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ABSTRACT

Endothelial dysfunction is a fundamental component of cardiovascular disease.
Exercise training is known to prevent/improve endothelial dysfunction. However, the
genetic basis for endothelial function is yet to be fully elucidated and the genetic
contribution to endothelial responses to exercise training is largely unknown. The
purposes of this research were 1) to identify quantitative trait loci (QTL)/candidate genes
residing in the QTL responsible for intrinsic endothelial function and 2) to determine the
interaction between genetic background and training intensity on the endothelial
adaptations to exercise training. In the first study, vasoreactivity was assessed in aortic
rings of male mice from 27 inbred strains. Strain-dependent differences were found for
vasoreactivity including responses to ACh. Genome-wide association study for
responses to ACh revealed four significant and several suggestive QTL, most of which
are regions of shared synteny for cardiovascular traits in rats and/or humans. In the
second study, a strain survey for the effect of traditional exercise training on
vasoreactivity was performed in aortic rings of male mice from 20 inbred strains.
Traditional exercise training had subtle effects on vasoreactivity including responses to
ACh. Based on the strain survey, four inbred mouse strains (129S1, B6, SJL, and NON)
were chosen to examine endothelial responses to two different training intensities [high
(HIT) vs. moderate intensity (MOD)]. There was a significant interaction between mouse
strain and training intensity on responses to ACh after exercise training. The

transcriptional activation of endothelial genes was also influenced by the interaction.



There was little overlap between genes altered by HIT and MOD. HIT was associated
with pathways for inflammatory responses, while NON MOD genes showed enrichment
for vessel growth pathways. In conclusion, the present findings provide strong evidence
that genetic background influences endothelial function and its responses to exercise
training. Several QTL/candidate genes are suggested as new targets for elucidating the
genetic basis of intrinsic endothelial function. Exercise training has non-uniform effects
on endothelial function and transcriptional activation of endothelial genes depending on

the interaction between genetic background and training intensity.
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1. INTRODUCTION

1.1. Clinical relevance

Almost one-fourth of Americans have some form of cardiovascular disease
(CVD), which is responsible for more than six million hospitalizations and accounts for
up to 40 % of deaths (196). Moreover, prevalence of CVD is increasing at younger ages
(227). Epidemiological studies demonstrated that endothelial function can be a predictor
of future cardiovascular health problems (131, 223, 288). Impaired endothelial function
has been considered one of the fundamental components of hypertension and
atherosclerosis (38, 54, 105, 108, 242, 269). The endothelium plays an important role in
the regulation of vasomotor tone and the maintenance of vascular integrity (2, 55, 70,
158, 270).

Among several environmental factors known to influence endothelial function,
exercise has been particularly highlighted for the last decade because regular exercise
can prevent, as well as correct and/or improve impaired endothelial function (97, 146,
158, 239, 277). However, accumulating data indicate that there is considerable inter-
individual variation in responses of the cardiovascular system to exercise, including
changes in endothelial function (25, 96, 212, 245). Although environmental factors
contribute to some of this variation, understanding the contribution of genetic
background to endothelial function and its responses to exercise is an important research

agenda. Outcomes from this study can help clarify the pathological mechanism/pathway



of endothelial dysfunction, thus provide the potential to enhance prediction of disease

risk and the therapeutic targets for treatment of CVD related to endothelial dysfunction.

1.2. Endothelial function

The term endothelium was first used by Wilhelm His, a Swiss anatomist, in 1865
to define cells lining blood vessels and the mesothelial-lined body cavities (2). Since
then, advancements in electron microscopy in the 1960s and cell biology in the 1980s
enabled researchers to characterize the endothelium more precisely (82, 135). Currently,
the endothelium is defined as the innermost cellular layer of blood vessels. Since the
1980s when endothelium-derived relaxing factors were discovered (90), the endothelium
has been widely studied as an important modulator of vascular function. Its location in
the internal lumen of blood vessel allows the endothelium to sense changes in
hemodynamic forces and blood-borne signals and then respond by releasing vasoactive
molecules (2, 153, 269, 270). The molecules released from endothelium have many
physiological functions in maintaining vascular integrity: vasomotor tone control,
cellular adhesion, thromboresistance, smooth muscle cell proliferation, permeability, and
vessel wall inflammation (2, 105, 158, 218, 269, 270, 278). For example, vasomotor tone
is controlled by vasodilators and vasoconstrictors produced from the endothelium (2,
158, 270, 278). Cytokines and adhesion molecules released from the endothelium
regulate cell adhesion, permeability and proliferation (105, 218). The endothelium also
releases molecules that regulate platelet activity, clotting cascade and the fibrinolytic

system in response to inflammatory signals (258, 269, 278). Endothelial dysfunction
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refers to deleterious alteration in production and bioavailability of those molecules,
exhibiting features such as a decrease in endothelium-dependent vasodilation, an
increase in adhesion and inflammatory molecules and an increase in oxidative stress (35,
70, 105). Given the important roles of endothelium in maintaining vascular health, the

assessment of endothelial function has served as a useful biomarker of CVD.

1.2.1. Endothelium-derived vasoactive factors

Endothelial function is often represented by the ability of blood vessels to dilate
via endothelium-dependent processes (55, 152, 269). Three molecules, nitric oxide (NO),
prostacyclin (PGl,) and endothelium-derived hyperpolarizing factors (EDHFs), have
been considered among the most important dilator molecules. These molecules are
released from endothelial cells as a common result of increased intracellular calcium
(Ca™) in response to mechanical signals, e.g. shear stress, caused by blood flow against
the vessel wall or increased hormones/molecules that act through receptors (55, 65, 158,
269). Most importantly, a primary role of NO in vasodilation, as well as atheroprotective
and thromboresistant influences, has been widely recognized in the literature (2, 158,
269, 270, 278). NO is synthesized in endothelial cells from L-arginine in a reaction
catalyzed by endothelial nitric oxide synthase (eNOS), whose activity is regulated by
intracellular Ca*™ concentration (157, 158, 192). NO diffuses freely into vascular smooth
muscle cells and binds to soluble guanylate cyclase (sGC), subsequently elevating cyclic
guanosine monophosphate (cGMP). In turn, cGMP-dependent kinase is activated and

intracellular proteins, such as myosin light chain kinase (MLCK) and Ca"*-activated



potassium channels, are phosphorylated. Consequently, smooth muscle relaxes via
lowering intracellular Ca™ or desensitizing the muscle to Ca*™ (77, 86). Previous studies
have clearly shown that CVD is associated with reduced NO generation or
bioavailability (54, 105).

PGl,, which acts independently of NO (55, 65, 188), is synthesized via more
complicated steps compared with NO. Phospholipase A;, cyclooxygenase (COX) and
prostacyclin synthase are serially involved in PGI; synthesis in endothelial cells (65,
158, 188). Increased PGl results in G-protein-mediated activation of adenylate cyclase
leading to the formation of cyclic adenosine monophosphate (CAMP) from adenosine
triphosphate. CAMP ultimately reduces Ca*™" in vascular smooth muscle cells, resulting
in vascular smooth muscle relaxation (55, 65, 158, 188). Previous studies reported that a
decrease in PG, abolishes endothelium-dependent dilation (281) and accelerates CVD
(7). As such, PGI; appears to have a role in endothelial function regulation, however
fewer studies have examined the role of PGI; in the regulation of vasodilator tone in
humans compared with NO (55, 65).

Endothelium-dependent dilation cannot be fully accounted for by NO and PGls,,
suggesting the existence of undefined endothelium-dependent vasodilating pathways.
For example, after double gene-disruption of eNOS and COX-1, endothelium-dependent
vasodilation persisted in mesenteric arteries from female mice (238). This finding
supports the notion that NO- and PGI,-independent vasorelaxation mediators exist.
These independent mediators inducing smooth muscle hyperpolarization via NO- and

PGl,-independent pathways are called EDHFs. This role of EDHFs in mediating
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endothelium-dependent relaxation appears particularly important as a compensatory
mechanism when NO bioavalilabiltiy is reduced (47, 55, 77, 107, 112, 125, 126).
Several substances have been proposed as putative EDHFs, e.g. epoxyeicosatrienoic
acids derived from cytochrome P450 (CYP), lipoxygenase (12-(s)-
hydroxyeicosatetraenoic acid (12-S-HETE), potassium ions (K*) and vasoactive peptides
(47,76, 77, 99). One recently proposed EDHF candidate is hydrogen sulfide (H.S),
which induces vasodilation via stimulating ATP-sensitive K* channels in vascular
smooth muscle (166, 291). In mice lacking cystathionie y —lyase (CSE), an enzyme
synthesizing H,S, endothelium-dependent vasodilation was impaired (286). By contrast,
the inhibition of CYP 2C9 contradictorily enhanced endothelium-dependent vasodilation
in coronary disease patients (78). The authors noted that CYP 2C also generated O,
thus blocking of CYP 2C might increase NO bioavailability. As described above, the
identity and role of EDHFs are still controversial (76, 77, 188), and remain to be
elucidated.

The endothelium produces not only vasodilators, but also vasoconstrictors, such
as endothelin-1 (ET-1) and prostanoids (2, 55, 158, 269). An imbalance between
vasodilators and vasoconstrictors could be a characteristic of endothelial dysfunction. In
healthy endothelium, NO is preserved and suppresses ET-1 production. Verhaar et al.
reported that increased forearm vasodilation induced by ET-1 receptor antagonist
(BQ123) was reversed by NO inhibitor (L-NMMA) in healthy subjects (268). However,
under the condition of impaired endothelial function, ET-1 expression is increased and

ET-1 may decrease eNOS expression, thereby vasoconstriction becomes exaggerated
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(26, 165). This is further supported by other findings that administration of ET-1 impairs
endothelium-dependent dilation in healthy individuals, while ET-1 receptor antagonists
increased vessel diameters and blood flow in CVD patients (29). Increased ET-1-
mediated vasoconstriction has been linked to a number of cardiovascular pathologies,
such as hypertension, vasospasm and coronary artery disease (190, 263). Angiotensin-
converting enzyme (ACE) inhibition also improved endothelium-dependent vasodilation
via increases in NO, PGl and EDHFs in responses to bradykinin (191, 221). Therefore,
the balance between the vasodilators and vasoconstrictors released from endothelium is

critical for vascular health.

1.2.2. Assessment of endothelium-dependent dilation

Endothelium-dependent dilation has been assessed both in vivo and in vitro in
response to mechanical signals or vasodilating agents (97, 115, 158, 184, 269). There are
several noninvasive measurements in human subjects, e.g. doppler echocardiography,
positron emission tomography and phase-contrast magnetic resonance imaging, to assess
in vivo endothelial function during increased blood flow (80, 105). The most commonly
used noninvasive assessment is flow-mediated dilation (FMD) in the brachial artery.
FMD measures vasodilation induced by reactive hyperemia after release of acute
occlusion of the brachial artery. This acute increase in blood flow exerts shear forces to
the vessel which stimulate endothelial cells to release NO, PGI, and EDHF and, in turn,
relaxes vascular smooth muscle (55, 65, 115, 153, 282). Several invasive assessments

have been also utilized to measure endothelial function in response to intra-arterial or



intravenous infusion of endothelium-dependent vasodilators, such as acetylcholine
(ACh), bradykinin and substance P (80).

In animal models, endothelial function is primarily assessed by measuring
responses of isolated vessels to vasoactive molecules or flow-induced shear forces in
vitro (58, 111, 119, 136, 152, 184). A wire myograph system is generally used to assess
vasomotor function in large and small conduit vessels. This system allows investigators
to examine vasomotor function (change in isometric tension) of isolated vessels under
various physiological conditions (184). Alternatively, vascular function of small arteries
and resistance vessels can be measured using perfusion with micropipettes linked to
pressure reservoirs. This experimental setup enables investigators to measure flow-
induced dilation with adjustments of pressure gradient under certain physiological
conditions (136, 152). In isolated vessels prepared by these experimental setups, the
application of endothelium-dependent vasodilators with presence or absence of
pharmacological agonists/antagonists enables the measurement of endothelium-
dependent, as well as pathway-specific vasomotor regulation. For example, comparing
ACh-induced vasorelaxation in vessels treated with eNOS inhibitor (e.g. L-NMMA or L-
NAME) or vehicle provided evidence that ACh-induced vasorelaxation is NO-dependent
(111, 119, 281). In contrast, the application of sodium nitroprusside (SNP), a NO-donor
that elicits endothelium-independent vasodilation, has been commonly utilized to assess
smooth muscle relaxation function (58, 142, 281).

The changes in diameter or in isometric tension induced by vasoactive agents or

shear force can be compared with baseline diameter or tension. Vasomotor function is



generally expressed as a percentage for the comparison, such as % FMD or %
vasorelaxation. There is an abundance of evidence showing reduced % FMD in patients
suffering CVD, e.g. hypertension, atherosclerosis, diabetes, coronary artery diseases and
heart failure (35, 70, 105, 242, 278) compared to healthy individuals and decreased %
vasorelaxation in response to endothelium-dependent agonists in vessels isolated from

animal models of CVD (42, 163, 195).

1.3. Effect of exercise training on endothelial function

Regular exercise has long been considered necessary for maintaining
cardiovascular health. Improvement in physical fitness via regular exercise is inversely
related to all-cause and cardiovascular mortality (21, 161). A vast majority of previous
studies have provided overt evidence that exercise yields many beneficial effects on
CVD risk factors, such as weight loss, lowering blood pressure, higher insulin sensitivity
and lowering lipids (147, 241). It has been also well established that regular exercise
exerts beneficial effects on endothelial function. In particular, clinical studies have
demonstrated that regular exercise reverses endothelial dysfunction in CVD patients, e.g.
heart failure (111), hypertension (119) and diabetes (88). Chronic exercise has also been
shown to improve endothelial function in young healthy subjects (46, 59, 119). In
animals, exercise training improved endothelial function in both healthy animals and
disease models as well (58, 137, 145, 158).

Two possible mechanisms exist for the beneficial effects of chronic exercise on

endothelial function: hemodynamics effects (shear stress) and risk factor modification



(153, 261). Select studies have supported the hypothesis that changes in circulating
molecules, e.g. hormones, cytokines, adipokines, contribute to the systemic benefits of
exercise training on endothelial function (40, 163, 204). For example, Lee et al. reported
that exercise training improved endothelial function in diabetic mice through both
adiponectin-dependent and independent pathways (163). However, in many cases,
exercise training improved endothelium-dependent dilation without major changes in
CVD risk factors (46, 97, 98), implying that regular exposure to increased shear stress
might be the primary signal for exercise training induced-adaptations of endothelial
function. Alterations in circulating molecules would, therefore, be systemically
secondary effects (153, 261). Shear stress, particularly laminar shear stress, during
exercise is known to increase anti-atherogenic and decrease pro-atherogenic endothelial
cell phenotypes, e.g. increases in eNOS and superoxide dismutase (SOD) vs. decreases
in cell adhesion molecules (153, 218, 285). Chronic exposures to such effects of shear

stress via regular exercise would promote beneficial adaptations in endothelial function.

1.3.1. Effect of exercise training on nitric oxide pathway

Results from both human and animal studies have demonstrated that exercise
training enhances endothelial function (57, 58, 110, 119, 194, 240). Following a
standardized 12-week exercise program, forearm blood flow in response to ACh infusion
was increased significantly in both normotensive and hypertensive adults (119). Infusion
of an eNOS inhibitor (L-NMMA\) blunted the training-induced increases in forearm

blood flow in response to ACh, indicating that training-induced increases were mediated
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by NO. Hambrecht and colleagues also observed that regular exercise for 4 weeks
increased vessel diameter and peak blood flow velocity in response to ACh in coronary
artery disease patients (110). Exercise trained-patients had higher level of eNOS
gene/protein expression and phosphorylation of eNOS protein compared with non-
trained patients. These findings are in agreement with data from animal studies. Graham
and Rush found that exercise training enhanced vasorelaxation responses to ACh in
aortic rings from spontaneously hypertensive rats (94). The training-induced
enhancement in vasorelaxation to ACh was abolished in the presence of nitric oxide
synthase inhibitor (L-NAME), indicating that training-induced enhancements were
dependent on NO pathway. Sessa et al. reported that the underlying mechanism for
improved endothelium-dependent dilation by exercise training is an increase in eNOS
gene expression and subsequent NO production (240). In another study, eNOS protein
levels were also increased by exercise training with enhanced vasodilator responses to
ACh (57). Combined, those findings indicate that exercise training enhances endothelial
function via increasing eNOS expression and NO production. In contrast, physical
inactivity induced by hindlimb unloading (2 weeks) impaired endothelium-dependent
dilation in addition to lowering eNOS gene and protein expression in rat soleus arterioles
(236).

The amount and bioavailability of NO are determined by not only the activity of
eNOS, but also NO-scavenging mechanisms, such as the reaction with superoxide (O3).
In presence of O,", NO readily reacts with O, to form peroxynitrite (ONOO-) with high

affinity. Accordingly, an increase in O, via disrupted endogenous antioxidant system
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results in NO degradation and consequently a net reduction in NO bioavailability (35,
146, 201). Moreover, ONOO- produced by the reaction of NO with O is known to
damage a wide array of molecules in cells and contribute to the pathogenic mechanisms
of CVD, including endothelial dysfunction (201). It has been shown that increased O,
production accounts for decreased NO bioavailability in CVD patients and animal
models of CVD (35, 146, 183). The administration of superoxide dismutase (SOD)
mimetics, e.g. tempol and apocynin, reversed impaired endothelium-dependent
vasodilation in animal models of CVD (215, 289). In contrast, cumulative bouts of
exercise can upregulate antioxidant enzymes, such as SOD, catalase and glutathione
peroxidase (GPx), which scavenge free radicals. Exercise training can also downregulate
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and uncoupled eNOS,
which are sources of O, (72, 89, 146, 232, 239). Previous data indicate the beneficial
effects of exercise training on NO bioavailability via both increasing free radical

scavengers and decreasing oxidative stress molecule production.

1.3.2. Effect of exercise training on other vasodilators, vasoconstrictors and vascular
smooth muscle

PGI, and EDHFs are also important mediators for exercise training-induced
improvements in endothelial function (91, 137, 148, 158, 277). Koller et al. examined
the effect of 3-week exercise training on endothelium-dependent vasodilation in isolated
gracilis muscle arterioles of young rats (148). They found that exercise training

enhanced endothelium-dependent vasodilation and this enhanced vasodilation was
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reduced by both eNOS inhibitor (L-NMMA) and COX inhibitor (indomethacin) by
similar amounts (40 to 50 %). Muller and colleagues reported a similar finding that
training-induced improvements in endothelium-dependent vasodilation to bradykinin
were abolished by either indomethacin or L-NMMA (194), demonstrating that training-
induced augmentation of endothelial function is due to increases in both NO and PGl,.
In young healthy individuals, Zoladz and colleagues found that an acute bout of exercise
increased PGl,, as assessed by plasma 6-keto PGF,, concentration (294). In a follow-up
study, the authors found that 5-week endurance training augmented the release of PGl; in
responses to exercise (295). These data are in accord with results observed from
hypertensive subjects (112), demonstrating that exercise training enhances endothelial
function partially via enhancing PGI;, production.

Woodman and colleagues reported that enhanced endothelium-dependent dilation
in brachial arteries from hypercholesterolemic pigs after 16-week endurance exercise
training persisted in the presence of both eNOS and COX inhibitors (L-NAME and
indomethacin. respectively (283). Their finding indicated that enhancements in
endothelium-dependent dilation after exercise training were due to, in part, enhanced
production of EDHF. In hypertensive rat models, neither eNOS inhibitor nor COX
inhibitor blocked training-induced improvements in endothelium-dependent dilation in
muscle feed arteries (104). In contrast, a potassium (K*) channel blocker
(tetraethylamonium) abolished the training-induced improvements in endothelium-
dependent dilation, indicating that exercise training improves endothelial function partly

via EDHF pathway, particularly in CVD animal models. Increased plasma and aorta H,S
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levels accompanied by improved endothelium-dependent relaxation were observed after
exercise training in young hypertensive rats (102). By contrast, Hansen et al. observed
no changes in expression levels of CYP2C9, CYP4A and CSE after exercise training in
muscle samples of hypertensive subjects (112). To date, the role of EDHFs in mediating
endothelial responses to exercise training is still a controversial field of study.

Exercise training also alters responses to vasoconstrictor agents (42, 58, 138,
176, 209, 210, 248). For example, decreased vasocontractile responses to ET-1,
Angiotensin Il (ANG 1), norepinephrine (NE) have been reported after exercise training
(58, 138, 176, 209). For ET-1, 8-week exercise training substantially decreased plasma
level of ET-1 which remained depressed for 4 weeks after the cessation of exercise
training in healthy humans (176). [**P]phosphatidic acid, an indicator of phospholipase
activity induced by ET-1, was also reduced in pig coronary artery after exercise training
for 16 to 20 weeks (138). In general, attenuated vasoconstriction is associated with
improved endothelial function. For instance, Park and colleagues found that exercise
training (10 to 12 weeks) attenuated the ANG Il-induced vasoconstriction in old rats
(209). However, this attenuated vasoconstriction after exercise training was abolished by
endothelium removal or eNOS inhibition, demonstrating that training-induced
attenuation of vasoconstriction is mediated by NO pathway. This is also supported by
Maeda and colleagues who found that decreased plasma levels of ET-1 after exercise
training was accompanied by increased plasma NOx levels (176).

During exercise, vascular smooth muscle cells not only receive molecular signals

from endothelium, but are also exposed to transmural pressure and cyclic strain
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generated by increased blood flow. These flow-induced mechanical forces might induce
changes in mechanotransduction in smooth muscle cells per se. Notwithstanding, there
are only a handful of studies that investigated vascular smooth muscle adaptations to
exercise training (27, 28, 116, 271). For example, 12 weeks of exercise training
decreased Ca*" release from sarcoplasmic reticulum (SR) in response to ET-1 in porcine
coronary arteries (28, 271). The authors noted that this training-induced decline in Ca™
release might account for the observations that exercise training reduces contractile
responses to vasoconstrictors. Jones et al. reported that training-induced reduction in
contractile responses to ET-1 in male swine coronary arteries was reversed by blocking
K* channels (138). These findings support the hypothesis that exercise training might
alter smooth muscle function via, in part, by reducing intracellular Ca™* regulation and
increasing K* channel activity. In contrast, vascular smooth muscle relaxation response

to SNP is not generally changed by exercise training (58, 114, 144, 283).

1.4. Intensity-dependent effect of exercise training on endothelial function

Although regular exercise usually yields favorable effects on cardiovascular
health, the exercise components, such as intensity, duration and frequency, required to
establish the optimal training strategies are still debated. In studies of direct comparisons
of exercise intensity and duration (162, 259), the exercise intensity was associated with
reduced CHD risk independent of the total volume/duration of exercise. Even in subjects
who did not perform vigorous exercise regularly, walking pace was also associated with

reduced CHD risk independent of the amount of walking hours (259). Previous findings
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suggest that exercise intensity might have a more prominent effect on CHD prevention

than duration or volume of exercise.

