and genetic background on endothelial function: evidence for MnSOD

87



haploinsufficiency. Arterioscl Thromb Vasc Biol, 27(9), 1941-6.

Buettner R, Scholmerich J, & Bollheimer LC (2007). High-fat diets: modeling the
metabolic disorders of human obesity in rodents. Obesity, 15(4), 798-808.

Cacicedo JM, Yagihashi N, Keaney JF Jr., Ruderman NB, & Ido Y (2004). AMPK inhibits
fatty acid-induced increases in NF-kB transactivation in cultured human umbilical vein
endothelial cells. Biochem Biophys Res Commun, 324(4), 1204-9.

Calderwood SK, Murshid A, & Prince T (2009). The shock of aging: molecular chaperones
and the heat shock response in longevity and aging--a mini-review. Gerontology, 55(5),
550-8.

Camici GG, Schiavoni M, Francia P, Bachschmid M, Martin-Padura I, Hersberger M,
Tanner FC, Pelicci PG, Volpe M, Anversa P, Liischer TF & Cosentino F (2007). Genetic
deletion of p66(Shc) adaptor protein prevents hyperglycemia-induced endothelial
dysfunction and oxidative stress. Proc Natl Acad Sci, 104(12), 5217-22.

Chinen I, Shimabukuro M, Yamakawa K, Higa N, Matsuzaki T, Noguchi K, Ueda S,
Sakanashi M, & Takasu N (2007). Vascular lipotoxicity: endothelial dysfunction via fatty-

acid-induced reactive oxygen species overproduction in obese Zucker diabetic fatty rats.
Endocrinology, 148(1), 160-65.

Cochemé HM, Kelso GF, James AM, Ross MF, Trnka J, Mahendiran T, Asin-Cayuela J,
Blaikie FH, Manas ARB, Porteous CM, Adlam VJ, Smith RAJ & Murphy MP (2007).
Mitochondrial targeting of quinones: Therapeutic implications. Mitochondrion, 7, S94—
S102.

Collins Y, Chouchani ET, James AM, Menger KE, Cochemé HM, & Murphy MP (2012).
Mitochondrial redox signaling at a glance. J Cell Sci, 125, 801-806.

Csiszar A, Labinskyy N, Orosz Z & Ungvari Z (2006). Altered mitochondrial energy
metabolism may play a role in vascular aging. Medical Hypotheses, 67, 904-908.

Dai DF, Rabinovitch PS, & Ungvari Z (2012). Mitochondria and cardiovascular aging. Circ
Res, 110(8), 1109-24.

de Picciotto NE, Gano LB, Johnson LC, Martens CR, Sindler AL, Mills KF, Imai S-I, &
Seals DR (2016). Nicotinamide mononucleotide supplementation reverses vascular
dysfunction and oxidative stress with aging in mice. Aging Cell (epub), DOI:
10.1111/acel.12461

DeVan AE, Eskurza I, Pierce GL, Walker AE, Jablonski KL, Kaplon RE, & Seals DR
(2013). Regular aerobic exercise protects against impaired fasting plasma glucose-
associated vascular endothelial dysfunction with aging. Clin Sci, 124(5), 325-31.

Dikalov SI, Kirilyuk 1A, Voinov M, & Grigor’ev IA (2011). EPR detection of cellular and
mitochondrial superoxide using cyclic hydroxylamines. Free Radic Res, 45(4), 417-30.

Dikalova AE, Bikineyeva AT, Budzyn K, Nazarewicz RR, McCann L, Lewis W, Harrison

88



DG & Dikalov SI (2010). Therapeutic targeting of mitochondrial superoxide in
hypertension. Circulation Research, 107(1), 106-16.

Donato AJ, Walker AE, Magerko KA, Bramwell RC, Black AD, Henson GD, Lawson BR,
Lesniewski LA & Seals DR (2013). Life-long caloric restriction reduces oxidative stress
and preserves nitric oxide bioavailability and function in arteries of old mice. Aging Cell,
12(5), 772-83.

Dromparis P, & Michelakis ED (2013). Mitochondria in vascular health and disease. Ann
Rev Physiol, 75, 95-126.

Drummond GR, Selemidis S, Griendling KK & Sobey CG (2011). Combating oxidative
stress in vascular disease: NADPH oxidases as therapeutic targets. Nat Rev Drug Discov,
10, 453-471.

Du X-L, Edelstein D, Rossetti L, Fantus 1G, Goldberg H, Ziyadeh F, Wu J, & Brownlee M
(2000). Hyperglycemia-induced mitochondrial superoxide overproduction activates the
hexosamine pathway and induces plasminogen activator inhibitor-1 expression by
increasing Sp1 glycosylation. Proc Natl Acad Sci, 97(22), 12222-12226.

Durand MJ, Dharmashankar K, Bian JT, Das E, Vidovich M, Gutterman DD, & Phillips SA
(2015). Acute exertion elicits a H202-depedent vasodilator mechanism in the
microvasculature of exercise-trained, but not sedentary adults. Hypertension, 65(1), 140-5.

Durrant JR, Seals DR, Connell ML, Russel MJ, Lawson BR, Folian BJ, Donato AJ, &
Lesniewski LA (2009). Voluntary wheel running restores endothelial function in conduit
arteries of old mice: direct evidence for reduced oxidative stress, increased superoxide
dismutase activity and down-regulation of NADPH oxidase. J Physiol, 587(13), 3271-85.

Eskurza I, Monahan KD, Robinson JA & Seals DR (2004a). Ascorbic acid does not affect
large elastic artery compliance or central blood pressure in young and older men. Am J
Physiol Heart Circ Physiol, 286, H1528-H1534.

Eskurza I, Monahan KD, Robinson JA & Seals DR (2004b). Effect of acute and chronic
ascorbic acid on flow-mediated dilation with sedentary and physically active human ageing.
J Phyiol, 556, 315-324.

Fard A, Tuck CH, Donis JA, Sciacca R, Di Tullio MR, Wu HD, Bryant TA, Chen N-T,
Torres-Tamayo M, Ramasamy R, Berglund L, Ginsberg HN, Homma S, & Cannon PJ
(2000). Acute elevations of plasma asymmetric dimethylarginine and impaired endothelial

function in response to a high-fat meal in patients with type-2 diabetes. Arterioscler Thromb
Vasc Biol, 20, 2039-44.

Fiuza-Luces C, Garatachea N, Berger NA, & Lucia A (2013). Exercise is the real polypill.
Physiology (Bethesda), 28(5), 330-58.

Fleenor BS (2013). Large elastic artery stiffness with aging: Novel translational
mechanisms and interventions. Aging and Disease, 4(2), 76-83.

Fleenor BS, Eng JS, Sindler AL, Pham BT, Kloor JD, & Seals DR (2014). Superoxide

89



signaling in perivascular adipose tissue promotes age-related artery stiffness. Aging Cell,
13(3), 576-578.

Fleenor BS, Marshall KD, Durrant JR, Lesniewski LA, & Seals DR (2010). Arterial
stiffening with ageing is associated with transforming growth factor-f1-related changes in
adventitial collagen: reversal by aerobic exercise. J Physiol, 588(20), 3971-3982.

Fleenor BS, Seals DR, Zigler ML, & Sindler AL (2012b). Superoxide-lowering therapy
with TEMPOL reverses arterial dysfunction with aging in mice. Aging Cell, 11, 269-276.

Fleenor BS, Sindler AL, Eng JS, Nair DP, Dodson RB, & Seals DR (2012a). Sodium nitrite
de-stiffening of large elastic arteries with aging: role of normalization of advanced glycation
end-products. Exp Gerontol, 47(8), 588-594

Fleenor BS, Sindler AL, Marvi NK, Howell KL, Zigler ML, Yoshizawa M, & Seals DR
(2012c). Curcumin ameliorates arterial dysfunction and oxidative stress with aging. Exp
Gerontol, 48(2), 269-275.

Fukai T, Siegfried MR, Ushio-Fukai M, Cheng Y, Kojda G & Harrison DG (2000).
Regulation of the vascular extracellular superoxide dismutase by nitric oxide and exercise
training. J Clin Invest 105, 1631-1639.

Galluzzi, L, Kepp, O, Trojel-Hansen, C, & Kroemer, G (2012). Mitochondrial control of
cellular life, stress, and death. Circ Res, 111(9), 1198-207.

Gane EJ, Weilert F, Orr DW, Keogh GF, Gibson M, Lockhart MM, Frampton CM, Taylor
KM, Smith RAJ & Murphy MP (2010). The mitochondria-targeted anti-oxidant
mitoquinone decreases liver damage in a phase II study of hepatitis C patients. Liver
International, 30(7), 1019-26.

Gao X, Zhao XL, Zhu YH, Li XM, Xu Q, Lin HD, & Wang MW (2011).
Tetramethylpyrazine protects palmitate-induced oxidative damage and mitochondrial
dysfunction in C2C12 myotubes. Life Sci, 88(17-18), 803-9.

Garcia-Cardefia G, Fan R, Shah V, Sorrentino R, Cirino G, Papapetropoulos A, & Sessa
WC (1998). Dynamic activation of endothelial nitric oxide synthase by Hsp90. Nature, 392,
821-824.

Gertz, M, & Steegborn, C (2010). The lifespan-regulator p66Shc in mitochondria: redox
enzyme or redox sensor? Antiox Redox Sig, 13(9), 1417-28.

Giacco F & Brownlee M (2010). Oxidative stress and diabetic complications. Circ Res, 107,
1058-1070.

Gielen S, Schuler G, & Adams V (2010). Cardiovascular effects of exercise training:
molecular mechanisms. Circulation, 122, 1221-1238.

Gioscia-Ryan RA, LaRocca TJ, Sindler AL, Zigler MC, Murphy MP, & Seals DR (2014).
Mitochondria-targeted antioxidant (MitoQ) ameliorates age-related arterial endothelial

90



dysfunction in mice. J Physiol, 592(12), 2549-2561.