1.4.1. Training intensity and cardiovascular traits

High intensity interval training (HIT), characterized by intermittent bursts of
vigorous activity interspersed by periods of rest or active rest, has been proposed as an
effective alternative to traditional endurance training on a matched-work basis or
equivalent estimated energy expenditure. For a wide range of physiological and health-
related markers in both patient and healthy populations, HIT exerted similar or even
superior effects compared with moderate intensity continuous training (MOD) (175, 181,
262, 265). Swain et al. noted in their cross-sectional study that vigorous intensity
(typically > 60% VO,max) exercise training generally exerts greater cardioprotective
benefits compared with moderate intensity exercise training when total work is equated
(257). Animal studies also reported greater effects on cardiovascular traits, such as
VO,max and blood pressure, after HIT (typically 75 to 90 % of VO,max) compared with
MOD (typically < ~70% of VO,max) (129, 144). However, several studies have
provided conflicting data, e.g. similar effects between HIT and MOD (106, 228), no
effect of HIT (45), and even potential adverse effects of HIT (12, 121, 273) on
cardiovascular traits in various populations. Indeed, HIT would not be safe, tolerable and
applicable for some populations, e.g. elderly and patients. Therefore, the optimal training

intensity for maintaining/improving cardiovascular health has yet to be determined.
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1.4.2. Effect of training intensity on endothelial adaptation to exercise training

Over the last decade, the effect of training intensity on endothelial function has
been examined in both humans and animals. The majority of previous studies in CVD
patients have exhibited greater improvements in endothelial function in response to HIT
compared with MOD (189, 262, 280). These superior effects of HIT on endothelial
function were accompanied by greater improvements in VO,max, antioxidant status and
blood metabolites. Greater effects of HIT on endothelial function in CVD patients could
be due to higher blood flow in HIT leading to greater shear stress-induced NO
production and an increase in NO bioavailability induced by an increase in antioxidant
status. On the contrary, the effect of training intensity on endothelial function is more
complicated in young healthy individuals. In a study conducted by Rakobowchuk and
colleagues, both HIT and MOD improved endothelial function to a similar extent in
young individuals (222). In contrast, Goto et al. reported that endothelial function was
improved by MOD, but not by HIT, in young subjects (93). An increase in oxidative
stress was found in the HIT-trained subjects. The authors speculated that the absence of
endothelial function change in HIT might be due to HIT-induced increases in oxidative
stress which reduced the bioavailability of NO increased by HIT. This is further
supported by a study conducted by Bergholm and colleagues who found declines in
endothelial function and circulating antioxidants after 3 months of intense exercise
training (70 to 80 % VO,max) (16). Those findings raise the possibility that vigorous
exercise could yield negative effects on endothelial function via increasing oxidative

stress in young healthy individuals.
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Endothelial responses to different training intensities are also inconsistent in
animal studies. Haram et al. reported that HIT enhanced endothelium-dependent dilation
more than MOD in rat abdominal aortas (114), while Kemi et al. found that both HIT
and MOD improved endothelium-dependent dilation to the same magnitude in rat
carotid arteries (144). Both studies showed greater improvements in VO,max after HIT
compared with MOD. Such discrepant results in both humans and animals might be
ascribed to heterogeneity in baseline health, age, sex, training duration, timing of
measurement, and vascular bed. Those factors have been known to influence the effect
of exercise training on endothelial function (96, 97, 137, 146, 158, 277). Additional
studies that minimize those environmental factors are needed to compare the effect of

training intensity solely on endothelial function.

1.5. Genetic regulation of endothelial function

Cardiovascular traits are regulated by not only environmental factors, but also
genetic factors and/or the interaction between environmental and genetic factors (19, 83,
187). For instance, Mitchell and colleagues reported that environmental covariates and
genetic factors accounted for <15 % and 30 to 40 % of variation in plasma lipid profiles
in Mexican Americans, respectively (187). In an epidemiological survey, genetic factors
accounted for about 30% of blood pressure variation observed in a large cohort of
participants (19). These findings demonstrate that the cardiovascular traits are partly
regulated by genetic factors. For endothelial function, several studies in both humans

and animals have provided evidence for genetic regulation of this trait. Candidate gene
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studies have revealed that polymorphisms in a few endothelial genes are associated with
endothelial function in humans (36, 71, 85, 132, 139, 208, 230). The estimated
heritability (0.14 to 0.44) of endothelial function has been reported in various
populations (13, 122, 255, 267, 290) and a racial-dependent difference was observed for
endothelial function (179, 200). A human genome-wide association study (GWAS) also
provided limited data regarding single nucleotide polymorphisms associated with FMD
(267). Previous studies demonstrate that endothelial function is a polygenic, heritable

trait.

1.5.1. Evidences from human studies

Experimental and clinical studies suggest that genetic variation in eNOS can
influence endothelial function. To date, more than 100 polymorphisms have been
identified in the NOS3 (eNOS) gene. Among many, two polymorphisms (T"*—C and
G*5T) are the most studied NOS3 gene polymorphisms (36, 64, 132, 139, 208, 230).
T8 resides in the promoter region where it regulates transcriptional initiation of
NOS3 (139). Endothelial cells from coronary heart patients carrying CC genotype at T
"8 _,C exhibited a reduction in NOS3 mRNA and protein expression in response to
laminar shear stress compared to those from patients carrying the ‘T’ allele (36).
Similarly, hypertensive subjects carrying CC genotype showed lower vasodilatory
responses to ACh compared with subjects carrying TT genotype (230). G***—T
polymorphism maps to exon 7, resulting in replacement of glutamate to aspartate at

codon 298 (also denoted as Glu298Asp) (139). Ingelsson and colleagues found that
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G T was significantly associated with FMD, showing that TT genotype carriers had
higher FMD compared with GG or GT genotype carriers (132). Similarly, plasma NOx
concentration in subjects having GG genotype was relatively lower than subjects
carrying the ‘T’ allele (64). However, these results are not consistent. Ingelsson and
colleagues did not find the polymorphic effect of T"®*—C on endothelial function (132).
Paradossi et al. also reported that the polymorphism of T7%—C was not associated with
endothelium-dependent vasodilation. Furthermore, subjects carrying TT genotype at
G* T showed lower endothelium-dependent vasodilation (208). Thus, the effects of
these polymorphisms on endothelial function are variable and might depend on the study
population or other genetic factors.

Polymorphisms of genes associated with NO bioavailability have also been
tested for associations with endothelial function. Genetic variation in p22phox subunit of
NADPH oxidase (CYBA) gene, which produces O, has been studied as a factor
influencing NO bioavailability (71, 85, 139, 235). Among several polymorphisms of this
gene, C*** T has been the primary focus (71). For the C***—T polymorphism located
in exon 4, substituting histidine to tyrosine, Fan and colleagues found that ‘T’ allele
carriers showed relatively higher brachial FMD (%) than ‘C’ allele carriers in young
individuals (71). Fricker et al. also provided similar observations that TT carriers had
greater vasodilatory responses to bradykinin compared with other genotypes in healthy
men (85). However, the polymorphic effect of C**>—T on endothelial function is not
always significant (235). For other endothelial genes, e.g. 6R-tetrahydrobiopterin (BH,),

asymmetric dimethylarginine (ADMA), and ACE, the associations between their
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polymorphisms and endothelial function are discordant in the literature as well (139).
Indeed, there is still lack of a reliable molecular marker, such as NO or O, concentration,
possibly due to technical complexity. Although previous data have emphasized a few
genes as important genetic determinants of endothelial function, the reliable association
of each polymorphism with endothelial function has not been firmly drawn so far.

Vasan and colleagues assessed various cardiovascular traits, including FMD (%),
in 1,345 subjects from the community-based Framingham Heart Study
(https://www.framinghamheartstudy.org/) (267). The authors conducted GWAS for
those traits using a 100k single nucleotide polymorphism set, and as a result, identified
several single nucleotide polymorphisms associated with each cardiovascular trait. In the
case of FMD (%), the peak single nucleotide polymorphism (p = 1.13e-05) was found on
human chromosome 7. This study was the first to conduct a GWAS approach directly for
endothelial function in a large size sample population, offering a fundamental
framework for GWAS of endothelial function. However, data provided in this study had
limited impact on the identification of causal candidate genes responsible for FMD
because none of associations was reached at the significant level suggested for human
GWAS (5x10® to 10°) (207). Furthermore, their findings have not been replicated.

The population structure and sample size have been major considerations
regarding statistical power of GWAS in human studies (48, 141). Together with the
possibilities of phenotyping errors and environmental influences, those obstacles have
hindered segregation of the genetic influence per se and replication of findings in human

studies. Accordingly, animal models have been alternatively utilized for genetic

20



association studies due to the advantages provided by a minimal environmental influence,

genetic homozygosity, and accessibility of disease-relevant tissues (33, 81).

1.5.2. Evidence from animal studies

Candidate gene studies have been often conducted with genetically modified
animals. In particular, gene knockout mouse models have been commonly utilized,
allowing investigators to test a direct functional role of a gene in phenotypes or diseases
and offer a biological context facilitating investigation of associated-signaling pathways
(5, 10, 109). Many efforts have utilized knockout mouse models of endothelial genes to
elucidate the genetic basis for endothelial function. For example, eNOS knockout mice
showed impaired endothelium-dependent vasodilation compared with wild-type mice
(127). eNOS knockout mice have also manifested pro-atherogenic phenotypes, e.g.
increased platelet aggregation, leukocyte adhesion, and propensity to thrombosis (8). In
contrast, mice overexpressing eNOS had elevated eNOS activity and net NO levels, thus
NO bioavailability, in aortas compared with wild-type mice (11). Significant
impairments in endothelium-dependent vasodilation observed in CSE gene knockout
mice and CuzZnSOD-deficient mice also confirmed their important roles in endothelial
function as an EDHF and a superoxide scavenger, respectively (61, 286). However,
limitations exist in generating knockout mice, for instance, developmental lethality,
difficulties in knocking out certain genes/loci, and changes in unrelated phenotypes
(109). Accordingly, gene-specific knockout mouse studies have not yielded as many

valid genes and their targets as anticipated.
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An alternative genetic approach to the usage of genetically modified mice is an
inter-strain comparison of a phenotype of interest across different inbred mouse strains.
The phenotypic diversities across inbred mouse strains make it possible to identify novel
gene(s) responsible for the phenotype via the association analysis between phenotype
and genotype over the entire mouse genome (5, 79, 81). Previously, vasoreactivity in
isolated aortas was assessed and compared among several inbred mouse strains (41, 233).
In both studies, there were strain-dependent differences in endothelium-dependent
vasorealxation among inbred mice. Ryan and colleagues found that 129-substrains of
mice had markedly reduced aortic responses to ACh compared with 5 other inbred
strains of mice (233). In the study conducted by Chen et al., aortas from SJL/J mice had
lower vasorelaxation responses to ACh (~40%) than aortas from C3H/HeJ and FVB/NJ
inbred mice (41). Parallel to lower responses to ACh, SJL had decreased eNOS and
SOD-2 protein expression, implying that decreases in SOD-2 and eNOS level may
contribute to impaired vasorelaxation responses to ACh in inbred SJL. Those findings
provide evidence that genetic background influences endothelial function in mice.

Supportive corroborations have been further offered by investigations in
genetically manipulated rats. Selectively bred rats up to 11 generations for low aerobic
capacity exhibited relatively lower ACh-induced vasorelaxation in carotid arteries
compared with rats selectively bred for high aerobic capacity (279). A consomic rat
panel was created based on normotensive Brown Norway (BN) and Dahl salt sensitive
(SS) inbred rat strains by substituting BN chromosomes onto SS inbred rat

(http://pga.mcw.edu/) (51). Comparison of a phenotype in consomic rat strains with
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parental SS inbred strain affords the opportunity to discover chromosomes that may
contain genes contributing to the phenotype. Using the consomic rat panel, Kunert and
colleagues assessed vasoreactivity in isolated aortas (150). The authors found that aortic
rings from consomic rat strains of chromosomes 16 and Y had greater sensitivity to ACh,
while aortic rings from consomic rat strains of chromosomes 9, 13 and 20 had reduced
sensitivity to ACh, compared with parental SS inbred strain. These results indicate that
chromosomes 9, 13, 16, 20, and Y contain genetic factor(s) responsible for sensitivity to
ACh. In a separate study, the same group of investigators conducted similar experiments,
but in a different consomic rat panel constructed from BN and Fawn Hooded
Hypertensive (FHH) rat strains (151). Consomic rat strains of chromosomes 3, 4, 5, 10,
11,12, 14, and Y had different sensitivity to ACh compared to parental FHH inbred rats.
However, only one chromosome (YY) overlapped between two studies, implying that
chromosomes responsible for endothelial sensitivity to ACh are strain-specific in rats
(150, 151). Collectively, previous findings in animal studies clearly indicate that
endothelial function has genetic regulation, eliciting the necessity of comprehensive
genomic scans via objective and unbiased hypothesis-free tests to specify the genomic

loci responsible for regulating endothelial function.

1.5.3. Genetic regulation of vascular smooth muscle function
Limited evidence indicates that vascular smooth muscle function is influenced by
genetic factors. In the aforementioned studies regarding mouse strain comparison for

vasoreactivity (41, 233), endothelium-independent responses to SNP (NO donor) were
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different at low doses (10”° to 107 M) among inbred mouse strains. These differences
were not observed at higher doses (> 10" M) of SNP, suggesting that sensitivity, rather
than maximal relaxing ability, of smooth muscle to NO is modified by genetic
background. This was in line with studies that utilized a consomic rat panel. Kunert et al.
found that aortic sensitivity to SNP in aortas from chromosome 16 consomic strain and
BN inbred strains differed from SS parental inbred strain (150). In smooth muscle, NO
acts mainly on NO-sensitive GC, which synthesizes cGMP inducing smooth muscle
relaxation via activation of cGMP-dependent protein kinase, phosphodiesterases and ion
channel gates. Friebe and colleagues found that aortic relaxation responses to NO donors
were absent in GC-deleted mice (87). Wooldridge et al. generated knockout mice of
smoothelin-like protein 1 (SMTNL1), a downstream effector of GC-mediated cGMP-
dependent protein kinase (PKG), which is known to suppress myosin phosphatase
activity in vascular smooth muscle (284). SMTNL1 knockout mice exhibited enhanced
vasorelaxation responses to ACh without differences in eNOS protein expression and
phosphorylation. Therefore, it can be speculated that genetic factors related to GC or its
downstream effectors could contribute, in part, to vascular smooth muscle relaxation.
This is further supported by Buys et al. who showed that GC,,;-deficient mice generated
on a 129S6 background had significantly greater impairments in aortic vasorelaxation
responses to ACh than GC ,,;-deficient mice generated on a B6 background (34). Their
findings further suggest that genetic background modulates the role of GC signaling in

smooth muscle relaxation.
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Smooth muscle contractile function may be affected by genetic background as
well. A wide range of variation in dorsal hand vein responses to phenylephrine (PE; a-
adrenergic agonist) was observed in a healthy adult population (217). In 44 individuals
from 12 families, Gupta et al. reported the estimated heritability of 0.88 for a4-
adrenergic receptor responsiveness in superficial veins (103). These previous data
support the notion that smooth muscle contractile function is a heritable trait. A
candidate gene linking to smooth muscle contractile function has been proposed by
Bergaya and colleagues (15). In that study, WNK lysine deficient protein kinase 1
(WNK?1) gene haploinsufficient mice had markedly reduced vascular contractile
responses to PE compared with wild-type mice without differences in relaxation
response to ACh and contractile responses to potassium chloride (KCI). Their results
suggest that WNK1 gene might be one of genes that play a role in smooth muscle
contractile responses specific to a;-adrenergic receptor activation. However, in the
consomic rat panel, the sensitivity to PE was different in several consomic strains
compared with parental SS inbred strain (150), indicating that smooth muscle contractile
function, at least sensitivity to a;-adrenergic agonist, might be influenced by multiple
chromosomes. Nevertheless, only a few specific genes of interest have been examined,

and thus the genetic basis for smooth muscle function is largely unknown.

1.6. Genetic contribution to endothelial responses to exercise training
It has become evident that the effect of exercise training differs substantially

among individuals. The most distinguished data for individual variation in responses to
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exercise training come from the HERITAGE Family Study (HEalth, RIsk factors,
exercise Training And GEnetics) (http://www.pbrc.edu/heritage/) (23). This study has
yielded identification of several gene polymorphisms associated with variation in
responses of cardiovascular traits to exercise training via both candidate gene approach
and genome-wide exploration (24, 25, 247, 260). However, endothelial function or FMD
was not included in that study.

Recently, Green and colleagues published data showing a wide range of inter-
individual variation in FMD (%) changes after exercise training (96). Among 182
subjects, 76 % exhibited improved FMD by exercise training, while 24 % showed no
changes or even decreased FMD after exercise training. These findings illustrate that
exercise training exerts non-uniform effects on endothelial function among individuals.
An additional interesting result from this study was that changes in FMD after exercise
training were not correlated with changes in traditional cardiovascular risk factors, such
as VO,max and mean arterial pressure, suggesting that the endothelial responses to
exercise training are independent of changes in other cardiovascular traits.

Hopkins et al. examined the effect of exercise training on endothelial function in
mono- and di-zygotic twins (6 pairs each) (123). Changes in FMD (%) after 8 weeks of
aerobic exercise training were highly correlated in monozygotic twins (r=0.63), whereas
changes in FMD (%) after exercise training were not significantly correlated in dizygotic
twins. The estimated heritability of training-induced changes in FMD was 0.74 in this
study. Feairheller and colleagues also found the racial difference in endothelial cell

responses to exercise-mimicking shear stress (73). Human umbilical vein endothelial
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cells (HUVECs) from African Americans had higher level NADPH oxidase subunit
protein expression at baseline compared to Caucasians, while laminar shear stress
modulated those protein expression to similar levels between race. The authors
concluded that endothelial cells from African Americans might be more responsive to
shear stress stimulus than those from Caucasians. Collectively, previous studies indicate
that endothelial responses to exercise training are influenced by genetic background.

A handful of candidate gene studies examined the impact of genetic
polymorphisms on endothelial responses to exercise training (6, 69, 198). In male
coronary artery disease patients, supervised exercise training for 4 weeks at target heart
rate (80% of maximal heart rate) improved ACh-induced average peak velocity (APV)
in coronary arteries (69). This improvement varied by eNOS polymorphism. After

exercise training, patients carrying ‘C’ allele at T8

—C had a smaller improvement in
APV (~ 36 %), compared with patients carrying ‘T’ allele (~ 81 %). A polymorphic
effect of G®***—T was not observed in that study. Similarly, 18-week exercise training by
young healthy males significantly increased forearm vascular conductance during
handgrip exercise in TT carriers, but not in CT and CC carriers at T"2*—C of eNOS
gene (198). Comparable endothelial responses to exercise training in healthy males were
reported for polymorphism in type B, bradykinin receptors (B.KR) gene (6). After
exercise training, only -9/-9 carriers had increased forearm blood flow and vascular
conductance during handgrip exercise. These training-induced increases were

accompanied by a decrease in serum ACE enzyme levels. Like other cardiovascular

traits, candidate gene studies, however, have employed only a few common genes for

27



their polymorphic effects on endothelial responses to exercise training. Furthermore, as
discussed above, effects of exercise training on endothelial function are dependent on
training intensity. It implies that there is a complicated interaction of genetic factors and

training intensity on endothelial adaptation to exercise training.

1.7. Summary

The endothelium has a critical role in maintaining vascular integrity via synthesis
of several vasoactive molecules. Accumulated data indicate that endothelial function is a
heritable trait and is regulated by polygenic factors; however, these genetic factors have
not been fully elucidated. Given the notion that single genetic variant generally has only
small to modest functional effects, a large genomic scale analysis is necessary to
comprehensively unravel the complex genetic basis of endothelial function.

Exercise training is well known to improve endothelial function. The effect of
exercise training appears to be dependent on the training intensity; nevertheless, little is
known about the effect of training intensity on endothelial responses to exercise training.
Indeed, genetic contribution to endothelial responses to exercise training and its

interaction with training intensity has not been formerly considered.

1.8. Purpose and hypotheses
Hence, the main purposes of this dissertation are 1) to identify quantitative trait
loci (QTL)/candidate genes residing in the QTL responsible for intrinsic endothelial

function and 2) to determine the interaction between genetic background and training
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intensity on the endothelial adaptations to exercise training. To accomplish the purposes,
two hypotheses were proposed:

1) Intrinsic endothelium-dependent vasorelaxation is largely variable across
inbred mouse strains, and the variation is influenced by one or more
quantitative trait loci.

2) Endothelial adaptations to exercise training are variable among inbred mouse

strains and these variable adaptations are dependent on training intensity.
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2. ASSOCIATION MAPPING OF GENETIC CONTRIBUTION TO

ENDOTHELIAL FUNCTION IN MOUSE AORTA

2.1. Introduction

Almost one-fourth of Americans have some form of cardiovascular disease
(CVD), which is responsible for more than six million hospitalizations and accounts for
up to 40 % of deaths (196). There is strong evidence that susceptibility to CVD and
related risk factors are highly heritable (67, 216, 266). Accordingly, numerous clinical
and laboratory studies have strived to elucidate the genetic basis of CVDs, e.g.
hypertension (52, 128, 133), atherosclerosis (120, 174, 252, 274), myocardial infarction
(49, 197), and coronary artery disease (167, 226, 237).

The endothelium plays an important role in maintaining vascular integrity via
release of various vasoactive mediators which control vasomotor tone, hemostatic
balance, permeability, proliferation and survival (2, 270). Impaired endothelial function
is a fundamental component of hypertension and atherosclerosis and hence, a predictive
precursor for CVD (108, 131, 223). Many environmental factors, e.g. diet and physical
activity level, are known to influence endothelial function (31, 137). Several lines of
evidence from human studies demonstrated that endothelial function also has genetic
regulation. Candidate gene studies have revealed that single nucleotide polymorphisms
of some endothelial genes, e.g. endothelial nitric oxide synthase (eNOS) and p22phox

subunit of NADPH oxidase (CYBA), are associated with flow-mediated dilation (FMD)

30



(71, 139, 143, 208), a non-invasive method for measuring endothelial function in
humans. The estimated heritability of FMD has been reported in various human
populations, ranging from 0.14 to 0.44 (13, 122, 255, 267, 290). Vasan and colleagues
also conducted a GWAS to identify single nucleotide polymorphisms associated with
brachial artery endothelial function traits in subjects from the Framingham Heart study
(267). This GWAS identified one single nucleotide polymorphism (rs3814219, on
chromosome 10) associated with baseline brachial artery flow velocity (P < 1.00 x 107).
Previous studies indicate that endothelial function is a polygenic, heritable trait.
However, the polymorphic effects of those genes on FMD were inconsistent (139, 143)
and the previous GWAS provided only limited evidence with low statistical power.
Inconsistent results have often been observed in human genetic studies partially
due to heterogeneity in population structure and inadequate sample size (48). Combined
with phenotypic complexity and environmental influence, those potential limitations
make the identification of actual genetic associations difficult and hinder the replication
of findings in human studies. Alternatively, mice are being utilized in genetic studies.
Mouse models have several advantages for genetic studies, e.g. a minimal environmental
influence, the genetic homozygosity, and accessibility of disease-relevant tissues (81,
213). Therefore, a number of mouse linkage and association studies has identified
quantitative trait loci (QTL) and/or candidate genes associated with CVD-related traits,
e.g. atherosclerosis susceptibility (134, 250), blood lipids (160, 253), blood pressure (62,
74), heart rate (22, 246), and cardiorespiratory fitness (50, 180). A handful of rodent

studies have reported the differences in endothelium-dependent vasorelaxation among

31



several inbred mouse strains (41, 233) and the effects of chromosome substitution on
endothelium-dependent vasorelaxation in rat (150, 151), supporting the notion that
endothelial function is regulated by genetic background. In spite of such successes from
mouse models used in genetic studies and the manifestation of genetic contribution to
endothelial function, the mouse genetic linkage/association study for endothelial
function has not been formally considered.

Statistical concerns have been raised about traditional mouse linkage and initial
GWAS, including low detection power and inflated false positive associations due to
population structure, genetic relatedness and limited mapping resolution (81, 141, 211).
However, recent advancements in genomic sequence capabilities and mapping
algorithms provide denser single nucleotide polymorphisms and reduced false positive
associations which minimize the statistical concerns raised with earlier studies (92, 141,
177). In particular, GWAS using a large number of inbred mouse strains has advantages
for QTL identification, including a wider range of phenotypic variation and higher
reproducibility, detection power and mapping resolution, compared to a traditional cross
between two parental strains (81). Utilizing a recently developed mapping algorithm,
called the efficient mixed model algorithm (EMMA), can also further correct statistical
concerns and optimize computational speed and reliability of the results (141).