Graham, D, Huynh NN, Hamilton CA, Beattie E, Smith RA, Cochemé HM, Murphy MP, &
Dominiczak AF (2009). Mitochondria targeted antioxidant MitoQ10 improves endothelial
function and attenuates cardiac hypertrophy. Hypertension, 54, 322—-328.

Greenwald SE (2007). Ageing of the conduit arteries. J Pathol, 211, 157-172.

Gregoire FM, Zhang Q, Smith SJ, Tong C, Ross D, Lopez H & West DB (2002). Diet-
induced obesity and hepatic gene expression alterations in C57BL/6J and ICAM-1-deficient
mice. Am J Physiol Endocrinol Metab, 282, E703-E713.

Griffith TM, Edwards DH, Newby AC, Lewis MJ & Henderson AH (1986). Production of
endothelium derived relaxant factor is dependent on oxidative phosphorylation and
extracellular calcium. Cardiovasc Res, 20, 7-12.

Gu Q, Wang B, Zhang X-F, Ma Y-P, Liu J-D, & Wang X-Z (2014). Chronic aerobic
exercise training attenuates aortic stiffening and endothelial dysfunction through preserving
aortic mitochondrial function in aged rats. Exp Gerontol, 56, 37-44.

Handschin C. (2009). The biology of PGC-1a and its therapeutic potential. Trends
Pharmacol Sci, 30(6), 322-9.

Harris MB, Slack KN, Prestosa DT, & Hryvniak DJ (2010). Resistance training improves
femoral artery endothelial dysfunction in aged rats. Eur J Appl Physiol, 108, 533-540.

Heidenreich PA, Trogdon JG, Khavjou O, Butler J, Dracup K, Ezekowitz MD, Finkelstein
EA, Hong Y, Johnston SC, Khera A, Lloyd -J, D M, Nelson SA, Nichol G, Orenstein D,
Wilson PWF, &Woo YJ (2011). Forecasting the future of cardiovascular disease in the
United States: a policy statement from the American Heart Association. Circulation, 123,
933-944.

Herrera MD, Mingorance C, Rodriguez-Rodriguez R & Alvarez de Sotomayor M (2010).
Endothelial dysfunction and aging: an update. Ageing Res Rev, 9(2), 142-52.

Hood DA, Uguccioni G, Vainshtein A, & D’souza D (2011). Mechanisms of exercise-
induced mitochondrial biogenesis in skeletal muscle: implications for health and disease.
Compr Physiol, 1(3), 1119-34.

Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T, Etoh T, Hashimoto
T, Naruse M, Sano H, Utsumi H, & Nawata H (2009). High glucose level and free fatty acid
stimulate reactive oxygen species production through protein kinase C--dependent
activation of NAD(P)H oxidase in cultured vascular cells. Diabetes, 49, 1939-1945.

Irrcher I, Adhihetty PJ, Joseph A-M, Ljubicic V, & Hood DA (2003). Regulation of
mitochondrial biogenesis in muscle by endurance exercise. Sports Med, 33(11), 783-793.

James AM & Murphy MP (2002). How mitochondrial damage affects cell function. J
Biomed Sci, 9, 475-487.

91



Kavazis AN, McClung JM, Hood DA, & Powers SK (2007). Exercise induces a cardiac
mitochondrial phenotype that resists apoptotic stimuli. Am J Physiol Heart Circ Physiol,
294, H928-H935.

Keller AC, Knaub LA, Miller MW, Birdsey N, Klemm DJ, & Reusch JEB (2015).
Saxagliptin restores vascular mitochondrial exercise response in the Goto-Kakizaki rat. J
Cardiovasc Pharm, 65(2), 137-147.

Kluge MA, Fetterman JL, & Vita JA (2013). Mitochondria and endothelial function. Circ
Res, 112(8), 1171-1188.

Knaub LA, McCune S, Chicco AJ, Miller M, Moore RL, Birdsey N, Lloyd MI, Villarreal J,
Keller AC, Watson PA, & Reusch JEB (2013). Impaired response to exercise intervention
in the vasculature in metabolic syndrome. Diab Vasc Dis Res, 10(3), 222-238.

Koltai E, Hart N, Taylor AW, Goto S, Ngo JK, Davies KJA & Radak Z (2012). Age-
associated declines in mitochondrial biogenesis and protein quality control factors are
minimized by exercise training. Am J Physiol Regul Integr Comp Physiol, 303, R127-R134.

Koziel A, Sobieraj I, & Jarmuszkiewicz W (2015). Increased activity of mitochondrial
uncoupling protein 2 improves stress resistance in cultured endothelial cells exposed in vitro
to high glucose levels. Am J Physiol Heart Circ Physiol, 309, H147-156.

Kris-Etherton, PM, Lichtenstein, AH, Howard, BV, Steinberg, D, & Witztum, JL (2004).
Antioxidant vitamin supplements and cardiovascular disease. Circulation, 110(5), 637-41.

Kumar B, Kowluru A, & Lowluru RA (2015). Lipotoxicity augments glucotoxicity-induced
mitochondrial damage in the development of diabetic retinopathy. Invest Ophthamol Vis Sci
56(5), 2985-92.