Therefore, given the limited evidence regarding the genetic regulation of
endothelial function and the improvement in in silico mapping methods, we aimed to
characterize the genetic contribution to intrinsic endothelial function and to identify

quantitative trait loci (QTL)/candidate genes residing in the QTL responsible for
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intrinsic endothelial function in mice. Specifically, we examined in vitro vasoreactivity
in isolated thoracic aortas from 27 different inbred mouse strains, and then conducted
GWAS for strain differences in vasoreactivity using EMMA. We hypothesized that
intrinsic endothelium-dependent vasorelaxation is largely variable across inbred mouse

strains, and the variation is influenced by one or more QTL.

2.2. Methods
2.2.1. Animals

Male mice (n=6-10/strain) from 27 inbred strains were purchased from Jackson
Laboratories (Bar Harbor, ME) (Table 2.1). These strains were chosen based on
phylogenetically distinct background (214), available sequence data in the efficient
mixed model algorithm correction server (141) and the recommendations of the Mouse
Phenome Database (101) to cover as much genetic diversity as possible. The list of
inbred mouse strains in this study was mostly common (up to 93%) with previous strain-
screening studies for cardiovascular phenotypes (18, 50, 250). Upon arrival, mice were
familiarized with a new environment at least for one week under a 12h light:dark cycle
(7:00AM - 7:00PM) in a controlled temperature (21.0 - 22.0°C). Mice were allowed ad
libitum access to food and water during the time. All procedures adhered to the
established National Institutes of Health guidelines for the care and use of laboratory
animals and were approved by the Institutional Animal Care and Use Committee

(IACUC) at Texas A&M University.
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Table 2.1. List of inbred mouse strains grouped by phylogenetical background

Group 1 Group2 Group 3 Group 4 Group 5 Group6 Group 7

Al FVB/INJ  KK/HIJ C57BL/6J  129S1/SvimJ DBA/2)  PWD/PhJ
AKR/J MA/MyJ  NON/LtJ C57BR/cd)  129X1/Sv] I/LnJ

BALB/cBy) NOD/LtJ NZW/Lac) C58/J LP/A SM/J

C3H/HelJ SILA NZO/HILt]

CBA/J SWR/J

CEN

LG/

PL/A

Total 27 inbred mouse strains were separated into seven groups according to their
genetic relatedness proposed by Petkov et al. (214). Group 1, Bagg albino derivatives;
Group 2, Swiss mice; Group 3, Japanese and New Zealand’s inbred strains; Group 4,
C57/58 strains; Group 5, Castle’s mice; Group 6, C.C. Little’s DBA and related strains;
Group 7, wild-derived strains.

34



2.2.2. Aortic ring experiments

At 13 weeks of age, mice from 27 inbred strains were weighed and anesthetized by
intraperitoneal injection of the cocktail of Ketamine (80 mg/kg) and Xylazine (5 mg/kg).
Thoracic aortas were dissected and connective tissue was carefully removed in ice-cold
physiological saline solution pH 7.4 (in mmol/l: 118.3 NaCl, 4.7 KCl, 2.5 CaCl, , 1.2
MgSQO,, 1.2 KH,PO,, 25 NaHCO;3 and 5.5 glucose) under a microscope. Aortas were
cut into 2 mm ring segments of equal length. Each ring segment was suspended in organ
chamber of 610M Multi Chamber Myograph System (Danish Myo Technology,
Denmark) filled with 8 ml of oxygenated (95% O,, 5% CO,) physiological saline
solution and allowed to equilibrate at 37°C for at least 30 minutes. Aortic rings were
stretched to the resting tension (9 to 12 mN) determined by the tension-force assessment
in response to 25 mM of potassium chloride (KCI). Then cumulative concentration-
response curves to phenylephrine (PE: a selective o;-adrenergic receptor agonist, 10 to
10™ M) and KCI (a membrane depolarizing agent, 5 to 100 mM) were generated to
assess contractile function of aortic rings, while cumulative concentration-response
curves to acetylcholine (ACh, muscarinic receptor agonist) and sodium nitroprusside
(SNP, nitric oxide donor) (10”° to 10° M) were generated to assess endothelium-
dependent and -independent vasorelaxation, respectively. Proposed mechanisms of
vasoconstriction and vasorelaxation induced by these four different vasoactive agents are
illustrated in Fig. 2.1. Cumulative concentration-response curves to ACh and SNP were
generated after the ring was pre-constricted to 70% of maximal contraction with PE.

Doses were added after the response curve reached a plateau from the previous dose.
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Figure 2.1. Proposed mechanisms of vasorelaxation and vasoconstriction induced by
acetylcholine (ACh), sodium nitroprusside (SNP), phenylephrine (PE), and potassium
chloride (KCI).
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Rigorous experimental standards were applied in order to minimize the impact of non-
inherited factors on vasoreactivity. Unused segments of thoracic aorta were snap-frozen
in liquid nitrogen and stored at -80. Percent contraction responses were calculated as
[(Dp — Dg)/Dg] X 100, where ‘Dp’ is the maximal force generated by PE or KCl and ‘Dg’
is the baseline force. Percent relaxation responses were calculated as [(Dp — Dp)/(Dp —
Dg)] X 100, where ‘Dp’ is the maximal force pre-generated by PE, ‘Dp’ is the lowest
force generated at a given dose of ACh or SNP and ‘Dg’ is the baseline force. The half
maximal effective and inhibitory concentration (ECsg or 1Cso, respectively) were
calculated with absolute values from cumulative concentration-response curves to each

vasoactive agent by Prism 6 (GraphPad Software, La Jolla, CA).

2.2.3. Genome-wide association mapping

Genome-wide association mapping (GWAS) for maximal responses and ECs/
ICs to four different vasoactive agents were performed with Efficient Mixed Model
Algorithm (EMMA) via the web-based server (http://mouse.cs.ucla.edu/emmaserver/).
Classical inbred mouse association has been proposed to have potential for spurious
(false positive) associations to be generated by unequal relatedness among inbred strains
(81, 141, 211). However, EMMA uses a linear mixed-model association with a variance
component using a kinship matrix that is based on the genetic relatedness between
inbred strains to control for population structure effects, thereby reducing the rate of
false positive associations for GWAS (141). EMMA also enables to increase the

computational speed and reliability of the results. The association scans were performed
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with a 4 million single nucleotide polymorphism panel on the EMMA server. Because
wild-derived strains are very dissimilar to classical inbred strains (287) and thus could be
a potential source of spurious association (169), PWD/PhJ mice were excluded for
EMMA analysis. Each single nucleotide polymorphism was evaluated individually and p
values were recorded as the strength of the association between phenotype and genotype.
Significance threshold p value was set using the Bonferroni correction for multiple
comparisons (44). For vasoreactivity phenotypes that EMMA results did not contain any
p values less than Bonferroni correction threshold p value, a nominal p value of 1.00 x
10" was utilized as a suggestive threshold.

If a QTL contained a peak single nucleotide polymorphism, the QTL interval was
defined as a region of = 200 kilobase (kb) from the peak single nucleotide polymorphism.
If the two QTL were within 1 megabase (Mb), they were considered one QTL (Berndt
11, Sean 12). Based on the Hybrid Mouse Diversity Panel (HMDP), the majority of peak
single nucleotide polymorphisms were found within 1 Mb of either end of a gene and the
linkage disequilibrium blocks (r* > 0.7) had an average distance of 500 kb (14). All
significant and suggestive QTL were mapped to NCBI-build-37 mouse assembly using
the UCSC Genome Browser (https://genome.ucsc.edu) to identify gene(s) residing in the
QTL (229). Rat Genome Database (http://rgd.mcw.edu/) was queried with all
significant/suggestive QTL to identify regions of shared synteny with rats or humans
(243) and the NHGRI GWAS catalog (https://www.genome.gov/26525384) was
searched with genes residing in the QTL to identify conjunction with human GWAS for

cardiovascular traits (275).
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2.2.4. Statistical analysis

Maximal vasoreactivity and ECso/ICs, are presented as mean + SE and were
compared with One-way ANOVA followed by Tukey’s post-hoc test. Based on the
results from the One-way ANOVA, we calculated two estimates of broad sense
heritability, intra-class correlation (rl) and coefficient of genetic determination (g,)
which provide an estimate of the contribution of genotype to phenotype (164). The intra-
class correlation is an estimated proportion of the total variation that can be explained by
differences between strains. The coefficient of genetic determination accounts for the
doubling of the additive genetic variance that occurs with inbreeding. Each estimate was
calculated using the following equations: rl = (MSg - MSw)/[MSg + (n - 1)xMSyy] and
g2 = (MSg - MSy)/[MSg + (2n -1)xMSyw], where MSg and MS,y are the between- and
within-mean square, respectively, and n is the number of animals per strain. Because the
number of animals per strain was not the same, n was calculated as n = [1/(a - 1)]x(n -},
niz), where a is the number of strains and ni is the number of animals in the ith strain.

For phenotypic correlation, all possible pairs between individual vasoreactivity
responses and/or body weight (BW) were analyzed by Pearson correlation. For genetic
correlation (53), all possible pairs between strain means of vasoreactivity responses
and/or BW were analyzed by Pearson correlation. Statistical significance was set at p <
0.05. ECs or ICso for ACh, SNP and PE transformed with -logio and ECs, for KCI
transformed with log;o were used for GWAS. p values from GWAS were transformed
with —logso for graphical visualization. All statistics were performed using SPSS 22

(IBM, Armonk, NY).
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2.3. Results

Body weight (BW) in 13-wk old male mice varied significantly across 27 inbred
mouse strains (F = 33.36, p = 0.00). The strain distribution pattern for BW is shown in
Fig. 2.2. There was approximately three-fold difference between PWD/PhJ having the
lowest (16.83 = 0.27 g) and NZO/HILtJ having the highest (48.38 + 2.58 g) BW.

To characterize the genetic contribution to endothelial function, we conducted
cumulative concentration-response curves to ACh in isolated thoracic aortas from 27
different inbred mouse strains. We found significant differences in maximal responses
(%) to ACh (ACh Max) (F = 7.67, p = 0.00) and ACh ICsq (-logo) (F = 4.81, p = 0.00)
among 27 inbred strains (Table 2.2). The strain distribution patterns for ACh Max and
ACh ICs are shown in Fig. 2.3. In a panel of 27 genetically diverse inbred mouse strains,
there was a nearly two-fold difference between NON/LtJ mice having the lowest (47.91
+ 2.32) and CE/J mice having the highest (94.26 £ 1.23) ACh Max (%) (Fig. 2.3A). ACh
ICs0 was also variable across inbred strains, showing 18.2-fold difference in ACh
concentration (M) between the lowest (NZW/LacJ: 6.67 = 0.14) and the highest (LP/J:
7.93 + 0.08) inbred strains (-logip) (Fig. 2.3B). In contrast, maximal responses to SNP
were not different among 27 inbred strains. All aortic rings were 100% relaxed at SNP
concentrations between 10 and 3x 10° M (data not shown). Analysis of variance
showed a strain difference for SNP ICsq (-logio) (F = 10.30, p = 0.00) (Fig. 2.4 and Table
2.2). 1/LnJ had the lowest (7.49 + 0.22) and FVB/NJ had the highest (8.99 + 0.07) SNP
ICso. There was 31.6-fold difference in SNP concentration (M) between those two

strains.

40



ri = .84

BW (g) &=72
60+
_—
&8
= 40+
20
=
<
S 204
=
TR T S S S S N N S S S S e SR S U SRS RSN
N S r_}\} P E TSV & St T FE &
& & '-"(;‘ﬂ‘b-\\-" O FOY TOEY S8 4T o
< 5° S > ey S W

Strain

Figure 2.2. Strain distribution pattern for body weight (g) of young male mice from 27
inbred strains. All mice were weighed at 13 weeks of age. rl, intra-class correlation; g,
coefficient of genetic determination. Values are expressed as mean + SE. n = 6-10 mice
per strain.
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Table 2.2. Statistical differences in vasorelaxation responses to ACh and SNP
across 27 inbred mouse strains

ACh Max ACh ICsg SNP ICsq
Strain (%) (logio) (logio)
129S1/SvimJ BCD ABCD ABCDE
129X1/Sv] ABCD ABCD BCDEF
All BCD ABCD ABC
AKR/J ABC BCD HI
BALB/cByJ CD ABCD BCDEF
C3H/HeJ CD ABC ABCD
C57BL/6J CD ABCD BCDEF
C57BR/cdJ CD ABCD BCDEF
C58/J BCD CD DEFGHI
CBA/) CD ABC BCDEF
CEN D ABCD BCDEF
DBA/2] ABCD ABCD FGHI
FVB/NJ CD AB A
I/LnJ ABCD ABCD |
KK/HI ABCD ABCD BCDEFGHI
LG/ AB ABCD GHI
LP/J CD A BCDEFG
MA/MyJ CD ABC BCDEFGH
NOD/LtJ ABCD ABCD CDEFGHI
NON/LtJ A ABCD DEFGHI
NZO/HILt] A ABCD EFGHI
NZW/Lac] AB D BCDEFGH
PL/J CD AB DEFGHI
PWD/PhJ CD AB AB
SJL/J ABCD ABCD DEFGHI
SM/J A ABCD GHI
SWR/J CD ABCD BCDEF

Statistical difference was determined by an One-way ANOVA followed by Tukey’s post
hoc test. Strains not connected by the same letter were significantly different (p < 0.05).
ACh, acetylcholine; ACh Max, maximal response (%) to ACh; SNP, sodium
nitroprusside; ICsp, half maximal inhibitory concentration. All aortic rings were 100 %
relaxed at SNP concentrations between 10 and 3x 10° M, thus SNP max (%) were
excluded.
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Fig. 2.3. Strain distribution pattern for (A) maximal relaxation responses (%) to

acetylcholine (ACh Max) and (B) the half maximal inhibitory concentration in responses
to ACh (ACh ICs) in young male mice from 27 inbred strains. rl, intra-class correlation;
g2, coefficient of genetic determination. VValues are expressed as mean = SE. n = 6-10

mice per strain.
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Fig. 2.4. Strain distribution pattern for the half maximal inhibitory concentration in
responses to sodium nitroprusside (SNP 1Cs) in young male mice from 27 inbred strains.
rl, intra-class correlation; g,, coefficient of genetic determination. Values are expressed
as mean + SE. n = 6-10 mice per strain. All aortic rings were 100 % relaxed at SNP
concentrations between 10 and 3x 10 M, thus maximal relaxation responses (%) to
SNP were not shown.
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Strain differences in contractile responses to PE and KCL among 27 inbred mice
were also observed (Table 2.3). Analysis of variance showed significant differences for
PE Max (%) (F = 12.57, p = 0.00), PE ECs (-l0g10) (F = 5.29, p = 0.00), KCI Max (%)
(F=8.04, p=0.00), and KCI ECs (l0g10) (F =6.10, p =0.00). Figs. 2.5 and 2.6
illustrate the strain distribution patterns for vasocontractile responses to PE and KClI,
respectively. SM/J had both the lowest PE Max (31.46 + 0.83 %) and the lowest KCI
Max (83.92 £ 4.83 %). In contrast, C58BR/cdJ had the highest PE Max (146.51 +
2.02 %) and 129S1/SvimJ had the highest KCI Max (183. 21 + 5.55 %) (Figs. 2.5A and
2.6A). There was 4.7- and 2.2-fold difference between the lowest and the highest strain
for PE Max and KCI Max, respectively. Whereas, there was 5.5 -fold difference in PE
concentration (M) between the lowest (NZO/HiLtJ: 6.28 + 0.05) and the highest strain
(BALB/cByYJ: 7.02 + 0.07) for PE ECs (-logio) (Fig. 2.5B) and 1.3-fold difference in
KCI concentration (M) between the lowest (AKR/J: 1.60 £ 0.00) and the highest strain
(FVB/NJ: 1.71 + 0.04) for KCI ECs (-logso) (Fig. 2.6B).

Phenotypic and genetic correlation analyses for all possible pairs of
vasoreactivity responses and/or BW were performed and are indicated in Tables 2.4 and
2.5, respectively. For phenotypic correlations, all vasorelaxion responses were positively
correlated each other, while vasocontractile responses were correlated each other with
two exceptions: PE ECsp vs. KCI Max and KCI Max vs. KCI ECs,. Between
vasorelaxion and vasocontractile phenotypes, responses to ACh were not correlated with
contractile responses. Only a negative correlation between ACh Max and PE ECsy was

observed (r =-0.214). By comparison, SNP 1Cso was correlated with contractile
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Table 2.3. Statistical differences in vasoconstriction responses to PE and KCI
across 27 inbred mouse strains

PE Max PE ECso KCI Max KCl ECsp
Strain (%) (logio) (%) (logio)
129S1/SvimJ HI AB H AB
129X1/Sv] HI AB FGH ABCDE
All FGHI AB BCDEFG BCDEF
AKR/J ABCDE AB ABCDEF F
BALB/cByJ | A EFGH ABCD
C3H/HelJ EFGHI B BCDEFG ABCDE
C57BL/6J BCDEFGHI AB BCDEFG AB
C57BR/cdJ HI B CDEFGH ABC
C58/J ABCDEFGHI AB BCDEFGH ABCDE
CBA/J BCDEFGHI AB BCDEFG ABCDE
CE/ GHI AB BCDEFG ABCDE
DBA/2] ABCDEFG AB ABCDE BCDEF
FVB/NJ EFGHI AB BCDEFG A
I/LnJ ABCD AB ABCD BCDEF
KK/HIJ CDEFGHI AB ABCD ABC
LG/J HI AB GH EF
LP/J GHI AB ABCDE A
MA/MyJ A AB ABC BCDEF
NOD/LtJ FGHI AB BCDEFGH ABCDE
NON/LtJ DEFGHI AB AB A
NZO/HILt] ABC B ABCD BCDEF
NZW/Lacl] GHI AB ABCDEF BCDEF
PL/J BCDEFGHI AB AB BCDEF
PWD/PhJ AB AB ABCDEF BCDEF
SJL/J ABCDEF AB AB DEF
SM/J A B A BCDEF
SWR/J BCDEFGHI AB DEFGH CDEF

Statistical difference was determined by an One-way ANOVA followed by Tukey’s post
hoc test. Strains not connected by the same letter were significantly different (p < 0.05).
PE, phenylephrine; KCI, potassium chloride; PE Max, maximal response (%) to PE; KCI
Max, maximal response (%) to KCI; ECsp, half maximal effective concentration.
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Fig. 2.5. Strain distribution pattern for (A) maximal contractile responses (%) to
phenylephrine (PE Max) and (B) the half maximal effective concentration in responses
to PE (PE ECsp) in young male mice from 27 inbred strains. rl, intra-class correlation; go,

coefficient of genetic determination. Values are expressed as mean + SE. n = 6-10 mice
per strain.
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Fig. 2.6. Strain distribution pattern for (A) maximal contractile responses (%) to
potassium chloride (KCIl Max) and (B) the half maximal effective concentration in
responses to KCI (KCI ECsp) in young male mice from 27 inbred strains. rl, intra-class

correlation; g», coefficient of genetic determination. Values are expressed as mean + SE.
n = 6-10 mice per strain.
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Table 2.4. Phenotypic correlations between vasoreactivity responses and/or body

weight (BW)
o ACh ACh SNP PE PE KCI KCI
Vasoreactivity  pax ICso ICso Max ECso Max ECso
(%) (-log10)  (-log10) (%) (-log10) (%) (-log10)
AChMax r 386" 433" .039 214" 144 134
(%) .000 .000 596 .004 067 .087
AChICs, T 342" -144 -.075 -.106 .032
(-10g10) .000 .051 316 177 681
SNPICg T 313" .002 210 322"
(-log10) .000 984 .009 .000
PEMax I 440" 473" 403"
(%) P .000 .000 .000
PEECs, T -.016 233"
(-loglo)  p 840 .003
KClMax r .065
(%) p 409
BW (g) r -385  -147  -231" 201" 1817 072 011
g p  .000 .059 .003 .009 019 362 887

Bivariate pearson correlations were conducted for all possible pairs between individual
vasoreactivity responses and/or BW. PE, phenylephrine; KCI, potassium chloride; ACh,
acetylcholine; SNP, sodium nitroprusside; Max, Maximal response (%); ECso, half
maximal effective concentration; 1Csg, half maximal inhibitory concentration; all aortic
rings were 100 % relaxed at SNP concentrations between 10 and 3x 10° M, thus SNP
max (%) were excluded. Statistically significant correlations are bold. *, p < 0.05.
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Table 2.5. Genetic correlations between vasoreactivity responses and/or body

weight (BW)
o ACh ACh SNP PE PE KClI KCI
Vasoreactivity  p\ax ICso ICso Max ECsp Max ECso
(%) (-logl0)  (-log10) (%) (-log10) (%) (-log10)
AChMax r 403" 586" 235 034 234 227
(%) P .037 .001 237 .868 239 254
AChICs, T 4147 -.029 094  -199  .069
(-loglo)  p 032 886 640 320 732
SNPICs, T 401" 041 .360 .356
(logl0) p .038 .838 .065 .069
PEMax 364 699" 474"
(%) P .062 .000 012
PEECs, I 031 287
(-log10) p 877 146
KClIMax r 520"
(%) p .005
BW () -568°  -193  -315 170 .097 104 .058
9 p» o002 33 110 395 631 607  .775

Bivariate pearson correlations were conducted for all possible pairs between strain
means of vasoreactivity responses and/or BW. PE, phenylephrine; KCI, potassium
chloride; ACh, acetylcholine; SNP, sodium nitroprusside; Max, Maximal response (%);
ECso, half maximal effective concentration; 1Csp, half maximal inhibitory concentration;
all aortic rings were 100 % relaxed at SNP concentrations between 10 and 3x 10° M,
thus SNP max (%) were excluded. Statistically significant correlations are bold. *, p <

0.05.
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responses except of PE ECsy. BW was negatively correlated with vasorelaxation
responses with an exception for ACh ICsy. On the contrary, BW was positively
correlated with contractile responses to PE, but not to KCI. For genetic correlations,
ACh and SNP variables also showed significantly positive correlations. Whereas,
contractile responses were correlated each other with three exceptions: PE Max vs. PE
ECso, PE ECsg vs. KCI Max and KCI Max vs. KCI ECs,. There were not significant
correlations between ACh variables and either PE or KCI variables. Notably, only a
negative genetic correlation was identified between BW and ACh Max.

To identify single nucleotide polymorphisms associated with vasoreactivity responses,
GWAS for maximal responses and ECsy/ 1Cso were performed using EMMA with a 4
million single nucleotide polymorphism panel. Single nucleotide polymorphisms having
< 5% of minor allele frequency were automatically excluded from the results by the
EMMA server, hence the final results contained approximately 1.27 million single
nucleotide polymorphisms. Bonferroni correction for multiple comparisons (44) was
used to determine a significant threshold of p = 3.95 x 10®. Using this threshold,
significant associations were only identified for ACh Max and KCI ECso; therefore, a
nominal p value of 1.00 x 10® was used a suggestive threshold.