Lakatta EG & Levy D (2003). Arterial and cardiac aging: major shareholders in
cardiovascular disease enterprises: Part I: aging arteries: a "set up" for vascular disease.
Circulation, 107, 139-146.

Lakatta EG (2003). Arterial and cardiac aging: major shareholders in cardiovascular disease
enterprises: Part III: cellular and molecular clues to heart and arterial aging. Circulation,
107(3), 490-497.

Lakshminarasimhan M & Steegborn C (2011). Emerging mitochondrial signaling
mechanisms in physiology, aging processes, and as drug targets. Exp Gerontol, 46(2-3),
174-7.

Lammers SR, Kao PH, Qi J, Hunter K, Lanning C, Albietz J, Hofmeister S, Mecham R,
Stenmark KR & Shandas R (2008). Changes in the structure-function relationship of elastin
and its impact on the proximal pulmonary arterial mechanics of hypertensive calves. Am J
Physiol Heart Circ Physiol, 295, H1451-H1459.

Lanza IR, Zabielski P, Klaus KA, Morse DM, Heppelmann CJ, Bergen, HR III, Dasari S,
Walrand S, Short KR, Johnson ML, Robinson MM, Schimke JM, Jakaitis DR, Asmann
YW, Sun Z, & Nair KS (2012). Chronic caloric restriction preserves mitochondrial function

92



in sesnescence without increasing mitochondrial biogenesis. Cell Metab, 16(6), 777-788.

LaRocca TJ, Gioscia-Ryan RA, Hearon CM, & Seals DR(2013). The autophagy enhancer
spermidine reverses arterial aging. Mech Ageing Dev, 134(7), 314-320.

LaRocca TJ, Hearon Jr. CM, Henson GD, & Seals DR (2014). Mitochondrial quality
control and age-associated arterial stiffening. Exp Gerontol, 58, 78-82.

LaRocca TJ, Henson GD, Thorburn A, Sindler AL, Pierce GL, & Seals DR (2012).
Translational evidence that impaired autophagy contributes to arterial ageing. J Physiol,
590(14), 3305-16.

Lesniewski LA, Zigler ML, Durrant JR, Nowlan MJ, Folian BJ, Donato AJ, & Seals DR
(2013). Aging compounds western diet-associated large artery endothelial dysfunction in
mice: prevention by voluntary aerobic exercise. Exp Gerontol, 48(11), 1218-1225.

Li N, Ragheb K, Lawler G, Sturgis J, Rajwa B, Melendez JA, & Robinson JP (2003).
Mitochondrial complex I inhibitor rotenone induces apoptosis through enhancing
mitochondrial reactive oxygen species production. J Biol Chem, 278(10), 8516-25.

Liu S-L, Bae YH, Yu C, Monslow J, Hawthorne EA, Castagnino P, Branchetti E, Ferrari G,
Damrauer SM, Pure E, & Assoian RK (2015). Matrix metalloproteinase-12 is an essential
mediator of acute and chronic arterial stiffening. Sci Rep, 5, 17189.

Liu Y, Zhao H, Li H, Kalyanaraman B, Nicolosi AC, & Gutterman DD (2003).
Mitochondrial sources of H202 generation play a key role in flow-mediated dilation in
human coronary resistance arteries. Circ Res, 93(6), 573-80.

Ljubicic V, Joseph A-M, Saleem A, Uguccioni G, Collu-Marchese M, Lai RYJ, Nguyen
LM-D, & Hood DA (2010). Transcriptional and post-transcriptional regulation of
mitochondrial biogenesis in skeletal muscle: effects of exercise and aging. Biochim Biophys
Acta, 1800(3), 223-34.

Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G, Ferguson TB,
Ford E, Furie K, Gillespie C, Go A, Greenlund K, Haase N, Hailpern S, Ho PM, Howard V,
Kissela B, Kittner S, Lackland D, Lisabeth L, Marelli A, McDermott MM, Meigs J,
Mozaffarian D, Mussolino M, Nichol G, Roger VL, Rosamond W, Sacco R, Sorlie P,
Stafford R, Thom T, Wasserthiel-Smoller S, Wong ND, &Wylie-Rosett J (2010). Executive
summary: heart disease and stroke statistics--2010 update: a report from the American Heart
Association. Circulation, 121(7), 948-954.

Lopez-Armada, MJ, Riveiro-Naveira, RR, Vaamonde-Garcia, C, & Valcércel-Ares, MN
(2013). Mitochondrial dysfunction and the inflammatory response. Mitochondrion, 13(2),
106-118.

LuY, Qian L, Zhang Q, Chen B, Gui L, Huang D, Chen G, & Chen L (2013). Palmitate
induces apoptosis in mouse aortic endothelial cells and endothelial dysfunction in mice fed
high-calorie and high-cholesterol diets. Life Sci, 92(24-26), 1165-73.

Makino A, Scott BT & Dillman WH (2010). Mitochondrial fragmentation and superoxide

93



anion production in coronary endothelial cells from a mouse model of type 1 diabetes.
Diabetologia, 53, 1783-94.

Mammucari C & Rizzuto R (2010). Signaling pathways in mitochondrial dysfunction and
aging. Mech Ageing Dev, 131, 536-543.

Manoli I, Alesci S, Blackman MR, Su YA, Rennert OM & Chrousos GP (2007).
Mitochondria as key components of the stress response. Trends Endocrin Met, 18(5), 190—
8.

Marzetti E, Csiszar A, Dutta D, Balaqopal G, Calvani R & Leeuwenburgh C (2013). Role
of mitochondrial dysfunction and altered autophagy in cardiovascular aging and disease:
from mechanisms to therapeutics. Am J Physiol Heart Circ Physiol, 305(4), H459-H476.

McNulty M, Spiers P, McGovern E & Feely J (2005). Aging is associated with increased
matrix metalloproteinase-2 activity in the human aorta. Am J Hypertens, 18, 504-509.

Menshikova EV, Ritov VB, Fairfull L, Ferrell RE, Kelley DE & Goodpaster BH (2006).
Effects of exercise on mitochondrial content and function in aging human skeletal muscle. J
Gerontol A Biol Sci Med Sci, 61(6), 534—40.

Mercer JR, Yu E, Figg N, Cheng K-K, Prime TA, Griffin JL, Masoodi M, Vidal-Puig A,
Murphy MP & Bennett MR (2012). The mitochondria-targeted antioxidant MitoQ decreases
features of the metabolic syndrome in ATM" 'ApoE'/' mice. Free Radic Biol Med, 52, 841-
849.

Mielhac O, Ramachandran S, Chiang K, Santanam N & Parthasarathy S (2001). Role of
arterial wall antioxidant defense in beneficial effects of exercise on atherosclerosis in mice.
Aterioscler Thromb Vasc Biol, 21, 1681-1688.

Miller MW, Knaub LA, Olivera-Fragoso LF, Keller AC, Balasubramaniam V, Watson PA
& Reusch JEB (2013). Nitric oxide regulates vascular adaptive mitochondrial dynamics. 4m
J Physiol Heart Circ Physiol, 304, H1624-H1633.

Milne KJ, Wolff S & Noble EG (2012). Myocardial accumulation and localization of the
inducible 70-kDa heat shock protein, Hsp70, following exercise. J Appl Physiol, 113, 853-
860.

Miquel E, Cassina A, Martinez-Palma L, Souza JM, Bolatto C, Rodriguez-Bottero S, Logan
A, Smith RAJ, Murphy MP, Barbeito L, Radi R & Cassina P (2014). Neurprotective effects
of the mitochondria-targeted antioxidant MitoQ in a model of inherited amyotrophic lateral

sclerosis. Free Radic Biol Med, 70, 204-213.

Mitchell GF, Hwang S-J, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, Vita Ja, Levy
D & Benjamin EJ (2010). Arterial stiffness and cardiovascular events: the Framingham
Heart Study. Circulation, 121, 505-511.

Miura H, Bosnjak JJ, Ning G, Saito T, Miura M & Gutterman DD (2003). Role for
hydrogen peroxide in flow-induced dilation of coronary arterioles. Circ Res, 92(2), e31-40.

94



Muller-Delp JM, Gurovich AM, Christou DD, & Leeuwenburgh C (2012). Redox balance
in the aging microcirculation: new friends, new foes, and new clinical directions.
Microcirculation, 19(1), 19-28.

Murphy MP (2014). Antioxidants as therapies: can we improve on nature? Free Radic Biol
Med, 66, 20-23.

Murphy MP (2009). How mitochondria produce reactive oxygen species. Biochem J, 417,
1-13.

Murphy MP & Smith RAJ (2007). Targeting antioxidants to mitochondria by conjugation to
lipophilic cations. Annu Rev Pharmacol, 47, 629-56.

Najjar SS, Scuteri A & Lakatta EG (2005). Arterial aging: is it an immutable cardiovascular
risk factor? Hypertension, 46, 454-462.

Nelson KK & Melendez JA (2004). Mitochondrial redox control of matrix
metalloproteinases. Free Rad Biol Med, 17(6), 768-784.

Nicholls SJ, Lundman P, Harmer JA, Cutri B, Griffiths KA, Rye K-A, Barter PJ &
Celermajer DS (2006). Consumption of saturated fat impairs the anti-inflammatory
properties of high-density lipoproteins and endothelial function. Journal Am Coll Cardiol,
48(4), 715-20.

Noble EG, Milne KG & Melling CW1J (2008). Heat shock proteins and exercise: a primer.
Appl Physiol Nutr Metab, 33, 1050-1065.

Nosaka H, Tanaka H, Watanabe I, Sato M & Matsuda M (2003). Influence of regular
exercise on age-related changes in arterial elasticity: mechanistic insights from wall
compositions in rat aorta. Can J Appl Physiol, 28, 204-12.

Nunnari J & Suomalainen A (2012). Mitochondria: In Sickness and in Health. Cell, 148(6),
1145-1159.

Olshansky SJ, Goldman DP, Zheng Y & Rowe JW (2009). Aging and America in the
twenty-first century: demographic forecasts from the MacArthur Foundation Research
Network on an Aging Society. Millbank Q, 87, 842-862.