Fig. 2.7, Tables 2.6 and 2.7 show GWAS results for endothelium-dependent
vasorelaxation. Four significant QTL were identified for ACh Max on 3 different
chromosomes; Chrs. 1 (145.37-145.77 and 148.45-148.85 Mb), 2 (149.58-149.98 Mb)
and 19 (22.20-22.79 Mb). At the suggestive level, 18 QTL were found for ACh Max on

12 different chromosomes. In contrast, no significant QTL was identified for ACh 1Cs.
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Figure 2.7. Genome-wide association mapping (GWAS) for (A) maximal relaxation
responses (%) to acetylcholine (ACh Max) and (B) the half maximal inhibitory
concentration in response to ACh (ACh 1Csp) in young male mice from 26 inbred
strains. GWAS was conducted using efficient mixed model algorithm with 4 million
single nucleotide polymorphisms. The x-axis indicates chromosomes and y-axis
indicates p-values transformed by —logio. The solid horizontal line indicates Bonferroni-
corrected significant cut-off threshold (p value <3.95x 10®), while the dashed line
indicates suggestive cut-off threshold (p value <1.00x 10°).
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Table 2.6. Significant and suggestive QTL found by GWAS for vasorelaxation
responses to ACh

QTL Interval Peak Location

Trait  Significance  Chr. (Mb) marker (Mb) pvalue  Allele
Significant 1 14537-145.77 rs30978316 145.57 3.41e-09 A/G

1  148.17-148.96 rs31892646 148.66 1.43e-09 AT

2 149.58-149.98 rs6343262  149.78 2.28e-08  GIT

19 22.20-22.79  rs37653496 22.40 1.21e-08 CIT

Suggestive 1 154.89-155.29 rs32589931 155.09 5.89%-06 A/G

2 157.82-158.22 rs27320451 158.02 3.40e-06  CIT

2 163.18-163.58 rs28281229 163.38 4.98¢e-06 AIG

4 150.58-150.98 rs32323516 150.78 1.74e-06  CIT

QI(;Q 5  9.55-10.08 rs37664807 9.87 3.56e-06  GIT
(%) 6  146.07-146.47 rs38688580 146.27 8.59e-08  CIT
9 98.19-98.76  rs33165797 98.46 4.72e-06  CIT

11  4434-4524 526915649 44.68 1.17e-07  GIT

12 30.49-30.89  rs29151171 30.69 6.53e-06  A/G

12 60.81-61.21  rs45948495 61.01 1.03e-07  CIG

13 66.77-67.17  rs48005777 66.97 5.29e-06  C/T

17  45.29-45.92  rs45985354 4551 2.92e-06 A/G

17 86.74-87.14  rs33082540 86.94 5.55e-06  GI/T

18 66.74-67.15  rs36401271 66.95 9.97e-06 AT

Suggestive 7 32.00-32.40  rs50008818 32.20 7.99e-06  CIT

7 132.38-132.80 rs32985074 132.58 6.30e-06  C/T

IACC;:‘ O 41.80-42.20  rs30322841 42.00 895¢:06  C/T
13  43.15-43.84  rs29735389 43.35 7.11e-07  AIC

16 38.39-38.79  rs51898661 38.59 7.04e-06  GIT

Quantitative trait loci (QTL) having p values < 3.95x10%and 1.00x 10° were considered
significant and suggestive, respectively. The QTL intervals were estimated to be 400 kb
centered around the single peak SNP. If two QTL were separated < 1Mb, they were
considered one QTL. The reference single nucleotide polymorphism (rs) numbers for
peak markers were identified using the UCSC Genome Browser Chr., chromosome;
ACHh, acetylcholine; ACh Max, maximal response (%) to ACh; I1Csp, half maximal
inhibitory concentration.
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Table 2.7. Protein-coding genes residing in significant and suggestive QTL
associated with vasorelaxation responses to ACh

QTL interval
Trait  Chr. Significance (Mb) Protein coding genes

Significant ~ 145.37-145.77 B3galt2, Glrx2, Uchl5

Significant  148.17-148.96 Fambc

Suggestive  154.89-155.29 NMnat2, Lamc1, Lamc2

Significant  149.58-149.98 Syndigl, Zfp120, Tmem90b
Suggestive  157.82-158.22 Rprdlb, Tgm2, Ttil, Bpi, Lbp, Snhgl1l

Suggestive 163.18-163.58 Fitm2, Gdap1l1, Hnf4a, Jph2, Ttpal, Pkig,
Serinc3, Ada

4 Suggestive  150.58-150.98 Camtal

5 Suggestive  9.55-10.08 Grm3
ACh 6 Suggestive  146.07-146.47 ltpr2

9

1

NN DN - -

Max Suggestive  98.19-98.76  Copb2, Mrps22, Nmnat3, Rbp1, Rbp2, Prr23a
(%) 11 Suggestive  44.34-45.24  Ebfl, Rnf145

12 Suggestive  30.49-30.89 Mytll, Pxdn, Tpo, Sntg2

12 Suggestive  60.81-61.21

13 Suggestive  66.77-67.17 Zfp640, Ugcrb, Mterfdl, Ptdss1, Zfb712

17 Suggestive  45.29-45.92 Cdc5l. Spats1, Aars2, Tctel, Nfkbie, Slc35b2,
Tmem151b, Hsp90ab1l, Entl, Slc29al, Capnll,
Mrpl14

17 Suggestive  86.74-87.14 Prkce

18 Suggestive  66.74-67.15 MCar

19 Significant  22.20-22.79 Trpm3

7 Suggestive  32.00-32.40 Apbh, Abpe

7 Suggestive  132.38-132.80 Jmjd5, Nsmcel, Il4ra, 1121r, Gtf3cl

9 Suggestive  41.80-42.20 Sorl1, Sc5d, Tecta

13 Suggestive 43.15-43.84 Phactrl, Thcld7, Gfodl, Sirt5, Nol7, Ranbp9,
Ccdc90a, Rnf182

16 Suggestive  38.39-38.79 Plala, Cd80, Adprh, Poglutl, Tmem39a, Cdgap,
B4galt4, Upklb

Quantitative trait loci (QTL) having p values < 3.95x10and 1.00x 107 were queried

into the UCSC Genome Browser using NCBI-build-37 mouse assembly to search genes
residing in the QTL intervals. ACh, acetylcholine; ACh Max, maximal response (%) to
ACh; ICsp, half maximal inhibitory concentration; Chr., chromosome; QTL, quantitative
trait loci. Proposed candidate genes are bold and putative candidate genes are underlined.

ACh
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Five suggestive QTL were found for ACh ICs. These QTL were identified on 4
different chromosomes; Chrs. 7 (32.00-32.40 Mb and 132.38-132.80 Mb), 9 (41.80-
42.20 Mb), 13 (43.15-43.84 Mb), and 16 (38.39-38.79 Mb).

GWAS also revealed significant and suggestive QTL for responses to SNP, PE
and KCI (Figs. 2.8, 2.9 and 2.10 and Table 2.8). For KCI ECsp, one significant QTL was
found on X chromosome (101.61-102.40 Mb). In contrast, no significant QTL was
detected for other vasoreactivity responses. Several QTL were identified at the
suggestive level; 15 suggestive QTL on 10 different chromosomes for SNP ICs, 9
suggestive QTL on 8 different chromosomes for PE Max, 7 suggestive QTL on 7
different chromosomes for PE ECsp, 11 suggestive QTL on 8 different chromosomes for
KCI Max, and 8 suggestive QTL were identified on 6 different chromosomes.

Three suggestive QTL for ACh Max overlapped with QTL for SNP ICsp 0n 3
different chromosomes; Chr. 2 (163.2-163.6 Mb), 11 (44.3—45.2 Mb) and 17 (86.7-87.1
Mb), whereas none of suggestive QTL for ACh ICs, overlapped with any other QTL.
QTL for contractile responses did not overlap each other. One suggestive QTL (Chr. 2:

163.4-163.6 Mb) was common to three traits, ACh Max, SNP ICsp and PE Max.
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Figure 2.8. Genome-wide association mapping (GWAS) for the half maximal inhibitory
concentration in responses to sodium nitroprusside (SNP ICsp) in young male mice from
26 inbred strains. GWAS was conducted using efficient mixed model algorithm with 4
million single nucleotide polymorphisms. The x-axis indicates chromosomes and y-axis
indicates p-values transformed by —log;o. The solid horizontal line indicates Bonferroni-
corrected significant cut-off threshold (p value <3.95x10°®), while the dashed line
indicates suggestive cut-off threshold (p value <1.00x 107).
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Figure 2.9. Genome-wide association mapping (GWAS) for (A) maximal contractile
responses (%) to phenylephrine (PE Max) and (B) the half maximal effective
concentration in responses to PE (PE ECs) in in young male mice from 26 inbred strains.
GWAS was conducted using efficient mixed model algorithm with 4 million single
nucleotide polymorphisms. The x-axis indicates chromosomes and y-axis indicates p-
values transformed by —logio. The solid horizontal line indicates Bonferroni-corrected
significant cut-off threshold (p value <3.95x10®), while the dashed line indicates
suggestive cut-off threshold (p value <1.00x 107).
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Figure 2.10. Genome-wide association mapping (GWAS) for (A) maximal contractile
responses (%) to potassium chloride (KCI Max) and (B) the half maximal effective
concentration in responses to KCI (KCI ECsp) in in young male mice from 26 inbred
strains. GWAS was conducted using efficient mixed model algorithm with 4 million
single nucleotide polymorphisms. The x-axis indicates chromosomes and y-axis
indicates p-values transformed by —logo. The solid horizontal line indicates Bonferroni-
corrected significant cut-off threshold (p value < 3.95x10°®), while the dashed line
indicates suggestive cut-off threshold (p value < 1.00x 10°).
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Table 2.8. Significant and suggestive QTL found by GWAS associated with
vasoreactivity responses to SNP, PE and KCI

overlapping
QTL Interval Peak QTL (Mb)
Trait Significance Chr. (Mb) marker p value  with ACh Max
SNP  Suggestive 2 107.51-107.91  rs27490041 5.27e-07
ICs0 2 150.24-160.04 rs28281159  3.53¢-06
2 163.18-163.58  rs28281229 5.53e-06  163.18-163.58
3 33.54-35.63 rs29894681  4.91e-07
4 94.28-94.68 rs28085124  1.44e-06
6 4.28-4.68 rs30170734  7.48e-06
11 43.99-45.24 rs26897621 1.95e-07  44.34-45.24
12 36.02-36.42 rs47949668  3.37e-06
12 66.34-66.74 rs29128270  6.87e-06
12 78.01-78.56 rs29174383  1.25e-06
13 43.99-44.39 rs30144354  6.69e-07
14  93.44-94.30 rs31281733  9.34e-07
15  63.80-64.12 rs31584477  1.76e-06
17  86.74-88.20 rs29766620 5.44e-07  86.74-87.14
17 90.58-91.36 rs33679213  1.19e-06
PE  Suggestive 1 35.46-35.86 rs32051270  5.03e-06
'2{')2;( 2 163.41-143.81  rs27331097 9.30e-06  163.41-163.58
2 165.69-166.09  rs27295338  7.85e-06
3 3.03-3.43 rs29618455  2.36e-06
9 45.77-46.22 rs32676184  9.80e-06
10  129.68-130.11  rs46235569  2.36e-06
11  42.87-43.56 rs28205221  1.47e-06
13 6.21-7.09 rs50398136  4.14e-06
18  42.06-42.46 rs63933869  3.83e-06
PE  Suggestive 1 73.82-74.68 rs36403436  2.14e-06
ECso 3 37.10-3750  rs30063078  2.956-06
6 135.78-136.18  rs36997108  7.75e-06
8 59.85-60.25 rs31384283  9.89e-06
11  89.72-90.15 rs27107288  5.43e-07
13 119.05-119.96  rs29834625  7.47e-06
16 30.32-30.72 rs4168249  9.36e-06
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Table 2.8 Continued

overlapping
QTL Interval QTL (Mb)
Trait Significance Chr. (Mb) Peak marker pvalue  with ACh Max
KCl Suggestive 4 152.98-153.38  rs32999511  5.05e-06
'}{'}2? 5 316356 131228881  1.01e-07
7 33.01-33.41 rs36239097 9.68e-06
8 4.52-5.08 rs47036401 6.03e-06
8 100.37-100.77  rs33356432 4.79e-06
10 18.38-18.82 rs29358047 2.95e-06
12 116.63-117.03  rs47495711 4.20e-07
13 27.25-27.65 rs30054551 9.68e-06
13 63.35-63.84 rs29249644 4.36e-06
13 70.63-71.04 rs50665869 7.25e-06
18 58.57-58.98 rs49997899 4.86e-06
KCI  Significant X 101.61-102.40  rs29078805  3.24e-08
ECso sSuggestive 1 134.91-135.65  rs32757676  5.55e-06
1 136.94-137.34  rs37503025 3.41e-06
3 36.53-36.93 rs3151465 7.44e-06
6 145.30-146.07  rs38919844 3.81e-06
7 49.90-50.38 rs37494318 1.19e-06
9 92.56-92.96 rs29597520 2.55e-06
9 102.08-102.56  rs29840346 1.42e-06
X 138.49-139.12  rs29287900 9.16e-06

Quantitative trait loci (QTL) having p values < 3.95¢-08 and 1.00e-05 were considered
significant and suggestive, respectively. The QTL intervals were estimated to be 400 kb
centered around the single peak marker. If two QTL were separated < 1Mb, they were
considered one QTL. The reference single nucleotide polymorphism (rs) numbers for
peak markers were identified using the UCSC Genome Browser. Chr., chromosome;
SNP, sodium nitroprusside; PE, phenylephrine; KCI, potassium chloride; PE and KCI
Max, maximal response (%) to PE and KCI, respectively; ICsp, half maximal inhibitory
concentration; ECsp, half maximal effective concentration.
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2.4. Discussion

Despite accumulating evidence indicating that endothelial function is genetically
regulated, the genetic basis for endothelial function still remains to be unclear. Here, we
assessed vasoreactivity responses to vasoactive agents in isolated thoracic aortas from 27
strains of genetically diverse inbred mice at 13 weeks of age under controlled
environmental conditions. The strain-dependent variation in vasoreactivity observed in
the present study enabled us to conduct genome-wide association mapping to identify
quantitative trait loci responsible for the variation. The main findings of the present
study were: 1) vasoreactivity responses in isolated aortas varied across 27 inbred mouse
strains; 2) there were some correlations between vasoreactivity responses; 3) several
significant and suggestive QTL were identified for the variation in endothelium-
dependent relaxation and prospective candidate genes were found in those QTL. Our
findings provide essential genetic information underlying individual susceptibility to
endothelial dysfunction, thus insights into identifying potential therapeutic targets to
prevent or treat endothelial dysfunction.

Control of vascular function is important for blood pressure regulation and
regional distribution of blood flow. Impaired regulation of vascular function, especially
endothelial dysfunction, is associated with various forms of cardiovascular disease.
Limited data suggests that genetic factors contribute to the variation in vascular function
in humans and animals. In the present study, significant differences in endothelium-
dependent vasorelaxation were found in aorta from 27 inbred strains of mice (Fig. 2.3

and Table 2.2), with an approximately 2-fold difference between the highest and lowest
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responding strains in maximal response to ACh. Our results provide an expanded
phenotype dataset (> 3-fold) of endothelium-dependent vasorelaxation measurements
over previous studies (41, 233). Ryan et al. reported differences in endothelium-
dependent vasorelaxation across 7 different inbred mouse strains (male, 16 to 22 weeks
old) (233), of which four inbred strains were included in the present study. In general the
strain distribution and magnitude of responses to ACh were similar to Ryan et al. with
one exception. The authors found that two 129 sub-strains (129P3/J and 129X1/SvJ) had
significantly attenuated endothelium-dependent vasorelaxation to ACh (< 20% maximal
relaxation) compared with other 5 strains (A/J, Balb/cJ, C3HeB/FeJ, C57BL/6J, and
SWR/J). In the present study, 129X1/SvJ had significantly lower ACh Max compared
with A/J, SWR/J and C57BL/6J, but the maximum response for this strain was greater
than 50%. (Fig. 2.3A). Chen et al. also measured vasorelaxation responses to ACh in
SJL, FVB and C3H inbred strains (41). Although the magnitude of responses was
somewhat different between studies, the strain distribution pattern in the present study
was similar to Chen et al.. In the present study, we also found strain-dependent variation
in ACh ICso among 27 inbred mouse strains (Fig. 2.3B and Table 2.2). Chen et al. did
not observe differences in ACh ICs across three strains, despite differences in maximal
responses. However, in two consomic panels of rats created from the introgression of a
single chromosome from one inbred rat strain (Brown Norway) onto other two inbred rat
strains (Dahl salt sensitive and Fawn Hooded Hypertensive), Kunert and colleagues
found significant differences in ACh ICsy between several consomic lines and the

parental strain (150, 151), demonstrating that sensitivity to ACh would be regulated by
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genetic background. Together, our findings of variation in ACh max and ACh 1Csg
across 27 inbred mouse strains support the notion that endothelial function is influenced
by genetic background.

Maximal responses to SNP were not different among inbred mouse strains since
all aortic rings were 100% relaxed at SNP concentrations between 10 and 3x10° M
(data not shown). These results are consistent with previous findings that the ability of
vascular smooth muscle to dilate in response to high doses (> 107 M) of nitric oxide (NO)
donors is not variable in young animals (233). In contrast, the 1Cs for SNP varied across
inbred mouse strains (Fig. 2.4 and Table 2.2). In their three-strain comparison, Chen et
al. found that SNP 1Cso was significantly different in SJL compared with FVB and C3H
strains (41). Thus, our results further provide evidence that genetic background affects
sensitivity of vascular smooth muscle to NO.

The evidence for genetic regulation of vasocontractile function is limited. Posti et
al. reported inter-individual variation in contractile responses to PE (217) and Stein et al.
found marked ethnic differences in sensitivity to PE (251). Using the consomic rat
panels, Kunert and colleagues identified that sensitivity to PE varied among consomic
strains (150, 151), suggesting that smooth muscle contractile responses to PE might be
regulated by multiple chromosomes. In the present study, responses to PE varied by
about five-fold, whereas the responses to KCI varied by two-fold. These ranges are
larger than those previously reported for responses to contractile agents in mouse aorta
(41, 233), but our study incorporates a much larger number of strains. Although data

regarding the genetic regulation of contractile function are limited, our findings of
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variation in contractile responses to both PE and KCI among 27 inbred strains (Figs. 2.5
and 2.6) provide evidence that contractile functions are also regulated by genetic
background.

ACh-induced endothelium-dependent vasorelaxation was moderately, but
significantly, correlated with SNP-induced endothelium-independent relaxation (Table
2.4). ACh is a muscarinic receptor agonist that stimulates the release of vasorelaxing
molecules, e.g. NO, prostacyclin and hyperpolarizing factors from endothelial cells.
Those relaxing molecules released from endothelial cells diffuse into vascular smooth
muscles, eventually causing muscle relaxation (55, 158). Whereas, SNP is a NO donor
that diffuses directly into vascular smooth muscle cells, thus inducing muscle
endothelium-independent relaxation (142). Our finding of modest phenotypic
correlations between responses to ACh and SNP (r = 0.342 to 0.433) would be expected
because both agents increase the influx of NO into vascular smooth muscle. Significant
genetic correlations between responses to ACh and SNP ICs (Table 2.5) indicate that
vasorelaxation responses to ACh and SNP would be influenced, in part, by common
genetic factors.

Previous studies have demonstrated that exaggerated contractile responses to
vasoconstrictors are associated with attenuated endothelium-derived NO because o-
adrenoreceptor agonists, e.g. PE and norepinephrine, stimulate not only a-
adrenoreceptor on smooth muscle, but also the release of NO from endothelium (58,
124). In the present study, responses to ACh were not correlated with contractile

responses (except for between ACh Max and PE ECx). This finding implies that strain
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differences in endothelium-dependent vasorelaxation observed in the present study
might not be mainly due to differences in NO pathways. In addition, the absence of
genetic correlations between responses to ACh and contractile responses (Table 2.5)
demonstrates that genetic regulation would be different between endothelium-dependent
vasorelaxation and vasocontractile responses. On the contrary, SNP ICsy and contractile
responses were partly correlated both phenotypically and genetically, raising the
possibility that relaxation responses to NO and contractile responses in smooth muscle
are influenced partly by common genetic factors.

BW was inversely correlated with ACh Max and SNP ICsg, but positively
correlated with contractile responses to PE (Table 2.4). These results would fit in with
previous clinical and epidemiological studies demonstrating that BMI or body fatness is
inversely associated with endothelial function (1, 254). However, we did not assess body
composition and body length in the present study.

Phenotyping a large number of inbred mouse strains with a range of genetic
diversity enabled us to perform GWAS to identify QTL responsible for endothelium-
dependent vasorelaxation, as well as endothelium-independent relaxation and contractile
responses. In the present study, four single nucleotide polymorphisms were significantly
associated with ACh Max (Table 2.6) and these are all located in non-coding regions: 1
in intergenic and 3 intronic regions. Pauli et al. currently reported that approximately 46%
of genetic variants curated from the NHGRI GWAS catalog (https://www.genome.gov/
26525384) were enriched within functional element-residing non-coding areas annotated

by The Encyclopedia of DNA Elements (ENCODE) (https://www.encodeproject.org/)
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(68). These data indicate that genetic variants residing in non-coding regions can
function as transcriptional regulators for neighboring genes. Therefore, single nucleotide
polymorphisms residing in non-coding regions might have underlying functional
significance that regulates investigations.

GWAS have shown potentials to not only provide a chance to identify novel
single nucleotide polymorphisms, but also confirm the results of previous candidate gene
studies. In the present study, however, well-known endothelial genes, e.g. eNOS. CYBA
or superoxide dismutase 1 (SOD-1), were not identified in any of significant/suggestive
QTL associated with the variation in endothelium-dependent vasorelaxation (Table 2.7).
This implies that strain differences in endothelium-dependent vasorelaxation observed in
the present study might be attributed to previously unsuspected pathways. For example,
family with sequence similarity 5, member ¢ (Fam5c) gene, also known as bone
morphogenetic protein/retinoic acid inducible neural specific 3, is located in a significant
QTL on Chr. 1 (148.45-148.85 Mb). The peak single nucleotide polymorphism resides
in intron 6 of this gene. The function of the Fam5c gene in vascular function has not
been directly characterized, but Fam5c mRNA was shown to be upregulated in response
to inflammatory stimuli in endothelial cells (234). Expression of Fam5c¢ in endothelium
of human coronary arteries was associated with expression of vascular adhesion
molecules (ICAM, VCAM). In a human GWAS study conducted by Connelly et al., the
human ortholog of Fam5c was strongly associated with myocardial infarction (49). The
author confirmed that the peak single nucleotide polymorphism for this gene showed

allele-specific expression in human aorta. Thus, Fam5c is a reasonable candidate gene to
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be investigated further for its role in endothelial function regulation, particularly, in
inflammatory response process.

A significant QTL for ACh Max on Chr. 19 (22.20-22.60 Mb) contains only one
gene (Table 2.7), transient receptor potential cation channel, subfamily M, Member 3
(Trpm3) and the peak single nucleotide polymorphism is located in intron 1. Trpm3
belongs to the family of transient receptor potential channels which are currently
considered as proteins mediating diverse non-voltage-gated calcium entry pathways in
vascular and communicating endothelial cells (100, 292). Its activity is increased by
calcium store depletion and muscarinic receptor activation (100). Accordingly, we
would also consider Trpm3 as one of candidate genes regulating endothelial function.
Physiological and molecular analyses, e.g. gene/protein expression and gene-targeting
studies, are required to identify and prove the role of proposed candidate genes in
endothelial function regulation.

The other two significant QTL for ACh Max (%) contain genes that have not
been formerly characterized for their role in vascular function or their contribution to
cardiovascular disease. A significant QTL on Chr. 1 (145.37-145.77 Mb) contains 3
protein coding genes; UDP-Gal:BetaGIcNAc Beta 1,3-Galactosyltransferase,
Polypeptide 2 (B3galt2), Glutaredoxin 2 (Glrx2) and Ubiquitin Carboxyl-Terminal
Hydrolase (Uchl5) (Table 2.7). The peak single nucleotide polymorphism was located in
an intergenic region. GIrx2 is known to play a role in the maintenance of mitochondrial
redox homeostasis via the involvement in response to hydrogen peroxide and regulation

of apoptosis caused by oxidative stress (168). This genomic region shares synteny with
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rat Chr. 13, where a blood pressure QTL was mapped (46.4 - 112.6 Mb) in a previous
study. Glrx2 might have a role in regulating endothelial function presumably via
mediating oxidative stress signaling. Similarly, the significant QTL on Chr. 2 (149.58-
149.98 Mb) contains three genes not directly linked to vascular function regulation.
However, this QTL is orthologous to rat QTL for blood pressure (20) and vascular
growth and elastic tissue integrity (149, 199). Given the regions of shared synteny for
cardiovascular traits between species, these suggestive QTL on Chrs. 1 and 2 are strong
candidates for further validation studies, gene expression of candidate genes, and
mechanistic studies of candidate genes.

At the suggestive level, 18 QTL for ACh Max were identified (Table 2.6). These
suggestive QTL also contain several putative candidate genes for endothelial function
(Table 2.7). Protein kinase (CAMP-dependent, catalytic) inhibitor gamma (Pkig) in the
suggestive QTL on Chr. 2 (163.18-163.58 Mb) is involved in endothelial barrier
dysfunction. Overexpression of this gene in endothelial cells reversed the barrier-
enhancing effect of increased CAMP (172, 173). This suggestive QTL also overlaps with
suggestive QTL for SNP ICs, and PE Max (Table 2.8), implying that this QTL contains
gene(s), possibly Pkig, regulating vasomotor function of smooth muscle. Ubiquinol-
cytochrome c reductase binding protein (Uqcrb) (suggestive QTL on Chr. 13) is known
to regulate vascular endothelial growth factor receptor signaling and play a role in
angiogenesis (39). Suggestive QTL on Chr. 17 contains heat shock protein 90kDa alpha,
class B (Hsp90abl). The stability of vascular endothelial growth factor (VEGF)

receptors depends on Hsp90abl function and inhibition of Hsp90ab1 blocks the
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proliferation and differentiation of endothelial cells (159). Given the stated roles of
Ugcrb and Hsp90abl in endothelial cell growth regulation, these genes might be
attractive putative candidates for further studies.

Several genes residing in the suggestive QTL for ACh Max have been identified
in human GWAS for cardiovascular traits. Mitochondrial ribosomal protein S22
(Mrps22) and Early B-cell factor 1 (Ebfl) in the QTL on Chrs. 9 and 11, respectively,
were identified for blood pressure in humans (133, 185). QTL on Chr. 11 overlaps with
QTL for the ICso for SNP. Cell division cycle 5-like (Cdc5l) and mitochondrial
ribosomal protein L14 (Mrpl14) on Chr. 17 have been identified in human GWAS for
large artery ischemic stroke and circulating vascular endothelial growth factor,
respectively (56, 120). An allelic effect of melanocortin 4 receptor (Mc4r; on Chr. 18) on
blood pressure was also reported (178). For ACh ICsp, 5 QTL were found at the
suggestive level. Though none of genes located in these QTL have known functions
associated with sensitivity to ACh, some of them reportedly contribute to the vessel
growth process, such as Sortilin-related receptor, L(DLR Class) A repeats containing
(Sorl1) (293), Phosphatase and actin regulator 1 (Phactrl) (4) and Sirtuin 5 (Sirt5) (63).
These genes have been identified in human GWAS for CVD-related traits (60, 63, 171).
Based on conjunction with findings from human studies, some of our suggestive QTL
would be confirmed with additional genomic analyses with more diverse populations.

While many QTL for vasoreactivity responses to SNP, PE and KCI were above
the suggestive level, the majority of those QTL did not reach at the significant level

(Table 2.8). One notable exception is a significant QTL for KCI ICsy on X chromosome.
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This QTL contains several genes, all of which, however, have not been functionally
linked to vascular regulation. None of those genes have been found in human GWAS or
rat QTL related to cardiovascular traits. In a rat consomic panel, several chromosome
consomic rat strains had different SNP ICso, PE Max, PE EC50 compared to their
parental inbred rat strains (150, 151). For example, chromosome 16 consomic rat strain
and Brown Norway inbred rat strain had different aortic SNP 1Cs, compared with Dahl
salt sensitive parental inbred rat strain (150). Maximal contractile responses to PE also
varied by about three-fold among several consomic and inbred parental strains of rats
(151). A handful of candidate gene studies have proposed a few genes, e.g. guanylate
cyclase a-1 (34), smoothelin-like protein 1 (284), WNK lysine deficient protein kinase 1
(15), as regulators of smooth muscle vasomotor function. However, these genes were not
found in our QTL, implying that there would be uncharacterized genetic factor(s)
responsible for regulating smooth muscle responses to SNP, PE or KCI. Although strong
candidate genes were not proposed by the present study, our result supports the
hypothesis that smooth muscle vasomotor function is regulated by genetic factors and
provides several suggestive QTL that would be valuable to explore further.

For the success of inbred strain GWAS studies, several factors were suggested to
be considered; the number of inbred strains and genetic markers and the statistical
algorithms. Wang et al. suggested that 30 strains or more would be recommended to
have acceptable power for a trait having ~30 % genetic effect contributing to total
variance (272). However, the intra-calss correlations (rl) in the present study are

relatively high (Figs. 2.3 to 2.6); for example, 0.50 for ACh Max. Furthermore,
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sequencing capability and single nucleotide polymorphism datasets have been
dramatically increased (84, 287) and GWAS using larger single nucleotide
polymorphism datasets with fewer than 30 strains have been successfully used in
association studies for various complex traits (17, 118, 220). EMMA, which was utilized
to perform GWAS in the present study, uses linear mixed models that provides increased
statistical power as well (141). Thus, we believe that 26 inbred strains were sufficient to
detect major single nucleotide polymorphism effect on endothelium-dependent
vasorelaxation in the present study.

Numerous studies have established sex differences in vascular function (30, 186,
250, 276). For example, sex steroid hormones, such as estrogens and their receptors, are
known to control endothelium-dependent vasorelaxation (186). Srivastava et al. found
different genomic loci responsible for atherosclerosis between male and female mice
(250). These previous data raise the possibility that the genetic basis for regulating
endothelial function would be different between sexes. Sex differences were not
considered in the present study, inclusion of females in the future studies should be
considered in the future.

In summary, we found a wide range of differences in intrinsic vasoreactivity,
mainly endothelium-dependent vasorelaxation, in aortas from 27 inbred mouse strains.
These strain-dependent differences enabled us to perform GWAS with a dense single
nucleotide polymorphism panel to identify QTL associated with intrinsic vascular
function. In particular, GWAS for endothelium-dependent vasorelaxation revealed 4

significant and 18 suggestive QTL on several chromosomes and, these QTL contain a
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few putative candidate genes which might play a role in regulating endothelial function.
Even though further independent studies are necessary to replicate and refine our
findings, the present study provides the first step toward comprehensive identification of
genetic factors for complex endothelial function in a large genomic scale. Future studies
may include linkage/association studies using more genetically diverse lines, such as
Hybrid Mouse Diversity Panel (14) and Collaborative Cross (9), to increase both
statistical and detection power with other comprehensive gene expression profiling
approaches, e.g. RNA sequencing and expression QTL (3), to reproduce and refine our

findings.
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3. INTERACTION OF GENETIC BACKGROUND AND
EXERCISE TRAINING INTENSITY ON ENDOTHELIAL FUNCTION

IN MOUSE AORTA

3.1. Introduction

Impaired endothelial function is a fundamental component of the pathogenesis of
cardiovascular disease. The endothelium plays an important role in maintaining vascular
health via synthesis of various vasoactive mediators such as nitric oxide (NO),
prostacyclin and endothelium-derived hyperpolarizing factors (188). Exercise training is
generally known to improve endothelial function (58, 119, 137, 144). This beneficial
effect of exercise training has been associated with increased expression of endothelial
nitric oxide synthase (eNOS) (240), enhanced production and bioavailability of NO
(231) and improved endothelium-dependent vasorelaxation (194). However, these
findings are inconsistent. For example, Green et al. demonstrated a wide range of
changes in flow-mediated dilation (FMD), a surrogate for endothelial function, in
response to exercise training, including individuals who had no or negative changes in
endothelial function following exercise training (96). The authors noted that greater
training-induced changes in endothelial function were associated with lower initial
cardiopulmonary fitness level and baseline endothelial function. Limited evidence also
suggests that endothelial function is genetically influenced. In humans, the estimated

heritability of FMD ranges from 0.14 to 0.44 (13, 122, 255, 290). Mouse strain
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differences in endothelium-dependent vasorelaxation also have been reported (41, 233).
For endothelial responses to exercise training, changes in FMD are more highly
correlated in monozygotic than dizygotic twins (123). These data support the idea that
responses to exercise training are also partially regulated by genetic factors.

The benefits from exercise training on the cardiovascular system, including
endothelial function, appear to be dependent on the training intensity. Clinical trials and
animal studies reported greater cardioprotective effects on VO,max, blood pressure and
glucose control after high intensity training (75 to 90 % of VO,max) compared to
moderate intensity training (< 70% of VO,max) (117, 129, 144, 257). Conversely,
several studies reported that high intensity training exerted similar effects as moderate
intensity training, or no effects, on cardiovascular health (45, 106, 228). There is also
some evidence linking high intensity exercise to negative outcomes (12, 130, 273). The
effects of exercise training intensity on endothelial function are also inconsistent. While
greater improvements in endothelial function in response to high intensity training
compared to moderate intensity training have been observed in both humans and rats
(114, 195, 262), others have reported no differences between moderate and high
intensity training on endothelial function (144, 222). These inconsistent effects of
training intensity might be due to the heterogeneity in age, sex and baseline health status
(16, 93, 114, 144, 222, 262). However, the contribution of genetic background to these
heterogeneous responses has not been formally considered.

Therefore, this study aimed to characterize the genetic contribution to endothelial

adaptation to exercise training and to determine the interactive effect between genetic
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background and training intensity on endothelial function. First, a strain survey for the
effect of traditional exercise training on endothelium-dependent vasorelaxation was
conducted in isolated thoracic aortas from 20 different inbred mouse strains. Then, four
inbred mouse strains were chosen based on the strain survey and aortic endothelial
responses to two different intensities (high vs. moderate) of exercise training were
examined. It is hypothesized that endothelial adaptations to exercise training are variable
among inbred mouse strains and these variable adaptations are dependent on training

intensity.

3.2. Methods
3.2.1. Animals

All procedures adhered to the established National Institutes of Health guidelines
for the care and use of laboratory animals and were approved by the Institutional Animal
Care and Use Committee at Texas A&M University. First, seven-week old male mice
from the following 20 inbred strains were utilized for the strain survey for vascular
responses to traditional moderate intensity exercise training (n=4-8/strain): 129S1/SvimJ,
129X1/Svd, AlJ, BALB/cByJ, C57BL/6J, C57BR/cdJ, C58/J, CBA/J, CE/J, FVBI/NJ,
I/LnJ, LG/J, LP/J, MA/MyJ, NON/LtJ, NZO/HiLtJ, PL/J, PWD/PhJ, SJL/J, and SM/J.
These inbred strains are a subset of 27 inbred mouse strains studied in the previous
section. Then, four inbred strains, C57BL/6J (B6), 129S1/SvimJ (129S1), SJL/J (SJL),
and NON/ShiLtJ (NON), were chosen based on the strain survey. Seven-week old male

mice from each strain were randomly assigned to one of two exercise groups: exercise
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training with continuous running at moderate intensity for 4 weeks (MOD, n = 6) or
exercise training with interval running at high intensity for 4 weeks (HIT, n = 6). All
mice were purchased from Jackson Laboratories. Upon arrival, all mice were given one
week to acclimatize to their new environment. All mice were allowed food and water ad
libitum and maintained on a 12:12-h light-dark cycle that initiated at 6:00 AM in the
animal housing facility at Texas A&M University. Body weights were collected once a
week throughout the study. Mice from the previous section were utilized as sedentary
control mice (SED) to be compared with trained mice within the same strain in the

present section.

3.2.2. Exercise performance test and exercise training

All mice (8-week old) were familiarized to treadmill running (10 min/d) for two
days on a six-lane motorized rodent treadmill (Columbus Instruments, Columbus, OH).
Each mouse then completed two exercise performance tests separated by 48 hours on the
treadmill as described previously (50, 180). Briefly, the treadmill was started at 9 m/min
at 0° grade for 9 minutes as a warm-up. The grade was then increased 5° every 9
minutes up to a final grade of 15° and speed was increased 2.5 m/min from a starting
speed of 10 m/min every three minutes until exhaustion. Exhaustion was defined as an
inability to maintain running in spite of repeated contact with the electric grid and
manual stimulation. At exhaustion, each mouse was immediately removed from the
treadmill and returned to its home cage. The average for two tests was used to calculate
running speed for their training.
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Traditional moderate intensity exercise training consisted of continuous running
at 65% of maximal speed for 60 minutes a day as previously described (180). In 4
selected inbred strains, MOD mice performed continuous running at a 65% of maximal
speed for ~70 minutes a day. HIT mice performed 6 sets of 8 minute-running at 85% of
maximal speed followed by 2 minute-active rest at ~50% of maximal speed each session.
All mice were trained 5 days/wk at a 10° incline on the treadmill for 4 weeks at ambient

temperature (~24° C).

3.2.3. Tissue harvest and aortic ring experiments

Approximately 48 h after the final exercise bout, mice were weighed and
anesthetized by intraperitoneal injection of a cocktail of ketamine (80 mg/kg) and
xylazine (5 mg/kg). Subsequently, thoracic aortas were dissected and connective tissue
was carefully removed in ice-cold physiological saline solution (in mmol/I: 118.3 NaCl,
4.7 KClI, 2.5 CaCl,, 1.2 MgSQy, 1.2 KH,PO4, 25 NaHCO3, and 5.5 glucose, pH 7.4)
under a microscope. Then aortas were cut into 2 mm ring segments of equal length. Each
ring segment was suspended in organ chamber of 610M Multi Chamber Myograph
System (Danish Myo Technology, Denmark) filled with 8 ml of oxygenated (95% O, 5%
CO,) physiological saline solution and allowed to equilibrate at 37°C for at least 30
minutes. Aortic rings were stretched to the resting tension (9 to 12 mN), which was
determined by the tension-force assessment in response to 25 mM of potassium chloride
(KCI). Then cumulative concentration-response curves to phenylephrine (PE: a

selective as-adrenergic receptor agonist, 10”° to 10° M) and KCI (a membrane
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depolarizing agent, 5 to 100 mM) were generated to assess contractile function of aortic
rings, while cumulative concentration-response curves to acetylcholine (ACh,
muscarinic receptor agonist) and sodium nitroprusside (SNP, nitric oxide donor) (10 to
10™ M) were generated to assess endothelium-dependent and -independent
vasorelaxation, respectively. Concentration-response curves to ACh and SNP were
generated after the ring was pre-constricted to 70% of maximum with PE. Doses were
added after the response curve reached a plateau from the previous dose. Unused
segments of thoracic aorta were snap-frozen in liquid nitrogen and stored for gene
expression profiling analysis. Gastrocnemius muscles were collected, cut in half and

stored for molecular analyses. All collected tissues were stored at -80°C.

3.2.4. Oxidative enzyme activity

Citrate synthase (CS) and succinate dehydrogenase (SDH) enzyme activity were
measured in gastrocnemius muscles from SED, MOD and HIT mice as exercise training
markers. A half of gastrocnemius muscle was placed in 20 volumes of ice-cold sucrose
muscle homogenization buffer (20 mM Tris, 40 mM KCI, 2 mM EGTA, 250 mM
Sucrose, pH was adjusted to 7.4) and homogenized using the FastPrep® -24 (MP
Biomedicals, Santa Ana, CA). Homogenates were centrifuged at 600g for 10 min at 4° C.
The supernatants were collected and total protein concentration was measured with BCA
protein assay reagent and pre-diluted BSA standards (Thermo scientific, Waltham, MA)
on Nanodrop 2000 (Thermo Scientific, Waltham, MA). Then citrate synthase and

succinate dehydrogenase activity in the protein samples were assessed on the Genesys
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10 UV spectrophotometer (Thermo scientific, USA) following a previously published
protocol (249). Briefly, for CS enzyme activity, 300 pl of distilled water, 500 pl of Tris
(200mM, pH 8.0) with Triton X-100 [0.2%(vol/vol)], 100 pul of 5,5'-dithiobis-(2-
nitrobenzoic acid) (1 mM), 30 pl of Acetyl CoA (10 mM) and 20 pl of muscle
homogenates were added to a 1-ml cuvette and the baseline activity at 412 nm was
measured for 3 mins. Then, 50 pl of oxaloacetate (10 mM) was added and the
absorbance change at 412 nm was measured for 3 mins. For SDH enzyme activity, 661
il of distilled water, 50 pl potassium phosphate buffer (500 mM, pH 7.5), 20 ul of fatty
acid-free bovine serum albumin (50 mg/ml), 30 pl of potassium cyanide (10 mM), 50 pl
of succinate (400 mM), 145 ul of 2,6-dichlorophenol indophenol, and 40 pl of muscle
homogenates were collected in a 1-ml cuvette and incubated at 37° C for 8 minutes. The
baseline activity was measured at 600 nm for 3 mins. After starting the reaction by
adding 4 pl of decylubiquinone (12.5 mM), the absorbance change at 600 nm was
recorded for 3 mins. The molar extinction coefficients of 13.6 and 19.1 mM™ cm™ were
used for CS and SDH enzyme activity calculation, respectively. All assays were carried
out at room temperature unless specified. CS from porcine heart (Sigma-Aldrich, St.

Louis, MO) was used as a standard for CS assay calibration.

3.2.5. RNA isolation, cDNA synthesis and PCR array
Frozen aortas from SED, MOD and HIT of three inbred strains (B6, SJL and
NON) were homogenized and total RNA was isolated utilizing RNeasy fibrous tissue

mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instruction. Aortas of

79



129S1 mice were excluded due to the similar vasomotor responses to exercise training as
B6 mice. The quantity and quality of total RNA were determined by Nanodrop 2000
(Thermo Scientific, Waltham, MA) and BioAnalyzer 2100 (Agilent Technologies, Santa
Clara, CA), respectively. RNA (500 ng) having an integrity number > 7.5 were
transcribed into cDNA using RT? First Strand cDNA Synthesis kit (Qiagen, Valencia,
CA) following the manufacturer’s manual. Synthesized cDNA were stored overnight at -
20°C.

Gene expression profiling specific for mouse endothelial cell biology (Cat. No.
PAMM-015Z) was conducted using RT? profiler PCR array (Qiagen, Valencia, CA) on a
96-well format. Each plate consists of 84 key genes associated with endothelial cell
biology, 5 housekeeping genes, 1 mouse genomic DNA control, 3 reverse transcriptase
control and 3 positive PCR controls. The complete list of genes can be found at the

manufacturer’s homepage (http://www.sabiosciences.com/rt_pcr_product/HTML

[PAMM-015Z.html). The Real-Time PCR Array was performed as indicated in the user
manual with RT? SYBR Green ROX qPCR Mastermix (Qiagen, Valencia, CA) using the
StepOne Plus (Applied Biosystem, Waltham, CA). Expression levels for all genes were
normalized with the geometric mean of five housekeeping genes, and the relative gene
expression level was determined using the web-based data analysis software provided by

Qiagen (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). This web-based

software is designed to facilitate 2 calculation for PCR array data (170).
With results from PCR array, overrepresentation analysis was conducted in the

Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA,

80



www.Ingenuity.com). Genes differentially expressed by exercise training (P <0.05
compared to SED within the same strain) were queried against the pathway gene sets
available in the IPA Knowledge Base to identify canonical pathways and molecular
functions in which genes differentially expressed in each group/strain are involved. The
core analysis was performed with a specific choice of ‘mouse’ for species and

‘endothelial cell’ for tissues/cells.

3.2.6. Nitrotyrosine Enzyme-Linked Immunoabsorbent Assay (ELISA)

Because nitrotyrosine is a product of protein tyrosine nitration resulting from
oxidative damage to proteins by peroxynitrite, we measured abundance of nitrotyrosine
in skeletal muscle from SED, MOD and HIT mice as an oxidative stress marker.
Another half of the gastrocnemius muscle was homogenized and total protein was
extracted using Cell Extraction Buffer (Invitrogen, Waltham, MA). Total protein
concentration was measured as described above. The abundance of nitrotyrosine in the
protein samples were measured using a 3-Nitrotyrosine ELISA kit (Abcam, Cambridge,
MA) on the DTX800 Multi-mode microplate reader (Beckman Coulter, Brea, CA)

according to the manufacturer’s instruction.

3.2.7. Statistical analysis
Values are presented as mean = SE. Percent vasocontractile responses (%) were
calculated for PE and KClI as [(Dp — Dg)/Dg] X 100, where ‘Dp’ is the maximal force

generated by a given specific dose and ‘Dg’ is the baseline force. Percent vasorelaxation
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responses for ACh and SNP were calculated as [(Dp — Dp)/(Dp — Dg)] X 100, where ‘Dp’
is the maximal force pre-generated by PE, ‘Dp’ is the lowest force generated at a given
dose of ACh or SNP and ‘Dg’ is the baseline force. The log;o of half maximal effective
concentration (ECs) for vasoconstriction responses and half maximal inhibitory
concentration (ICsp) for vasorelaxation responses were calculated using absolute values
(mN) from cumulative concentration-response curves using Prism 6 (GraphPad Software,
La Jolla, CA) as the indicator for the sensitivity to a vasoactive agent.

Differences in maximal responses to vasoactive agents and ECso/ICso between
traditional exercise trained mice and sedentary mice within each strain were analyzed
using a Student’s t test. For data from the second phase of study, differences in
cumulative concentration-response curves across groups within a strain were compared
using One-way ANOVA with repeated measures. Differences in body weight,
mitochondrial enzyme activities, ECsg or ICsp, relative gene expression, and
nitrotyrosine abundance across SED groups of each strain or groups within a strain were
analyzed using One-way ANOVA followed by Tukey post-hoc test. Two-way ANOVA
was conducted with strain-by-training mode to examine the interaction between strain
and exercise training mode. Intrinsic differences at sedentary state between inbred
strains were compared to SED of B6. All statistics were performed using SPSS 22 (IBM,

Armonk, NY). Statistical significance was set at P < 0.05.
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3.3. Results

To investigate genetic contribution to vascular (mainly endothelial) responses to
exercise training in mice, a strain survey for vasoreactivity was performed in isolated
thoracic aortas from 20 inbred mouse strains after 4 weeks of traditional moderate
intensity exercise training. Figs. 3.1 to 3.4 illustrate the results of the strain survey of
vascular responses to traditional exercise training in isolated thoracic aortas from 20
inbred strains. Overall, traditional exercise training had no effect on aortic endothelium-
dependent vasorelaxation to ACh in most of inbred mouse strains (Fig. 3.1). Only aortic
rings from NON/LtJ, A/J and CE/J showed greater maximal relaxation responses (%) to
ACh (ACh Max) or ICsq for ACh (ACh ICs) after traditional exercise training compared
with sedentary mice within the same strain. The ICso for SNP (SNP 1Csp) in aortic rings
was not affected by traditional exercise training in any strains, compared to sedentary
mice of the same strain (Fig. 3.2). All aortic rings were 100% relaxed at SNP
concentrations of 10° to 3x10® M, hence maximal responses to SNP were the same
(data not shown). For vasoconstrictor agents, the majority of aortic rings from 20 inbred
mouse strains, with only few exceptions, had similar contractile responses to PE and KCI
between traditional exercise trained mice and sedentary mice within a strain (Figs. 3.3
and 3.4). Based on the result of endothelium-dependent vasorelaxation to ACh (Fig. 3.1),
four inbred mouse strains (129S1, B6, SJL, and NON) were chosen to examine

endothelial responses to two different training intensities.