Paneni F, Mocharla P, Akhmedov A, Costantino S, Osto E, Volpe M, Liischer TF &
Cosentino F. (2012). Gene silencing of the mitochondrial adaptor p66(Shc) suppresses
vascular hyperglycemic memory in diabetes. Circ Res, 111(3), 278-89.

Park S-Y, Rossman MJ, Gifford JR, Bharath LP, Bauersachs J, Richardson RS, Abel ED,
Symons JD, & Riehle C (2016). Exercise training improves vascular mitochondrial
function. Am J Physiol Heart Circ Physiol, DOI: 10.1152/ajpheart.00751.2015.

Plotnick GD, Corretti MC, Vogel RA, Hesslink R & Wise JA (2003). Effect of
supplemental phytonutrients on impairment of the flow-mediated brachial artery
vasoactivity after a single high-fat meal. Jour Am Coll Cardiol, 41(10), 1744—1749.

95



Quindry JC (2012). New insights: does heat shock protein 70 mediate exercise-induced
cardioprotection? J Appl Phys, 113(6), 849-50.

Quintero M, Colombo SL, Godfrey A & Moncada S (2006). Mitochondria as signaling
organelles in the vascular endothelium. Proc Natl Acad Sci, 103(14), 5379-84.

Radi R (2004). Nitric oxide, oxidants, and protein tyrosine nitration. Proc Natl Acad Sci,
101(12), 4003-4008.

Radi R (2013). Protein tyrosine nitration: biochemical mechanisms and structural basis of
functional effects. Acc Chem Res, 46, 550—559.

Rinaldi B, Corbi G, Boccuti S, Filipelli W, Rengo G, Leosco D, Rossi F, Filipelli A &
Ferrarra N (2006). Exercise training affects age-induced changes in SOD and heat shock
protein expression in rat heart. Exp Gerontol, 41, 764-770.

Rippe C, Lesniewski L, Connell M, LaRocca T, Donato A & Seals D (2010). Short-term
calorie restriction reverses vascular endothelial dysfunction in old mice by increasing nitric
oxide and reducing oxidative stress. Aging Cell, 9(3), 304—12.

Rodman DM, Mallet J & McMurty IF (1991). Diffference in effect of inhibitors on energy
metabolism on endothelium-dependent relaxation of rat pulmonary artery and aorta. Am J
Respir Cell Mol Biol, 4, 237-242.

Rodriguez-Cuenca S, Cochemé HM, Logan A, Abakumova I, Prime TA, Rose C, Vidal-
Puig A, Smith AC, Rubinsztein DC, Fearnley IM, Jones BA, Pope S, Heales SJ, Lam BY,
Neogi SG, McFarlane I, James AM, Smith RA & Murphy MP. (2009). Consequences of
long-term oral administration of the mitochondria targeted antioxidant MitoQ to wild-type
mice. Free Rad Biol Med, 48, 161-172.

Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, Bravata DM,
Dai S, Ford ES, Fox CS, Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ,
Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD, Makuc DM, Marcus
GM, Marelli A, Matchar DB, Moy CS, Mozaffarian D, Mussolino ME, Nicol G, Paynter
NP, Soliman EZ, Sorlie PD, Sotoodehnia N, Turan TN, Virani SS, Wong ND, Woo D &
Turner MB (2012). Heart disease and stroke statistics--2012 update: a report from the
American Heart Association. Circulation, 125(1), e2—e220.

Ross MF, Prime TA, Abakumova I, James AM, Porteous CM, Smith RA, Murphy MP
(2008). Rapid and extensive uptake and activation of hydrophobic triphenylphosphonium
cations within cells. Biochem J, 411, 633—-645.

Rush JWE, Laughlin MH, Woodman CR & Price EM (2000). SOD-1 expression in pig
coronary arterioles is increased by exercise training. Am J Physiol Heart Circ Physiol, 279,
H2068-2076.

Sastre, J (2003). The role of mitochondrial oxidative stress in aging. Free Rad Biol Med,
35(1), 1-8.

Schneider CA, Rasband WS, & Eliceiri KW (2012). NIH Image to ImagelJ: 25 years of

96



image analysis. Nat Methods, 9, 671-675.

Seals DR, Desouza CA, Donato AJ & Tanaka H (2008). Habitual exercise and arterial
aging. J Appl Physiol, 105(4),1323-32.

Seals DR, Kaplon RE, Gioscia-Ryan RA & LaRocca TJ (2014). You’re only as old as your
arteries: translational strategies for preserving vascular endothelial function with aging.
Physiology (Bethesda), 29(4),250—64.

Seals DR, Walker AE, Pierce GL & Lesniewski LA (2009). Habitual exercise and vascular
ageing. J Physiol, 587(23), 5541-9.

Seals DR (2014). 2013 APS Edward F. Adolph Distinguished Lecture The Remarkable
Anti-Aging Effects of Aerobic Exercise on Systemic Arteries. J Appl Physiol, 117(5), 425—
439.