83



A ACh Max (%) M SED

O Ex
1204
*
100+ -
- *
e\° I T T
= 804
=
=
B
= 60+
@
=2
404
0
I S TP TP TR SR T TR T St S T SRS JA ST TR T JPAY
N NEFTF Y T T AT TSI F TSI V&S
O 0\ "9‘1. _\\" \s’ & (‘/\\Q’ @V’ {;‘ é\
e‘\» N \_‘9“9 & v & [
Strain
B ACh ICSO
10-
9-
—
= #
S
=
g 7
1
6-
5
0
N IS R ARl SIIPC I IR LI B R TP IR T SRR S Bt
ARG OO SRR N TS \\\?Q\q“ & 3,\@ 3
XY 4 & O o 37 Ky & <
S v <! \
o
Strain

Figure 3.1. Strain survey for the effect of traditional exercise training on (A) maximal
relaxation responses (%) to acetylcholine (ACh Max) and (B) the half maximal
inhibitory concentration in responses to ACh (ACh 1Csp) in young male mice from 20
inbred strains. After traditional moderate intensity exercise training for 4 weeks,
cumulative concentration-response curves to ACh (10 to 10° M) were assessed in
isolated thoracic aortas. *, P <0.05 significantly different from SED within the same
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Figure 3.2. Strain survey for the effect of traditional exercise training on the half
maximal inhibitory concentration in responses to sodium nitroprusside (SNP ICsp) in
young male mice from 20 inbred strains. After traditional moderate intensity exercise
training for 4 weeks, cumulative concentration-response curves to SNP (10 to 10° M)
were assessed in isolated thoracic aortas. There was no difference in SNP 1Csy between
trained and sedentary mice within the same strain. Since all aortic rings were 100%
relaxed at an SNP concentration of 10 to 3x10® M, maximal responses to SNP were
not shown.
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Strain survey for the effect of traditional exercise training on (A) maximal

contractile responses (%) to phenylephrine (PE Max) and (B) the half maximal effective
concentration in responses to PE (PE ECs) in young male mice from 20 inbred strains.
After traditional moderate intensity exercise training for 4 weeks, cumulative
concentration-response curves to PE (10”° to 10° M) were assessed in isolated thoracic

aortas. *, P

<0.05 significantly different from SED within the same strain.
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Figure 3.4. Strain survey for the effect of traditional exercise training on (A) maximal
contractile responses (%) to potassium chloride (KCI Max) and (B) the half maximal
effective concentration in responses to KCI (KCI ECsp) in young male mice from 20
inbred strains. After traditional moderate intensity exercise training for 4 weeks,
cumulative concentration-response curves to KCI (5 to 100 mM) were assessed in
isolated thoracic aortas. *, P <0.05 significantly different from SED within the same
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For four selected inbred strains, differences in pre-training body weight (pre-BW)
and the change in BW (post minus pre-training) among groups or inbred strains are
illustrated in Table 3.1. For pre-BW (g), NON had higher (30.6 = 0.6) and SJL had lower
(21.4 £ 0.4) pre-BW than B6 (23.5 £ 0.2). However, NON SED, as well as 129S1 SED,
gained less BW than B6 SED after 4 weeks. In exercise trained mice, B6 HIT, SIL HIT
and NON MOD showed smaller increases in BW compared with SED of the same strain.
A significant interaction (F = 8.36, P < 0.01) between strain and training intensity was
identified for the change in BW.

In order to assess exercise training efficacy, we measured citrate synthase (CS)
and succinate dehydrogenase (SDH) enzyme activity in gastrocnemius muscles. Among
SED mice, SJL had higher level of CS activity than B6 (Fig. 3.5A). In contrast, SDH
activity was similar across SED groups of 4 inbred strains (Fig. 3.5B). In trained mice,
MOD had higher CS and SDH activity in B6 and 129S1 compared to SED in the same
strain. However, all HIT groups had similar CS and SDH activities compared with SED
in the same strain. The interaction between strain and training intensity for SDH activity
was significant (F = 2.19, P = 0.03), but not for CS activity (F = 1.43, P = 0.19). These
results indicate that the effect of exercise training on oxidative enzyme activity in
skeletal muscle is influenced by the interaction between inbred strain and training
intensity.

Vasorelaxation responses to exercise training in isolated thoracic aortas from 4
inbred strains are summarized in Figs. 3.6 and 3.7. Both MOD and HIT groups of NON

had greater endothelium-dependent vasorelaxation compared with NON SED.

88



Table 3.1. Pre-training body weight (BW) and the change in BW after exercise training in 4 inbred mouse strains

C57BL/6J 12951/SvimJ SIL/J NON/LtJ
SED MOD HIT | SED MOD HIT | SED MOD HIT | SED MOD HIT
oretraining BW g 241 233 283 | 215 217 232 | 216 209 216 | 306 321 290
re-rallingBW.9 104 +05 04 | £07 +08 206 | +11 +07 %05 | +12 07 £07
Change in BW 42 34 24 | 31 25 29 | 47 36 32 | 30 01 20
angemBW.9 103 104 207%|+01t +03 £03 | +04 204 +03*|+02f +06* +04

Values are mean = SE. n = 6 mice per group per strain. Pre-training BW, body weight before training at 8 wk-old; change in

BW, body weight after training minus before training. *, P < 0.05 significantly different from SED within the same strain. ¥,
P < 0.05 significantly different from SED of C57BL/6J.
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Figure 3.5. Effect of moderate-intensity continuous (MOD) and high-intensity interval

training (HIT) on oxidative enzyme activity in gastrocnemius muscle from 4 inbred
mouse strains. Eight-week old male mice (B6, 129S1, SJL, and NON) were trained with
MOD or HIT for 4 weeks. (A) Responses of citrate synthase (CS) activity (nmol ¢ min™*
 mg') to two training intensities. (B) Responses of succinate dehydrogenase (SDH)
activity (nmol » min™ « mg™) to two exercise training intensities. Values are expressed as

mean + SE. n =6 mice per group per strain. *, P <0.05 significantly different from SED
within the same strain. §, P <0.05 significantly different from SED of B6.
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Figure 3.6. Effect of moderate-intensity continuous (MOD) and high-intensity interval
training (HIT) on acetylcholine-induced endothelium-dependent relaxation in young
male mice from 4 inbred strains. After exercise training with moderate intensity
continuous running training (MOD) or high intensity interval training (HIT) for 4 weeks,
cumulative concentration-response curves to acetylcholine (ACh, 10 to 10 M) were
assessed in isolated thoracic aortas from 4 inbred strains, (A) B6, (B) 129S1, (C) SIL,
and (D) NON. Cumulative concentration-response curves are expressed by percent
relaxation (%). Values are expressed as mean + SE. n =6 mice per group per strain. *, P
<0.05 significantly different from SED within the same strain.
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Figure 3.7. Effect of moderate-intensity continuous (MOD) and high-intensity interval

training (HIT) on sodium nitroprusside-induced endothelium-independent vasorelaxation

in young male mice from 4 inbred strains. After exercise training with moderate

intensity continuous running training (MOD) or high intensity interval training (HIT) for

4 weeks, cumulative concentration-response curves to sodium nitroprusside (SNP, 107
to 10™ M) were assessed in isolated thoracic aortas from 4 inbred strains, (A) B6, (B)

129S1, (C) SJL, and (D) NON. Cumulative concentration-response curves are expressed

by percent relaxation (%). Values are expressed as mean + SE. n = 6 mice per group per
strain. SNP-induced endothelium-independent vasorelaxation was not different among

groups within any of strains.
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Table 3.2. IC5p and ECsp in cumulative concentration-response curves to vasoactive agents after exercise training in 4

inbred mouse strains

C57BL/6J 129S1/SvimJ SJLA NON/LtJ

SED MOD HIT SED MOD HIT SED MOD HIT SED MOD HIT

ACh ICs -726 -727r -704 | -722 -705 -716 | -751 -775 -788 | -743 -714 -7.37
(log10) +012 +010 +026 | 012 +016 +009 | £+012 007 +020 | £007 +0.13 *0.08
SNP 1Csg -829 -818 -809 | -846 -830 -846 | -796 -800 -79 | -796 -806 -8.10
(logso) +011 +019 +011 | +016 +023 +008 | £+011 +011 +008 | +0.06 +0.09 =+0.03
PE ECs -6.64 -6.60 -6.27 | -651 -6.44 -6.48 -6.57 -6.64 -6.70 | -6.73 -6.26 -5.97
(logso) +005 010 £0.13*| +£0.13 +0.12 =+0.14 +0.06 +007 +011 | £0.04 =£0.11* =+0.11*
KCI ECsg 16.79 16.86 21.75 15.07 12.51 16.57 24.97 24.80 2491 | 15.02+ 18.39 19.99
(mM) +163 +163 +205 | £005 +245 +157 |+0.03f +0.05* +0.05 0.07 +198 +202

Values are mean = SE. n = 6 mice per group per strain. ACh, acetylcholine; SNP, sodium nitroprusside; PE, phenylephrine;
KCI, potassium chloride; 1Csp, half maximal inhibitory concentration in cumulative centration-response curve to ACh or
SNP; ECsg, half maximal effective concentration in cumulative concentration-response curve to PE or KCI. *, P < 0.05
significantly different from SED within the same strain. ¥, P < 0.05 significantly different from SED of C57BL/6]J.
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In contrast, endothelium-dependent vasorelaxation in both exercise-trained groups
(MOD, HIT) of B6 and 129S1 were not different from their respective SED mice.
Interestingly, endothelium-dependent vasorelaxation was significantly impaired in SJL
HIT compared with SIL SED (Fig. 3.6C). Sensitivity (ICso) to ACh was not different
across training groups for any of strains (Table 3.2). The interaction between strain and
training intensity on endothelium-dependent vasorelaxation was significant (F = 1.01, P
<0.01). On the contrary, SNP-induced endothelium-independent vasorelaxation and SNP
ICso were not different among groups within each strain (Fig. 3.7 and Table 3.2). These
results indicate that effect of exercise training on endothelium-dependent vasorelaxation,
but not endothelium-independent relaxation, is influenced by the interaction between
genetic background and training intensity.

For contractile responses to PE (Fig. 3.8), there were no differences between
SED and exercise groups of B6, 129S1 and SJL. In contrast, both MOD and HIT of
NON had decreased contractile responses to PE compared with NON SED. These
decreased responses were accompanied by increased sensitivities (ECso) to PE compared
with SED (Table 3.2). Contractile responses to KCI were similar between SED and
exercise groups in all strain (Fig. 3.9). Only SJL MOD had increased sensitivity (ECs)
to KCI compared with SJL SED (Table 3.2).

Because of the decreased endothelium-dependent vasorelaxation in SJL HIT, we
measured the abundance of nitrotyrosine via ELISA in proteins extracted from
gastrocnemius muscle to assess the effect of exercise training on oxidative stress (Fig.

3.10). NON had higher intrinsic (in the sedentary state) level of nitrotyrosine than B6.
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Figure 3.8. Effect of moderate-intensity continuous (MOD) and high-intensity interval
training (HIT) on phenylephrine-induced contraction in young male mice from 4 inbred
strains. After exercise training with moderate intensity continuous running training
(MOD) or high intensity interval training (HIT) for 4 weeks, cumulative concentration-
response curves to phenylephrine (PE, 10 to 10" M) were assessed in isolated thoracic
aortas from 4 inbred strains, (A) B6, (B) 12951, (C) SJL, and (D) NON. Cumulative
concentration-response curves are expressed by change in tension (%). Values are
expressed as mean + SE. n = 6 mice per group per strain. *, P <0.05 significantly
different from SED within the same strain.
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Figure 3.9. Effect of moderate-intensity continuous (MOD) and high-intensity interval
training (HIT) on potassium chloride-induced contraction in young male mice from 4
inbred strains. After exercise training with moderate intensity continuous running
training (MOD) or high intensity interval training (HIT) for 4 weeks, cumulative
concentration-response curves to potassium chloride (KCI, 5 to 100 mM) were assessed
in isolated thoracic aortas from 4 inbred strains, (A) B6, (B) 129S1, (C) SJL, and (D)
NON. Cumulative concentration-response curves are expressed by change in tension (%).
Values are expressed as mean + SE. n =6 mice per group per strain. KCI-induced
contraction was not different among groups within any of strains.
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Figure 3.10. Effect of moderate-intensity continuous (MOD) and high-intensity interval
training (HIT) on nitrotyrosine level in gastrocnemius muscle from 4 inbred mouse
strains. 8-week old male mice were trained with moderate intensity continuous running
training (MOD) or high intensity interval training (HIT) for 4 weeks. Values are
expressed as mean + SE. n = 6 mice per group per strain. *, P <0.05 significantly
different from SED within the same strain. f, P <0.05 significantly different from SED
of B6.
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In exercise-trained mice, nitrotyrosine abundance was lower in 129S1 MOD compared
with SED in the same strain. In SJL, nitrotyrosine abundance was higher in HIT than
SED. A significant interaction (F = 7.00, P <0.01) between strain and training intensity
was found.

To determine which genes are differentially expressed by exercise training, we
conducted expression profiling of endothelial cell biology-related genes by RT-gPCR.
The pattern of gene expression changes in trained groups compared with SED in the
same strain is visualized in Fig. 3.11 and the lists of genes differentially expressed by
exercise training compared to SED within each strain (p < 0.05) are shown in Tables 3.3
and 3.4. For B6, only a few genes were differentially expressed (1 up- and 4 down-
regulated) between MOD or HIT and SED. For SJL mice, 1 gene was up-regulated and 4
genes were down-regulated in MOD, while 9 genes were up-regulated and 2 genes were
down-regulated in HIT (Table 3.3). NON MOD had 3 and 6 genes up- and down-
regulated by exercise training, respectively. There were 28 genes (21 up-regulated and 7
down-regulated) differentially expressed in NON HIT (Table 3.4). There was very little
overlap between genes differentially expressed in MOD and HIT within each strain or
among strains. These data suggest that the influence of exercise training on
transcriptional activation is both strain- and training intensity-dependent.

Gene expression profiling data derived from PCR array were imported into the
IPA to identify biological pathways and molecular/cellular functions overrepresented
with genes differentially expressed in exercise-trained groups. Only data for SJIL HIT,

NON MOD and NON HIT were analyzed because of limited changes in the other groups.

98



A.

Ace
Adam17
Agt
Agtria
Angpti
Anxa5
Apoe
Bax
Bcl2
Bcel2l1
Casp1
Casp3
Cav1

B6

Ccl2
Cels
cdh5
Cflar
Col18a1
Cradd
Cx3cl1
Cxcl1
Cxel2
Cxcr5
Edn1
Edn2
Ednra
Eng
F2r
F2ri1
F3

Fas
Fasl
Fgfi
Fgi2
Fit1
Fn1
Hifta
lcam1
n
b

us

ns

n7
Itga5
Itgav
Itgb1
Itgb3
Kdr
Kit
Mmpia
Mmp2
Mmp9
Nos3
Nppb
Npri
Ocin
Pdgfra
Pecami
Pi4
Pgf
Plat
Plau
Plg
Procr
Ptgis
Ptgs2
Sele
Sell
Selp
Selplg
Serpine1
Sod1
Tek
Tipi
Tgfbi
Thbd
Thbs1
Timp1
Tnf
Tnfsf10
Tymp
Vecam1
Vegfa

Vwf

B.

SJL

Ace
Adam17
Agt
Agtria
Angpt1
Anxa5
Apoe

Bax
Bcl2
Bel2i
Casp1
Casp3
cavi
Ccl2
Ccl5
Cdh5
Cflar
Col18a1
Cradd
Cx3cl1
Cxell
Cxcl2
Cxcr5
Edn1
Edn2
Ednra
Eng
F2r
F2ri1
F3

Fas
Fasl
Fgf1
Fgi2
Fit1
Fn1
Hifla
lcam1
1
b

us

e

nr
Itga5
Itgav
Itgb1
Itgb3
Kdr
Kit
Mmpia
Mmp2
Mmp9
Nos3
Nppb
Npr1i
Ocin
Pdgfra
Pecam1
P4
Pgf
Plat
Plau
Plg
Procr
Ptgis
Pigs2
Sele
Sell
Selp
Selplg
Serpine1
Sod1
Tek
Tpi
Tgfbi
Thbd
Thbs1
Timp1
Tnf
Tnfsf10
Tymp
Vecam1
Vegfa

Vwt

99

C.

Ace
Adam17
Agt
Agtria
Angpt1
Anxas
Apoe
Bax
Bel2
Bel2l1
Casp1
Casp3
cav1

NON

Ccl2
Ccls
Cdh5
Cflar
Col18a1
Cradd
Cx3cl1
Cxcl
Cxcl2
Cxcer5
Edn1
Edn2
Ednra
Eng
F2r
Fari1
F3

Fas
Fasl
Fgf1
Fgf2
Fit1
Fn1
Hif1a
leam1
n1
b

[[]

e

n
Itgas
Itgav
Itgb1
Itgb3
Kdr
Kit
Mmp1a
Mmp2
Mmp9
Nos3
Nppb
Npri
Ocin
Pdgfra
Pecam1
P4
Pgf
Plat
Plau
Plg
Procr
Ptgis
Ptgs2
Sele
Sell
Selp
Selplg
Serpine1
Sod1
Tek
Tipi
Tgfb1
Thbd
Thbs1
Timp1
Tnf
Tnfsf10
Tymp
Veam1
Vegfa
Vi

-3.405

+3.405

Figure 3.11. Heat-map of relative expression levels of 84 key genes associated with
endothelial cell biology in trained mice compared with sedentary mice within the same
strain. 129S1 strain was excluded for gene expression profiling due to similar results as
B6. 8-week old male mice were trained with moderate intensity continuous running
training (MOD) or high intensity interval training (HIT) for 4 weeks. Red indicates
down-regulation, black indicates no change and green indicates up-regulation. n =4
mice per group per strain.



Table 3.3. Genes differentially expressed by exercise training in thoracic aortas from B6 and SJL mice

Strain Training Symbol Name Fold regulation p value
MOD Down-regulated
Vegfa Vascular Endothelial Growth Factor A -1.2235 0.006971
Up-regulated
B6 Sodl Superoxide dismutase 1, soluble 1.8638 0.008099
Down-regulated
HIT Bax BCL2-associated X protein -1.2333 0.01693
Ccl2 Chemokine (C-C motif) ligand 2 -2.8841 0.005821
Pecaml Platelet/endothelial cell adhesion molecule 1 -1.1998 0.021993
Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 -2.5176 0.003915
Up-regulated
Cxcll Chemokine (C-X-C motif) ligand 1 3.2444 0.002115
Down-regulated
MOD Adam17 A disintegrin and metallopeptidase domain 17 -1.3187 0.019273
Cdh5 Cadherin 5 -2.8288 0.040645
Kdr Kinase insert domain protein receptor -1.4956 0.036468
Thbd Thrombomodulin -2.3078 0.04334
Up-regulated
Adam17 A disintegrin and metallopeptidase domain 17 1.3688 0.008579
SJL Agt Angiotensinogen 2.0555 0.022339
Apoe Apolipoprotein E 1.7175 0.000182
Cradd CASP2 and RIPK1 domain containing adaptor with death domain 1.9187 0.002729
Cx3cl1 Chemokine (C-X3-C motif) ligand 1 1.68 0.01296
HIT Itgab Integrin alpha 5 2.4118 0.000414
Mmp2 Matrix metallopeptidase 2 1.5643 0.016875
Nprl Natriuretic peptide receptor 1 1.5639 0.008387
Tnf Tumor necrosis factor 2.6159 0.012139
Down-regulated
Ccl2 Chemokine (C-C motif) ligand 2 -2.0397 0.04728
Cflar CASP8 and FADD-like apoptosis regulator -1.3652 0.002045

Among 84 key genes associated with endothelial cell biology, genes significantly up- and down-regulated by exercise training (P<0.05, compared

to SED within a strain) are listed.
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Table 3.4. Genes differentially expressed by exercise training in thoracic aortas from NON mice

Strain Training Gene Description Fold regulation p value
Up-regulated
Ccl2 Chemokine (C-C motif) ligand 2 2.5446 0.042696
Pf4 Platelet factor 4 1.9346 0.027056
Ptgis Prostaglandin 12 (prostacyclin) synthase 2.8793 0.039385
Down-regulated
MOD Agtrla Angiotensin Il receptor, type 1a -1.3952 0.018257
Cdh5 Cadherin 5 -1.1755 0.040467
Fltl FMS-like tyrosine kinase 1 -1.3173 0.045257
Kdr Kinase insert domain protein receptor -1.4242 0.013216
Mmpla Matrix metallopeptidase 1a (interstitial collagenase) -1.47 0.007821
Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 -1.4434 0.005505
Up-regulated
Ace Angiotensin | converting enzyme 2.3746 0.010898
Adaml7 A disintegrin and metallopeptidase domain 17 1.5966 0.008599
Apoe Apolipoprotein E 2.019 0.000432
Casp3 Caspase 3 1.5061 0.0478
NON Cdh5 Cadherin 5 1.2575 0.008199
Col18al Collagen, type XVIII, alpha 1 3.0057 0.035492
Cradd CASP2 and RIPK1 domain containing adaptor with death domain 1.5422 0.001839
Cx3cll Chemokine (C-X3-C motif) ligand 1 2.656 0.010743
Ednra Endothelin receptor type A 1.7285 0.014541
HIT Eng Endoglin 1.4588 0.040187
Fnl Fibronectin 1 2.5669 0.004596
Icaml1 Intercellular adhesion molecule 1 2.2695 0.01039
Itga5 Integrin alpha 5 2.9982 0.001567
Kit Kit oncogene 1.7288 0.043853
Mmp2 Matrix metallopeptidase 2 1.9703 0.010397
Nprl Natriuretic peptide receptor 1 3.2579 0.004695
Pdgfra Platelet derived growth factor receptor, alpha 2.0388 0.011554
Procr Protein C receptor, endothelial 1.5567 0.037544
Tgfbl Transforming growth factor, beta 1 1.3271 0.03762
Thbd Thrombomodulin 2.6407 0.000892
Vwf Von Willebrand factor homolog 1.8964 0.018501
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Table 3.4 Continued

Strain Training Gene Description Fold regulation p value
Down-regulated

Agtrla Angiotensin 11 receptor, type la -1.5457 0.002137

Cxcll Chemokine (C-X-C motif) ligand 1 -3.4433 0.022196

Cxcl2 Chemokine (C-X-C motif) ligand 2 -1.9636 0.019817

Edn2 Endothelin 2 -2.2056 0.039311

Fgfl Fibroblast growth factor 1 -2.0569 0.001005

Sele Selectin, endothelial cell -2.3573 0.024778

Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 -1.3849 0.007946

Among 84 key genes associated with endothelial cell biology, genes significantly up- and down-regulated by exercise training (P<0.05,

compared to SED within a strain) are listed.
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Table 3.5. Top 3 canonical pathways for genes significantly altered by exercise

training
Strain  Training Description p value Genes
Agranulocyte Adhesion and Diapedesis  4.89E-04 Cx3cl1, Itga5, Mmp2, Tnf
SiL HIT Granulocyte Adhesion and Diapedesis 6.12E-04 Cx3cl1, Itga5, Mmp2, Tnf
FXR/RXR Activation 8.95E-04 Agt, Apoe, Tnf
Hepatlc_ Fibrosis / Hepatic Stellate Cell 6.18E-04 Flt1, Kdr, Mmp1la, Tnfsf10
Activation
MOD VEGF Eamlly Ligand-Receptor 3.08E-03 FItl, Kdr
Interactions
NON
. . . Cdh5, Cx3cl1, Fnl, Icam1l,
Agranulocyte Adhesion and Diapedesis  3.73E-06 ltga5, Mmp2, Cxcl2, Sele
. . . Cdh5, Cx3cl1, Fnl, Icam1,
HIT Granulocyte Adhesion and Diapedesis 6.73E-05 ltga5, Mmp2, Cxcl2, Sele
- . . Col18al, Ednra, Fn1,
Hepatic Fibrosis / Hepatic Stellate Cell 9.86E-05 Icam1, Mmp2, Tgfbl,

Activation

Cxcl2, Tnfsf10

Canonical pathways to which genes significantly altered by exercise training belong were identified by
Ingenuity Pathway Analysis (IPA). Selection of top 3 canonical pathways was based on P-value which
is a measure of the likelihood that the association between a set of genes and a given pathway is due to
random chance. The p value is calculated by the right-tailed Fisher Exact Test in IPA. Data from the
other groups/strains were excluded due to limited changes in both gene expression (Tables 3.3) and
endothelial function after exercise training (Fig. 3.6).
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Table 3.6. Top 3 molecular and cellular functions for genes significantly altered

by exercise training

Strai

Training Description p value  Predicted
Production of reactive oxygen species 9.66E-04 Up
SJL HIT Synthesis of nitric oxide 1.79E-03 Up
Synthesis of phosphatidylinositol-3,4,5-triphosphate ~ 1.72E-02 Up
Differentiation of endothelial cells 5.39E-05 Down
MOD Endothelial cell development 2.98E-03 Up
Proliferation of endothelial cells 3.06E-02 Up
NON
Adhesion of endothelial cells 9.09E-05 Down
HIT Adhesion of immune cells 1.01E-04 Down
Migration of endothelial cells 1.27E-03 Down

Diseases or molecular functions with which genes significantly altered by exercise training are
associate were identified by Ingenuity Pathway Analysis (IPA). Selection of top 3 functions was based
on P-value calculated by the right-tailed Fisher Exact Test in IPA. Data from the other groups/strains
were excluded due to limited changes in both gene expression (Tables 3.3) and endothelial function

after exercise training (Fig. 3.6).
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IPA identified several canonical pathways and molecular/cellular functions with
which genes differentially expressed in exercise-trained groups are associated (Tables
3.5 and 3.6). Gene sets differentially expressed in HIT groups of SJIL and NON were
overrepresented in pathways related to inflammatory molecule adhesion and migration,
while a gene cluster differentially expressed in NON MOD was enriched in pathways
associated with vessel growth and NO signaling. For the overrepresented molecular and
cellular functions, the greatest effects of HIT in SJL appeared to be related to molecular
functions of reactive oxygen species (ROS) production, whereas the effects of HIT in
NON involved molecular functions linked to cell adhesion and migration. The genes
differentially expressed in NON MOD were associated with cell differentiation and

proliferation.

3.4. Discussion

First, the effect of traditional exercise training on vasoreactivity was globally
evaluated in thoracic aortas from 20 inbred mouse strains to characterize the effect of
genetic background on endothelial responses to a commonly used exercise training
program in mice. Then, in 4 selected inbred strains, vascular responses to two different
intensities of exercise training in thoracic aortas were further assessed to determine the
interactive effect between genetic background and training intensity on endothelial
function. The main findings were: 1) traditional exercise training exerted subtle effects
on endothelial function in the majority of inbred mouse strains; 2) intrinsic physiological

markers of skeletal muscle in the sedentary state were variable across four selected
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inbred strains; 3) there was a significant interaction between genetic background and
training intensity on endothelial responses to exercise training; 4) endothelial gene
expression profiles were different depending on both genetic background and training
intensity.

It is generally known that exercise training can improve endothelial function (58,
119, 137, 145). However, in the present study, the strain survey revealed that
endothelium-dependent vasorelaxation in aortic rings from 20 inbred mouse strains were
similar between trained and sedentary groups after 4 weeks of traditional moderate
intensity exercise training (Fig. 3.1). Although results are mixed, several previous
studies have reported that exercise training had no impact on endothelium-dependent
vasorelaxation in young normal populations (97, 203, 264). Green et al. proposed a
possible explanation that the lack of benefit from exercise training might be due to
training-induced vessel remodeling which may structurally normalize the responses to
increased shear stress stimuli (97). This exercise-induced vascular remodeling, however,
tends to occur after a long-term exercise training (typically > 12 t016 weeks) (32, 137,
277), implying that this might not be the cause of the lack of responses to 4 weeks of
traditional moderate intensity exercise training in the present study. Rather, given the
feasibility that all mice were young (13 week-old) and thus were presumed to have
normal baseline endothelial function, the intensity of traditional exercise training might
not be sufficient to stimulate functional changes in endothelium. This possibility
prompted us to investigate the effect of high intensity exercise training (HIT) on

endothelial function in selected inbred mouse strains.
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Among 4 selected inbred strains in the sedentary state, NON had impaired
baseline endothelial function, whereas 129S1 and SJL had similar baseline endothelial
function, compared to B6 (Fig. 2.3). NON had a significantly higher skeletal muscle
nitrotyrosine, a marker of oxidative stress, in the sedentary state compared with B6 (Fig.
3.10). Increased oxidative stress can lead to reduction in nitric oxide (NO)
bioavailability and subsequently reduced response to endothelium-dependent
vasorelaxing agents (35). Additionally, results from gene expression profiling indicated
that NON SED had moderately decreased expression in eNOS gene (Fold regulation = -
1.48, P =0.07) compared with B6 SED (data not shown). Although our data, as well as
previous studies (219, 256), indicate that NON exhibits phenotypes associated with
endothelial dysfunction, the underlying mechanism of their impaired endothelial
function is not clear and further studies are required.

CS and SDH activity in skeletal muscle have been widely employed as markers
for mitochondrial oxidative potential. In the present study, intrinsic CS activity varied
across strains (Fig. 3.5A), suggesting a genetic contribution to intrinsic CS activity in
mouse skeletal muscle. This finding is in agreement with Ratkevicius et al. in that there
is a difference in intrinsic CS activity among inbred mouse strains (224). These authors
identified a putative single nucleotide polymorphism (rs29358506) that contributed to
the difference in intrinsic CS activity across 6 inbred mouse strains. We could not
support their finding because all 4 strains we utilized in the present study have the same

genotype for this polymorphism. For SDH activity, we found no difference among the 4
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inbred strains (Fig. 3.5B) and thus do not have evidence of a genetic contribution to
intrinsic SDH activity in this study.

It is well established that exercise training improves endothelial function (58,
119, 137, 145). We hypothesized that 4 week-exercise training would improve
endothelial function and mice completing HIT would have augmented endothelial
responses (57, 114). As expected, endothelium-dependent vasorelaxation was greater in
aortas from MOD and HIT of NON compared with their SED (Fig. 3.6D). This
enhanced endothelial function was accompanied by lower PE-induced vasoconstriction
in those groups (Fig. 3.8D). NON SED had the lowest endothelial function among
inbred strains (Fig. 2.3). Therefore, exercise training would be expected to improve
endothelial function. Previous studies reported that exercise training increased
expression of eNOS and SOD-1 gene, bioavailability of NO and the release of NO (231,
240). However, in the present study, eNOS or SOD-1 gene expression was not altered in
the exercise groups (Table 3.4), nor was nitrotyrosine level in skeletal muscle (Fig. 3.10).
Thus, exercise training-induced improvements in endothelial function in NON might be
due to an increase in other vasorelaxation mechanisms rather than an increase in eNOS
expression or NO bioavailability, for an example, increased prostacyclin synthase gene
expression observed in NON MOD (Table 3.4). In contrast, markers of oxidative
capacity in skeletal muscle were not different among exercise training and SED in NON
(Fig. 3.5). Green et al. reported that exercise training-induced change in endothelial

function did not correlate with the change in VO,max (96). In the same sense, our results
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provide evidence that endothelial function responses in exercise-trained mice are
independent of the change in skeletal muscle oxidative capacity.

ACh-induced endothelium-dependent vasorelaxation was similar between MOD
and HIT groups in aorta from NON mice. In many studies, HIT has been proposed as an
effective alternative to the traditional aerobic training (MOD), inducing similar or even
superior cardiovascular adaptations (114, 117, 129, 144, 195, 257, 262). Furthermore,
similar or greater effects of HIT than MOD have been described for endothelial function
in young subjects (114, 144, 222).

In the present study, endothelium-dependent vasorelaxation was not altered by
any exercise training intensity in either B6 or 129S1. There are many factors, such as age,
sex, training duration, exercise intensity, and genetic regulation, which can influence the
effect of exercise training on endothelial function (57, 66, 96, 144). We matched age (7
wk-old at the beginning) and sex (male) of experimental groups to avoid some of these
confounding effects. We also chose to train mice for 4 weeks because training duration
of at least 4 weeks has been shown to induce an improvement in aortic endothelial
function in healthy animals (57). However, other studies have reported that endothelial
function is not improved by exercise training in young healthy humans and animals (95,
203, 264). At least three possible factors might explain this lack of exercise-induced
improvements in endothelium-dependent vasorelaxation in B6 and 129S1. First, the
training protocol, even HIT, might exert insufficient stimuli to change endothelial
function in aortas from these strains. However, our training volume was sufficient to

increase oxidative enzyme activity in skeletal muscle in both strains (Fig. 3.5). Secondly,
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structural adaptation had already occurred before post-training measures were applied in
these mice, which can normalize the effect of the increased vasorelaxing stimuli on
vascular smooth muscle relaxation (96, 137). Unfortunately, we did not assess vessel
size in the present study. Thirdly, the endothelial phenotype in those two strains might
be near optimal levels, thus endothelial function may not be augmentable above the
levels observed in the respective SED groups for each strain (66, 203). This latter
explanation is supported by the small number of genes differentially expressed between
SED and exercise-training groups in aorta from B6 mice (Table 3.3). The one notable
exception is the increased expression of SOD-1, an antioxidant pathway gene that is
commonly reported to increase with exercise training. Overall, our results in B6 are
similar to those reported by Padilla et al. who found no differences in endothelial
function and gene expression in conduit arteries from healthy pigs after 16 to 20 weeks
of exercise training (203).

Although many previous studies have recommended HIT as a time-efficient
training method to improve cardiovascular health, there is currently accumulating
evidence in the literature that intense training can induce adverse effects on
cardiovascular function. In the present study, endothelial function was not different in
MOD, but was impaired in HIT compared to SED of SJL (Fig. 3.6C). Previous studies
reported that intense exercise caused a decrease in eNOS expression and NO level in
hearts of young rats (130) and induced platelet aggregation in young healthy humans,
which may augment the risk of vascular thrombosis (273). Bergholm et al. found that

vigorous aerobic training impaired endothelium-dependent vasodilation and decreased
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antioxidant concentrations in young individuals (16). Also, high intensity exercise
training induced an increase in plasma concentration of 8-hydroxy-2'-deoxyguanosine, a
marker of oxidative stress to DNA, with no beneficial effect on endothelial function (93).
In the present study, skeletal muscle nitrotyrosine level was higher in SJL HIT compared
with SED and MOD groups (Fig. 3.10). The higher nitrotyrosine levels in HIT could
reflect an overall higher oxidative stress in this group, which contribute to the impaired
endothelial function observed in the aorta of the SJIL HIT. Our finding supports the
previously proposed concept that a threshold of training intensity exists beyond which
ROS generation overrides the scavenging capabilities of antioxidant systems in the
vasculature (66). Therefore, comparing the different effects of HIT on endothelial
function between NON and SJL in the present study, the beneficial threshold of training
intensity would be determined by genetic background.

SNP-induced endothelium-independent vasorelaxation was not changed by any
of exercise training intensity in all four inbred strains (Fig. 3.7). This result is consistent
with previous studies (114, 144, 264), demonstrating that vascular smooth muscle
responses to nitric oxide (NO) are not generally influenced by exercise training in young
animals.

We utilized expression profiling of a number of genes to study the influence of
exercise training on endothelial cell-specific transcriptional activation and biological
functions. Overall, the number of differentially expressed genes was proportional to the
difference in endothelium-dependent vasorelaxation between SED and exercise-trained

groups (Table 3.3 and 3.4). For example, only one gene was differentially expressed
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between B6 SED and MOD groups, which had similar endothelium-dependent
vasorelaxation. By comparison, NON HIT had significantly greater endothelium-
dependent vasorelaxation compared with NON SED and 28 genes were differentially
expressed. Furthermore, the number of genes differentially expressed in HIT was greater
than MOD in all 3 strains and only a few genes overlapped between MOD and HIT. This
observation is opposite to a previous study that moderate intensity endurance training
produced greater transcriptional effects on isolated aortic endothelial cells from rats than
interval sprint training (203). However, these authors also reported that interval sprint
training had a greater effect on gene expression in skeletal muscle feed arteries than
endurance exercise training. Thus, transcriptional responses to exercise training might be
dependent on species as well as vessel characteristics and training intensity.

Differences in training intensity can influence not only the number of genes
differentially expressed, but also the signaling pathways in which those genes are
involved. For example, gene sets differentially expressed in HIT groups of SJL and
NON generally involved pathways related to inflammatory molecule adhesion and
migration, whereas a gene set differentially expressed in NON MOD belonged to growth
and NO signaling-related pathways (Table 3.5). A previous study suggested that
different intensity training programs exert shear stress on the vessel walls differently
during exercise and that this yields differences in molecular responses (262). Similarly,
Padilla et al. reported no overlap for gene networks influenced by endurance and interval
sprint training for skeletal muscle feed arteries or rat aortic endothelial cells (202). Thus,

our findings that the overrepresented canonical pathways diverged between MOD and
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HIT further provide evidence for the intensity-specific pattern of training-induced
transcriptional activation in aortic endothelium.

As with vasomotor function, genetic background can influence the transcriptional
responses to exercise training. Although the overrepresented pathways appeared similar
between HIT groups of SJL and NON, the molecular/cellular functions of gene sets were
different between two groups (Table 3.6). A gene set differentially expressed in SIL HIT
was anticipated to increase ROS production. Additionally, the top disease identified by
IPA analysis for the gene set was ‘aortic aneurysm’ (data not shown, p = 8.65E-03).
Therefore, these findings are in line with increased nitrotyrosine level in skeletal muscle
(Fig. 3.10) and ultimately, impaired endothelial function observed in SJL HIT. In
contrast, a gene cluster differentially expressed in NON HIT was predicted to decrease
adhesion and migration of endothelial cells (Table 3.6). The prediction fits with the
concept that exercise training is associated with atheroprotective changes in the
endothelium including decreased adhesiveness for inflammatory molecules (206). Thus,
the predicted molecular/cellular functions for the gene cluster are also in agreement with
the higher endothelium-dependent vasorealxation observed in NON HIT than SED.

In addition to the atheroprotective effects of exercise training on the endothelium,
prolonged exercise training is associated with vascular remodeling, resulting in larger
blood vessels (32, 137, 218, 277). In NON MOD, differentially expressed genes were
connected to molecular/cellular functions of increased endothelial cell development and
proliferation (Table 3.6). With the notion that outward vascular remodeling of blood

vessels in response to exercise training can lead to decreased acute responses to
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endothelium-dependent vasodilators and increased blood flow (32, 96, 97), 4-weeks of
moderate intensity exercise training in NON might have elicited a transcriptional
response leading to vessel remodeling after a more prolonged training protocol.

In summary, a strain survey for endothelial responses to exercise training across
20 different inbred mouse strains revealed that the traditional exercise training had
minimal effects on aortic endothelium-dependent vasorelaxation. In four inbred mouse
strains chosen based on the strain survey, baseline mitochondria oxidative enzyme
activity and nitrotyrosine abundance in skeletal muscle were variable across inbred
strains, suggesting an intrinsic influence of genetic background. Most importantly, it was
found that exercise training has non-uniform effects on endothelial function and
transcriptional activation of endothelial genes depending on the interaction between
genetic background and training intensity. These findings indicate that the optimal
intensity of exercise training to improve endothelial function is modified by genetic
background. Results from skeletal muscle oxidative enzyme activity, abundance of
oxidative stress and pathway analysis for gene expression profiles further support the
intricate interaction between genetic background and training intensity on responses to
exercise training. The present study provides evidence of an interactive effect between
genetic background and training intensity on exercise-induced vascular adaptation.
Further studies incorporating larger scale expression profiles, for example, RNAseq or
microarray, on different genetic backgrounds might be helpful in expanding our

knowledge of the mechanism in regulating endothelial responses to exercise training.
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4. SUMMARY AND CONCLUSION

4.1. Summary

The main purposes of the present studies were 1) to identify quantitative trait loci
(QTL)/candidate genes residing in the QTL responsible for intrinsic endothelial function
and 2) to determine the interaction between genetic background and training intensity on
the endothelial adaptations to exercise training.

The first series of experiments were conducted to test the hypothesis that intrinsic
endothelium-dependent vasorelaxation is largely variable across inbred mouse strains,
and the variation is influenced by one or more QTL. To do so, vasoreactivity was
assessed in isolated thoracic aortas from young mice (n=6-10) of 27 inbred strains. The
major findings of this study can be summarized as follow: 1) A wide range of
differences was found for vasoreactivity, excluding SNP Max. In particular for
endothelium-dependent vasorelaxation to ACh, there were ~2 and ~18 fold differences
between inbred strains having the lowest and the highest ACh Max (%) and in molarity
of ACh ICs, respectively. 2) There were moderate, but significant, correlations between
ACh and SNP responses, while ACh responses were not correlated with contractile
responses. In contrast, there were some significant correlations between SNP and
vasocontractile responses. 3) GWAS revealed several significant and multiple suggestive
QTL associated with strain-dependent variation in vasoreactivity. GWAS for responses

to ACh identified 4 significant QTL on 3 different chromosomes, all of which were
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regions of shared synteny for CVD-related traits in rats and/or humans. In addition, 18
suggestive QTL on 14 different chromosomes were identified, containing several
putative candidate genes associated with endothelial function and/or identified by human
GWAS for CVD traits. Several suggestive QTL (including one significant QTL for KCI
ECso) for responses to SNP, PE and KCI were also identified.

In accordance with the hypothesis, intrinsic endothelium-dependent
vasorelaxation as well as other vasoreactivity in thoracic aortas were largely variable
across inbred mouse strains. These results provided strong evidence that intrinsic
endothelial function, and more generally vascular function, is genetically regulated.
Moderate genetic correlations between ACh and SNP responses would be expected
because both increase the influx of NO into vascular smooth muscle. This is further
supported by the finding that three suggestive QTL overlap between ACh Max and SNP
ICs0. One of the QTL (Chr. 2) also overlaps with PE Max. Thus, these QTL likely
contain genetic factors associated with NO-mediated vasomotor tone regulation in
smooth muscle. Pkig found in the overlapping suggestive QTL (Chr. 2) might be
possibly one candidate. Overall results of correlations between vasoreactivity lead me
speculate that common genetic factors exist between smooth muscle relaxation and
contraction, but not between endothelial function and smooth muscle contraction.

As expected, GWAS identified several significant and suggestive QTL
associated with intrinsic endothelial function. These findings demonstrate that
endothelial function is influenced by multiple genetic factors. Notably, none of well-

characterized genes, e.g. eNOS and SOD-1, were identified in the QTL. This suggests
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that the variation in intrinsic endothelial function in young mice can be primarily
attributed to undefined genetic factors. Instead, significant QTL contain a few candidate
genes, e.g. GIrx2, Fam5c and Trpm3, which are likely to have roles in endothelial
function regulation. The identities of these candidate genes as well as several putative
candidate genes residing in suggestive QTL are reinforced by previous findings from rat
and human QTL/GWAS studies for cardiovascular traits. Further physiological or
molecular analyses are recommended to investigate the role of the proposed candidate
genes in endothelial function.

Based on the variation in intrinsic endothelial function and known differences in
responses to exercise training, the second series of experiments were conducted to test
the hypothesis that endothelial adaptations to exercise training are variable across inbred
strains of mice and the variable adaptations to exercise training are dependent on training
intensity. First, the strain survey for the effect of traditional exercise training on
vasoreactivity was conducted in thoracic aortas from 20 inbred mouse strains to
characterize the effect of genetic background on endothelial responses to a commonly
used training program in mice. Then, four inbred mouse strains were chosen and the
effect of training intensity on vasoreactivity was assessed after 4 weeks of moderate
intensity continuous exercise training (MOD) and high intensity interval training (HIT).
The major findings from this study were as follow: 1) Aortic rings only from 3 inbred
mouse strains (NON/LtJ, A/J, CE/J) among 20 inbred strains showed greater responses
to ACh after traditional exercise training compared to sedentary mice within the same

strain. The majority of aortic responses to SNP, PE and KCI were not markedly changed
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in trained mice compared to sedentary mice as well. 2) In four selected inbred mouse
strains (129S1, B6, NON, and SJL), aortic responses to ACh after exercise training
varied by both inbred strain and training intensity. Neither MOD nor HIT had effects on
responses to ACh in 129S1 and B6. In contrast, both NON MOD and HIT had greater
responses to ACh than NON SED. Surprisingly, responses to ACh were impaired in SJL
HIT compared to SED. 3) Training-induced changes in endothelial gene expression were
also different depending on both inbred strain and training intensity. Overall, the number
of differentially expressed genes was proportional to the change in endothelial function.
The number of genes altered by HIT was greater than MOD and there was little overlap
between genes altered by HIT and MOD. Genes differentially expressed in HIT were
overrepresented in pathways related to inflammatory responses, while genes
differentially expression in NON MOD were enriched for vessel growth-related
pathways.

Contrary to the hypothesis, endothelial responses to traditional exercise training
were not variable across inbred mouse strains. These were unexpected results. It can be
speculated that traditional exercise training intensity was not high enough to stimulate
functional changes in endothelium-dependent vasorelaxation, especially in such young
mice. This possibility prompted me to investigate the effect of high intensity interval
training on endothelial function in selected inbred mouse strains.

Endothelial responses to exercise training were variable across selected inbred
mouse strains depending on training intensity. These data indicate that a significant

interactive effect exists between mouse strain and training intensity on endothelial
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responses to exercise training. Both training intensities improved endothelial function in
NON. This would be expected since NON had relatively low intrinsic endothelial
function (the lowest ACh Max), thus had much ‘room under the ceiling’ for
improvement. B6 and 129S1 had no changes in endothelial function after exercise
training with either training intensity even though these strains showed increased
mitochondrial enzyme activity after exercise training. These two strains had relatively
moderate to good intrinsic endothelial function, implying that the endothelium in these
two strains might be optimal. Thus it is feasible to assume that exercise training cannot
augment endothelial function above ‘the ceiling’ in these two strains. Unexpectedly,
impaired endothelial function was observed in SJL HIT. SJL HIT had increased
nitrotyrosine level in skeletal muscle, therefore impaired endothelial function in SJL HIT
would be associated with systemic increase in oxidative stress.

Variation in training-induced transcriptional activation of endothelial genes
among inbred strains and between training intensities indicates the interactive effect
between genetic background and training intensity. Given the necessity of system-level
understanding for complex traits, differentially expressed genes by exercise training
were analyzed by Ingenuity IPA. Overrepresented canonical pathways diverged between
MOD (vessel growth) and HIT (inflammation), providing further evidence that there is
an intensity-specific pattern of training-induced transcriptional activation in endothelium.
The molecular/cellular function for genes altered in SJL HIT is predicted to upregulate
ROS production, which in accordance with elevated nitrotyrosine level in skeletal

muscle. This further supports our conclusion that impaired endothelial function in SJL
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HIT is due to increased oxidative stress. In contrast, molecular/cellular function for
genes altered in NON HIT is predicted to downregulate cell adhesion, indicating
decreased atherosclerotic lesion formation that would contribute to improved
endothelium-dependent relaxation. These overrepresented molecular/cellular functions
provide the rationale for the opposing effects of HIT on endothelial function between
SJL and NON.