Sell DR & Monnier VM (2012). Molecular basis of arterial stiffening: role of glycation—a
mini-review. Gerontology, 58, 227-237.

Seo AY, Joseph AM, Dutta D, Hwang JC, Aris JP & Leeuwenburgh C (2010). New insights
into the role of mitochondria in aging: mitochondrial dynamics and more. J Cell Sci,
123(15), 2533-2542.

Shenouda SM, Widlansky ME, Chen, K, Xu, G, Holbrook M, Tabit CE, Hamburg NM,
Frame AA, Caiana TL, Kluge MA, Duess MA, Levit A, Kim B, Harman ML, Joseph L,
Shirihai OS & Vita JA (2011). Altered mitochondrial dynamics contributes to endothelial
dysfunction in diabetes mellitus. Circulation, 124(4), 444-53.

Sindler AL, Reyes R, Chen B, Ghosh P, Gurovich AN, Kang LS, Cardounel AJ, Delp MD
& Muller-Delp JM (2013). Age and exercise training alter signaling through reactive
oxygen species in the endothelium of skeletal muscle arterioles. J Appl Physiol, 114, 681-
693.

Sindler AL, Fleenor BS, Calvert JW, Marshall KD, Zigler ML, Lefer DJ & Seals DR
(2011). Nitrite supplementation reverses vascular endothelial dysfunction and large elastic
artery stiffness with aging. Aging Cell, 10(3), 429-37.

Singh R, Kglvraa S, Bross P, Christensen K, Gregersen N, Tan Q, Jensen UB, Eiberg H &
Rattan SIS (2006). Heat-shock protein 70 genes and human longevity: a view from
Denmark. Ann NY Acad Sci, 1067, 301-8.

Smith RAJ & Murphy MP (2010). Animal and human studies with the mitochondria-
targeted antioxidant MitoQ. Ann NY Acad Sci, 1201, 96-103.

Smith RAJ, Hartley RC, Cochemé HM & Murphy MP (2012). Mitochondrial
pharmacology. Trends in Pharmacol Sci, 33(6), 341-352.

Snow BJ, Rolfe FL, Lockhart MM, Frampton CM, O’Sullivan JD, Fung V, Smith RAJ,
Murphy MP & Taylor KM (2010). A double-blind, placebo-controlled study to assess the
mitochondria-targeted antioxidant MitoQ as a disease-modifying therapy in Parkinson’s

97



disease. Movement Disord, 25(11), 1670—4.

Sokolis DP, Boudoulas H & Karayannacos PE (2002). Assessment of the aortic stress-strain
relation in uniaxial tension. J Biomech, 35, 1213-1223.

Sprott RL & Ramirez I (1997). Current inbred and hybrid rat and mouse models. ILAR
Journal, 38(3), 104-109.

Staiger H, Staiger K, Stefan N, Wahl HG, Machicao F, Kellerer M & Haring H-U (2004).
Palmitate-induced interleukin-6 expression in human coronary artery endothelial cells.
Diabetes, 53, 3209-16.

Steppan J, Tran H, Benjo AM, Pellakuru L, Barodka V, Ryoo S, Nyhan SM, Lussman C,
Gupta G, White AR, Daher JP, Shoukas AA, Levine BD & Berkowitz (2012). Alagebrium
in combination with exercise ameliorates age-associated ventricular and vascular stiffness.
Exp Gerontol, 47, 565-72.

Sternlicht MD & Werb Z (2001). How matrix metalloproteinases regulat cell behavior.
Annu Rev Cell Dev Biol, 17, 463-516.

Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, Simonsick EM,
Havlik R, Lakatta EG, Spurgeon H, Kritchevsky S, Pahor M, Bauer D, Newman A (2005).
Elevated aortic pulse wave velocity, a marker of arterial stiffness, predicts Cardiovascular
events in well-functioning older adults. Circulation, 111, 3384-90.

Symons JD, McMillin SL, Riehle C, Tanner J, Palionyte M, Hillas E, Jones D, Cooksey
RC, Birnbaum MJ, McClain DA, Zhang Q-J, Gale D, Wilson LJ & Abel ED (2009).
Contribution of insulin and Aktl signaling to endothelial nitric oxide synthase in the
regulation of endothelial function and blood pressure. Circ Res, 104, 1085-1094.

Ungvari Z, Kaley G, de Cabo R, Sonntag WE & Csiszar AE (2010). Mechanisms of
vascular aging: new perspectives. J Gerontol A Biol Sci Med Sci, 65A(10), 1028-1041.

Ungvari Z, Labinskyy N, Gupte S, Chander PN, Edwards JG & Csiszar A (2008).
Dysregulation of mitochondrial biogenesis in vascular endothelial and smooth muscle cells
of aged rats. Am J Physiol Heart Circ Physiol, 294(5), H2121-8.

Ungvari Z, Orosz Z, Labinskyy N, Rivera A, Xiangmin Z, Smith K & Csiszar, A (2007).
Increased mitochondrial H202 production promotes endothelial NF-kappaB activation in
aged rat arteries. Am J Physiol Heart Circ Physiol, 293(1), H37-47.

Van der Loo B, Labugger R, Skepper JN, Bachschmid M, Kilo J, Powell JM, Palacios-
Callender M, Erusalimsky JD, Quaschning T, Malinski T, Gygi D, Ullrich V & Liischer TF
(2000). Enhanced peroxynitrite formation is associated with vascular aging. J Exp Med,
192(12), 1731-1744.

Vendrov AE, Vendrov KC, Smith A, Yuan J, Sumida A, Robidoux J, Runge MS &
Madamanchi NR (2015). NOX4 NADPH oxidase-dependent mitochondrial oxidative stress
in aging-associated cardiovascular disease. Antiox Redox Signal, 23(18), 1389-1409.

98



Vita JA & Kearney JF Jr (2002). Endothelial function: a barometer for cardiovascular risk?
Circulation, 106, 640-642.

Walker AE, Eskurza I, Pierce GL, Gates PE & Seals DR (2009). Modulation of vascular
endothelial function by low-density lipoprotein cholesterol with aging: influence of habitual
exercise. Am J Hypertens, 22(3), 250-6.

Wang M & Lakatta EG (2002). Altered regulation of matrix metalloproteinase-2 in aortic
remodeling during aging. Hypertension, 39, 865-873.

Wantanabe S, Tagawa T, Yamakawa K, Shimabukuro M & Ueda S (2005). Inhibition of the
renin-angiotensin system prevents free fatty acid-induced acute endothelial dysfunction in
humans. Arterioscler Thromb Vasc Biol, 25, 2376-80.

Weber TA & Reichert AS (2010). Impaired quality control of mitochondria: aging from a
new perspective. Exp Gerontol, 45, 503-511.

Weir CJ, Gibson IF & Martin W (1991). Effects of metabolic inhibitors on endothelium-
dependent and endothelium-independent vasodilatation of rat and rabbit aorta. Brit J
Pharmacol, 102, 162—-166.

Wenzel P, Schuhmacher S, Kienhéfer J, Miiller J, Hortmann M, Oelze M, Schulz E, Treiber
N, Kawamoto T, Scharffetter-Kochanek K, Miinzel T, Biirkle A, Bachschmid MM &
Daiber A (2008). Manganese superoxide dismutase and aldehyde dehydrogenase deficiency
increase mitochondrial oxidative stress and aggravate age-dependent vascular dysfunction.
Cardiovasc Res, 80, 280-289.

Widlansky ME & Gutterman DD (2011). Regulation of endothelial function by
mitochondrial reactive oxygen species. Antiox Redox Sig, 15(6), 1517-30.

Wilkinson IB, Franklin SS & Cockcroft JR (2004). Nitric oxide and the regulation of large
artery stiffness: From physiology to pharmacology. Hypertension, 44, 112-116.

Wu'Y, Song P, Xu, JX, Zhang M, & Zou M-H (2007). Activation of protein phosphatase
2A by palmitate inhibits AMP-activated protein kinase. J Biol Chem, 282(13), 9777-88.

Yamagishi S-I, Edelstein D, Du X-L, Kaneda Y, Guzman M & Brownlee M (2001). Leptin
induces mitochondrial superoxide production and monocyte chemoattractant protein-1
expression in aortic endothelial cells by increasing fatty acid oxidation via protein kinase A.
J Biol Chem, 276, 25096, 25100.

Yeboah J, Crouse JR, Hsu FC, Burke GL & Herrington DM (2007). Brachial flow-mediated
dilation predicts incident cardiovascular events in older adults: the Cardiovascular Health
Study. Circulation, 115(18), 2390-7.

Young CG, Knight CA, Vickers KC, Westbrook D, Madamanchi NR, Runge MS,
Ischiropoulos H & Ballinger SW (2004). Differential effects of exercise on aortic
mitochondria. Am J Physiol Heart Circ Physiol, 288, H1683-H1689.

Yuzefovych L, Wilson G & Rachek L (2010). Different effects of oleate vs. palmitate on

99



mitochondrial function, apoptosis, and insulin signaling in L6 skeletal muscle cells: role of
oxidative stress. Am J Physiol Endocrinol Metab, 299(6), E1096-105.

Zhang DX & Gutterman DD (2007). Mitochondrial reactive oxygen species-mediated
signaling in endothelial cells. Am J Physiol Heart Circ Physiol, 292(5), H2023-31.

Zhou R-H, Vendrov AE, Tchivilev I, Niu X-1, Kimberly C, Rojas M, Carter JD, Tong H,
Stouffer GA, Madamanchi NR, Runge MS, Zhou R-h, Vendrov AE, Tchivilev I, Niu X-1,
Molnar KC, Rojas M, Carter JD, Tong H, Stouffer GA, Madamanchi NR & Runge MS
(2011). Mitochondrial oxidative stress in aortic stiffening with age: the role of smooth
muscle cell function. Arterioscler Thromb Vasc Biol, 32(3), 745-755.

Zieman SJ, Melenovsky V & Kass DA (2005). Mechanisms, pathophysiology, and therapy
of arterial stiffness. Arterioscler Thromb Vasc Biol, 25, 932-943.

100