Taken together, although mechanistic structure cannot be firmly drawn, it is
important to note that the present findings provide the initial advancement in the large
genome scale for elucidating genetic basis for intrinsic endothelial function and its
responses to exercise training. The findings from GWAS indicate that there are
previously unsuspected genetic factors responsible for intrinsic regulation of endothelial
function. Further investigation is required to validate the potential candidate genes
identified in the present study. Two types of investigations are highly recommended to
refine and validate findings from the present studies: 1) Expression QTL, which
compares the single nucleotide polymorphism with the gene expression level (3). This
approach would be able to refine the roles of single nucleotide polymorphisms located in
non-coding regions as transcriptional regulators. 2) Haplotype analysis for sequence
variants around a candidate gene (in linkage disequilibrium block). This could confirm
the causative variants of the candidate gene in endothelial function regulation (193). The
findings from the exercise study indicate that exercise training has non-uniform effects
on endothelial function and transcriptional activation of endothelial genes, depending on

the interaction between genetic background and training intensity. These findings
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emphasize the necessity to consider individual genetic predisposition and exercise
intensity, particularly high intensity exercise, to design a training program for
maintaining/improving endothelial health. If the present findings could be confirmed in
independent datasets using expanded expression profiling to larger scale analyses and/or
different sets of inbred strains, these might allow more comprehensive understanding of
the mechanisms for endothelial adaptations to exercise training. The interactive effect of
genetic background and exercise intensity on training-induced vascular remodeling
might also be useful for finding the mechanism for the lack of training-induced

endothelium-dependent relaxation in certain inbred strains.

4.2. Limitations

Some limitations should be considered to interpret findings in this dissertation.
The isometric tension measurement in the myograph system used in the present studies
allows investigators to examine mechanisms for vasomotor responses in isolated vessels
to pharmacological stimuli under controlled conditions, however vasomotor responses to
shear-induced forces cannot be assessed in this experimental setup. Thus,
mechanosensory mechanisms in endothelial function were not considered in the present
studies. In addition, this experimental setup was prepared in vitro, thus several in vivo
factors possibly influencing vasomotor tone were excluded, for example, no innervation
from nerve ending and no circulating vasomotor molecules (e.g. adenosine, lactate acid)

(43, 113, 154).
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Mouse thoracic aortas were utilized to assess vasoreactivity in the present studies.
Numerous studies have provided evidence that both basal endothelial function and
endothelial responses to exercise training are heterogeneous across the vessel size and
location in humans and animals (75, 97, 137, 158, 182, 205, 225, 244). For example,
Ferrari and colleagues found considerable differences in gene expression patterns and
enriched pathways/biological processes between internal mammary arteries and aortas
from coronary artery disease patients (75). Similarly, there were different gene
expression profiles and enrichments between mesenteric arteries and aortas from young
male rats (225). For the response to exercise training, the magnitude of improvement in
endothelium-dependent dilation via exercise training was not correlated between
resistance and conduit vessels in human subjects (97). Padilla et al. reported markedly
different gene expression profiles activated by exercise training between brachial arteries
and internal mammary arteries in young healthy animals (205). These previous data raise
the possibility that genetic factors influencing intrinsic endothelial function and its
responses to exercise training might be vessel-specific.

Sex differences have been also suggested as a factor influencing vascular
function (30, 37, 140, 155, 186, 276). In a large cohort of young subjects, men had
markedly lower brachial artery FMD (%) compared to women (140). Femoral arteries
from female adult pigs also exhibited greater endothelium-dependent vasorelaxation
compared to femoral arteries from male adult pigs (155). This might be attributed to sex
hormone effects, particularly estrogen which is known to play a protective role in

endothelial function related to vasomotor tone, vascular inflammation and vessel repair
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(186). This is further supported by a finding that a rapid decline in FMD occurs at the
time of menopause in women (37). After exercise training, adult female animals also
showed greater improvements in endothelium-dependent vasorelaxation than male adults
(155). Females had higher levels of eNOS and SOD protein expression in the sedentary
state and also greater increase in those protein expression after exercise training
compared to male (156). These data indicate the potential difference in genetic
regulation of intrinsic endothelial function and endothelial responses to exercise training
between sexes. Accordingly, the findings from male mice in the present studies would be
limited for their generality and applicability to both sexes. Proposed vessel- and sex-
specific differences in genetic contribution to endothelial function represent an

intriguing area for future research.

4.3. Clinical relevance

Our GWAS revealed several single nucleotide polymorphisms which were
significantly associated with variation in intrinsic endothelial function in mice. QTL
encompassing these single nucleotide polymorphisms contain a few candidate/putative
candidate genes potentially linked to functions related to baseline endothelial regulation.
These results provide novel insights into previously unsuspected mechanisms for
endothelial function. Elucidation of these mechanisms will have the potential to enhance
prediction of endothelial dysfunction and develop into therapeutic targets for CVD
associated with endothelial dysfunction. The results of the second study indicate that the

effect of exercise training on endothelial function is influenced by the interaction
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between genetic background and exercise intensity. These findings suggest new
perspectives for the optimization of exercise training to exert beneficial effects on
endothelial function and ultimately provide potential to aid the development of
individualized exercise training program required to maintain or improve endothelial
health.

The present studies were the first to conduct genome-wide exploration for the
variation in intrinsic endothelial function in a large cohort of inbred mouse strains and
characterize the interaction of genetic regulation and training intensity on endothelial
responses to exercise training. Therefore, the present studies represent the first step
toward the comprehensive discovery of genetic determinants that regulate intrinsic

endothelial function and its responses to exercise training.

124



REFERENCES

Aggoun Y, Farpour-Lambert NJ, Marchand LM, Golay E, Maggio ABR,
Beghetti M. Impaired endothelial and smooth muscle functions and arterial
stiffness appear before puberty in obese children and are associated with
elevated ambulatory blood pressure. Eur Heart J 29: 792-799, 2008.

Aird WC. Phenotypic heterogeneity of the endothelium. Circ Res 100:158-173,
2007

Albert FW, Kruglyak L. The role of regulatory variation in complex traits and
disease. Nat Rev Genet 16: 197-212, 2015.

Allain B, Jarray R, Borriello L, Leforban B, Dufour S, Liu W-Q,
Pamonsinlapatham P, Bianco S, Larghero J, Hadj-Slimane R, Garbay C,
Raynaud F, Lepelletier Y. Neuropilin-1 regulates a new VEGF-induced gene,
Phactr-1, which controls tubulogenesis and modulates lamellipodial dynamics in
human endothelial cells. Cellular Signalling 24: 214-223, 2012.

Allen DL, Harrison BC, Leinwand LA. Molecular and genetic approaches to
studying exercise performance and adaptation. Exerc Sport Sci Rev 30: 99-105,
2002.

Alves CR, Alves GB, Pereira AC, Trombetta IC, Dias RG, Mota GFA,
Fernandes T, Krieger JE, Negrdo CE, Oliveira EM. Vascular reactivity and
ACE activity response to exercise training are modulated by the +9/-9
bradykinin B, receptor gene functional polymorphism. Physiol Genomics 45:
487-492, 2013.

Arehart E, Stitham J, Asselbergs FW, Douville K, MacKenzie T, Fetalvero
KM, Gleim S, Kasza Z, Rao Y, Martel L, Segel S, Robb J, Kaplan A,
Simons M, Powell RJ, Moore JH, Rimm EB, Martin KA, Hwa J.
Acceleration of cardiovascular disease by a dysfunctional prostacyclin receptor
mutation: potential implications for cyclooxygenase-2 inhibition. Circ Res 102:
986-993, 2008.

Atochin DN, Huang PL. Endothelial nitric oxide synthase transgenic models of
endothelial dysfunction. Pflugers Arch - Eur J Physiol 460: 965-974, 2010

Aylor DL, Valdar W, Foulds-Mathes W, Buus RJ, Verdugo RA, Baric RS,
Ferris MT, Frelinger JA, Heise M, Frieman MB, Gralinski LE, Bell TA,
Didion JD, Hua K, Nehrenberg DL, Powell CL, Steigerwalt J, Xie Y,
Kelada SNP, Collins FS, Yang IV, Schwartz DA, Branstetter LA, Chesler

125



10.

11.

12.

13.

14.

15.

16.

17.

18.

EJ, Miller DR, Spence J, Liu EY, McMillan L, Sarkar A, Wang J, Wang
W, Zhang Q, Broman KW, Korstanje R, Durrant C, Mott R, Iraqi FA,
Pomp D, Threadgill D, Pardo-Manuel de Villena F, Churchill GA. Genetic
analysis of complex traits in the emerging Collaborative Cross. Genome Res 21.:
1213-1222, 2011.

Babinet C. Transgenic mice. J Am Soc Nephrol 11: 588-594, 2000.

Bendall JK. Stoichiometric relationships between endothelial
tetrahydrobiopterin, endothelial NO synthase (eNOS) Activity, and eNOS
coupling in vivo: Insights from transgenic mice with endothelial-targeted GTP
Cyclohydrolase 1 and eNOS overexpression. Circ Res 97: 864-871, 2005.

Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E, Shi Y, Tardif J-C,
Brugada J, Nattel S, Mont L. Cardiac arrhythmogenic remodeling in a rat
model of long-term intensive exercise training. Circulation 123: 13-22, 2011.

Benjamin EJ, Larson MG, Keyes MJ, Mitchell GF, Vasan RS, Keaney JF,
Lehman BT, Fan S, Osypiuk E, Vita JA. Clinical correlates and heritability of
flow-mediated dilation in the community: the Framingham Heart Study.
Circulation 109: 613-619, 2004.

Bennett BJ, Farber CR, Orozco L, Kang HM, Ghazalpour A, Siemers N,
Neubauer M, Neuhaus I, Yordanova R, Guan B, Truong A, Yang W-P, He
A, Kayne P, Gargalovic P, Kirchgessner T, Pan C, Castellani LW, Kostem
E, Furlotte N, Drake TA, Eskin E, Lusis AJ. A high-resolution association
mapping panel for the dissection of complex traits in mice. Genome Res 20:
281-290, 2010.

Bergaya S, Faure S, Baudrie V, Rio M, Escoubet B, Bonnin P, Henrion D,
Loirand G, Achard JM, Jeunemaitre X, Hadchouel J. WNKZ1 regulates
vasoconstriction and blood pressure response to 1-adrenergic stimulation in
mice. Hypertension 58: 439445, 2011.

Bergholm R, Makimattila S, Valkonen M, Liu ML, Lahdenpera S,
Taskinen MR, Sovijarvi A, Malmberg P, Yki-Jarvinen H. Intense physical
training decreases circulating antioxidants and endothelium-dependent
vasodilatation in vivo. Atherosclerosis 145: 341-349, 1999.

Berndt A, Cario CL, Silva KA, Kennedy VE, Harrison DE, Paigen B,
Sundberg JP. Identification of Fat4 and Tsc22d1 as novel candidate genes for
spontaneous pulmonary adenomas. Cancer Research 71: 5779-5791, 2011.

Berthonneche C, Peter B, Schupfer F, Hayoz P, Kutalik Z, Abriel H,
Pedrazzini T, Beckmann JS, Bergmann S, Maurer F. Cardiovascular

126



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

response to beta-adrenergic blockade or activation in 23 inbred mouse strains.
PLoS ONE 4: 6610, 20009.

Biino G, Parati G, Concas MP, Adamo M, Angius A, Vaccargiu S, Pirastu
M. Environmental and genetic contribution to hypertension prevalence: data
from an epidemiological survey on Sardinian genetic isolates. PLoS ONE 8:
e59612, 2013.

Bilusic M, Bataillard A, Tschannen MR, Gao L, Barreto NE, Vincent M,
Wang T, Jacob HJ, Sassard J, Kwitek AE. Mapping the genetic determinants
of hypertension, metabolic diseases, and related phenotypes in the Lyon
hypertensive rat. Hypertension 44: 695-701, 2004.

Blair SN. Changes in physical fitness and all-cause mortality. JAMA 273: 1093,
1995.

Blizard DA, Lionikas A, Vandenbergh DJ, Vasilopoulos T, Gerhard GS,
Griffith JW, Klein LC, Stout JT, Mack HA, Lakoski JM, Larsson L, Spicer
JM, Vogler GP, McClearn GE. Blood pressure and heart rate QTL in mice of
the B6/D2 lineage: sex differences and environmental influences. Physiol
Genomics 36: 158-166, 2008.

Bouchard C, Leon AS, Rao DC, Skinner JS, Wilmore JH, Gagnon J. The
HERITAGE family study. aims, design, and measurement protocol. Med Sci
Sports Exerc 27: 721-729, 1995.

Bouchard C, Sarzynski MA, Rice TK, Kraus WE, Church TS, Sung YJ,
Rao DC, Rankinen T. Genomic predictors of the maximal O, uptake response
to standardized exercise training programs. J Appl Physiol 110: 1160-1170,
2011.

Bouchard C. Genomic predictors of trainability. Exp Physiol 97: 347-352,
2012.

Bourque SL, Davidge ST, Adams MA. The interaction between endothelin-1
and nitric oxide in the vasculature: new perspectives. Am J Physiol Regul Inegr
Comp Physiol 300: R1288-95, 2011.

Bowles DK, Hu Q, Laughlin MH, Sturek M. Exercise training increases L-
type calcium current density in coronary smooth muscle. Am J Physiol Heart
Circ Physiol 275: H2159-H2169, 1998.

Bowles DK, Laughlin MH, Sturek M. Exercise training alters the Ca2+ and
contractile responses of coronary arteries to endothelin. J Appl Physiol 78:
1079-1087, 1995.

127



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bohm F, Pernow J. The importance of endothelin-1 for vascular dysfunction in
cardiovascular disease. Cardiovasc Res 76: 8-18, 2007.

Brar V, Gill S, Cardillo C, Tesauro M, Panza JA, Campia U. Sex-specific
effects of cardiovascular risk factors on endothelium-dependent dilation and
endothelin activity in middle-aged women and men. PLoS ONE 10: e0121810,
2015.

Brown AA, Hu FB. Dietary modulation of endothelial function: implications
for cardiovascular disease. Am J Clin Nutr 73: 673-686, 2001.

Brown MD. Physiological Society Symposium - the Athlete's Heart. Exp
Physiol 88: 645-658, 2004.

Burke DT, Kozloff KM, Chen S, West JL, Wilkowski JM, Goldstein SA,
Miller RA, Galecki AT. Dissection of complex adult traits in a mouse synthetic
population. Genome Res 22: 1549-1557, 2012.

Buys ES, Raher MJ, Kirby A, Shahid M, Mohd S, Baron DM, Hayton SR,
Tainsh LT, Sips PY, Rauwerdink KM, Yan Q, Tainsh RET, Shakartzi HR,
Stevens C, Decaluwé K, Rodrigues-Machado MDG, Malhotra R, Van de
Voorde J, Wang T, Brouckaert P, Daly MJ, Bloch KD. Genetic modifiers of
hypertension in soluble guanylate cyclase a.1-deficient mice. J Clin Invest 122:
2316-2325, 2012.

Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the
role of oxidant stress. Circ Res 87: 840-844, 2000.

Cattaruzza M, Guzik TJ, Stlodowski W, Pelvan A, Becker J, Halle M,
Buchwald AB, Channon KM, Hecker M. Shear stress insensitivity of
endothelial nitric oxide synthase expression as a genetic risk factor for coronary
heart disease. Circ Res 95: 841-847, 2004.

Celermajer DS, Sorensen KE, Spiegelhalter DJ, Georgakopoulos D,
Robinson J, Deanfield JE. Aging is associated with endothelial dysfunction in
healthy men years before the age-related decline in women. J Am Coll Cardiol
24: 471476, 1994.

Chan NN, Colhoun HM, Vallance P. Cardiovascular risk factors as
determinants of endothelium-dependent and endothelium-independent vascular
reactivity in the general population. J Am Coll Cardiol 38: 1814-1820, 2001.

Chang J, Jung HJ, Jeong SH, Kim HK, Han J, Kwon HJ. A mutation in the
mitochondrial protein UQCRB promotes angiogenesis through the generation of
mitochondrial reactive oxygen species. Biochem Biophys Res Commun 455:

128



40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

290-297, 2014.

Chatterjee TK, Stoll LL, Denning GM, Harrelson A, Blomkalns AL,
Idelman G, Rothenberg FG, Neltner B, Romig-Martin SA, Dickson EW,
Rudich S, Weintraub NL. Proinflammatory phenotype of perivascular
adipocytes: influence of high-fat feeding. Circ Res 104: 541-549, 2009.

Chen C, Korshunov VA, Massett MP, Yan C, Berk BC. Impaired
vasorelaxation in inbred mice is associated with alterations in both nitric oxide
and super oxide pathways. J Vasc Res 44: 504-512, 2007.

Chen HI, Chiang IP. Chronic exercise decreases adrenergic agonist-induced
vasoconstriction in spontaneously hypertensive rats. Am J Physiol 271: H977—
H983, 1996.

Chen YL, Wolin MS, Messina EJ. Evidence for cGMP mediation of skeletal
muscle arteriolar dilation to lactate. J Appl Physiol 81: 349-354, 1996.

Cheverud JM. A simple correction for multiple comparisons in interval
mapping genome scans. Heredity (Edinb) 87: 52-58, 2001.

Chung E, Diffee GM. Moderate intensity, but not high intensity, treadmill
exercise training alters power output properties in myocardium from aged rats. J
Gerontol A Biol Sci Med Sci 67: 1178-1187, 2012.

Clarkson P, Montgomery HE, Mullen MJ, Donald AE, Powe AJ, Bull T,
Jubb M, World M, Deanfield JE. Exercise training enhances endothelial
function in young men. J Am Coll Cardiol 33: 1379-1385, 1999.

Cohen RA. The endothelium-derived hyperpolarizing factor puzzle: a
mechanism without a mediator? Circulation 111: 724727, 2005.

Colhoun HM, McKeigue PM, Smith GD. Problems of reporting genetic
associations with complex outcomes. The Lancet 361: 865-872, 2003.

Connelly JJ, Shah SH, Doss JF, Gadson S, Nelson S, Crosslin DR, Hale AB,
Lou X, Wang T, Haynes C, Seo D, Crossman DC, Mooser V, Granger CB,
Jones CJH, Kraus WE, Hauser ER, Gregory SG. Genetic and functional
association of FAM5C with myocardial infarction. BMC Med Genet 9: 33, 2008.

Courtney SM, Massett MP. Identification of exercise capacity QTL using
association mapping in inbred mice. Physiol Genomics 44: 948-955, 2012.

Cowley AW. Genomics and homeostasis. Am J Physiol Regul Inegr Comp
Physiol 284: R611-R627, 2003.

129



52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

Cowley AW. The genetic dissection of essential hypertension. Nat Rev Genet 7:
829-840, 2006.

Crabbe JC, Phillips TJ, Kosobud A, Belknap JK. Estimation of genetic
correlation: interpretation of experiments using selectively bred and inbred
animals. Alcohol Clin Exp Res 14: 141-151, 1990.

Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis.
Circulation 109: 11127-32, 2004.

Deanfield JE, Halcox JP, Rabelink TJ. Endothelial function and dysfunction:
testing and clinical relevance. Circulation 115: 1285-1295, 2007.

Debette S, Visvikis-Siest S, Chen MH, Ndiaye NC, Song C, Destefano A,
Safa R, Azimi Nezhad M, Sawyer D, Marteau JB, Xanthakis V, Siest G,
Sullivan L, Pfister M, Smith H, Choi SH, Lamont J, Lind L, Yang Q,
Fitzgerald P, Ingelsson E, Vasan RS, Seshadri S. Identification of cis- and
trans-acting genetic variants explaining up to half the variation in circulating
vascular endothelial growth factor levels. Circ Res 109: 554-563, 2011.

Delp MD, Laughlin MH. Time course of enhanced endothelium-mediated
dilation in aorta of trained rats. Med Sci Sports Exerc 29: 1454-1461, 1997.

Delp MD, McAllister RM, Laughlin MH. Exercise training alters
endothelium-dependent vasoreactivity of rat abdominal aorta. J Appl Physiol 75:
1354-1363, 1993.

DeSouza CA, Shapiro LF, Clevenger CM, Dinenno FA, Monahan KD,
Tanaka H, Seals DR. Regular aerobic exercise prevents and restores age-
related declines in endothelium-dependent vasodilation in healthy men.
Circulation 102: 1351-1357, 2000.

Dichgans M, Malik R, Konig IR, Rosand J, Clarke R, Grétarsdottir S,
Thorleifsson G, Mitchell BD, Assimes TL, Levi C, O'Donnell CJ, Fornage
M, Thorsteinsdottir U, Psaty BM, Hengstenberg C, Seshadri S, Erdmann J,
Bis JC, Peters A, Boncoraglio GB, Marz W, Meschia JF, Kathiresan S,
Ikram MA, McPherson R, Stefansson K, Sudlow C, Reilly MP, Thompson
JR, Sharma P, Hopewell JC, Chambers JC, Watkins H, Rothwell PM,
Roberts R, Markus HS, Samani NJ, Farrall M, Schunkert H,
METASTROKE Consortium, CARDIOGRAM consortium, C4D
Consortium, International Stroke Genetics Consortium. Shared genetic
susceptibility to ischemic stroke and coronary artery disease: a genome-wide
analysis of common variants. Stroke 45: 24-36, 2014.

Didion SP. Increased superoxide and vascular dysfunction in CuZnSOD-
130



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

deficient mice. Circ Res 91: 938-944, 2002.

DiPetrillo K, Tsaih S-W, Sheehan S, Johns C, Kelmenson P, Gavras H,
Churchill GA, Paigen B. Genetic analysis of blood pressure in C3H/HeJ and
SWR/J mice. Physiol Genomics 17: 215-220, 2004.

Dong C, Della-Morte D, Wang L, Cabral D, Beecham A, McClendon MS,
Luca CC, Blanton SH, Sacco RL, Rundek T. Association of the sirtuin and
mitochondrial uncoupling protein genes with carotid plaque. PLoS ONE 6:
e27157, 2011.

Dong X, Li D, Liu H, Zhao Y. SOD3 and eNOS genotypes are associated with
SOD activity and NOx. Exp Ther Med 8: 328-334, 2014.

Durand MJ, Gutterman DD. Diversity in mechanisms of endothelium-
dependent vasodilation in health and disease. Microcirculation 20: 239-247,
2013.

Durand MJ, Gutterman DD. Exercise and vascular function: how much is too
much? Can J Physiol Pharmacol 92: 551-557, 2014.

Elder SJ, Lichtenstein AH, Pittas AG, Roberts SB, Fuss PJ, Greenberg AS,
McCrory MA, Bouchard TJ, Saltzman E, Neale MC. Genetic and
environmental influences on factors associated with cardiovascular disease and
the metabolic syndrome. J Lipid Res 50: 1917-1926, 2009.

ENCODE Project Consortium. An integrated encyclopedia of DNA elements
in the human genome. Nature 489: 57-74, 2012.

Erbs S, Baither Y, Linke A, Adams V, Shu Y, Lenk K, Gielen S, Dilz R,
Schuler G, Hambrecht R. Promoter but not exon 7 polymorphism of
endothelial nitric oxide synthase affects training-induced correction of
endothelial dysfunction. Atheroscler Thromb Vasc Biol 23: 1814-1819, 2003

Esper RJ, Nordaby RA, Vilarifio JO, Paragano A, Cacharrén JL, Machado
RA. Endothelial dysfunction: a comprehensive appraisal. Cardiovasc Diabetol
5: 4, 2006.

Fan M, Raitakari OT, Kahonen M, Juonala M, Hutri-Kahdnen N,
Marniemi J, Rontu R, Porsti I, Viikari J, Lehtimaki T. CYBA C242T gene
polymorphism and flow-mediated vasodilation in a population of young adults:
the Cardiovascular Risk in Young Finns Study. J Hypertens 25: 1381-1387,
2007.

Feairheller DL, Brown MD, Park J-Y, Brinkley TE, Basu S, Hagberg JM,
131



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

Ferrell RE, Fenty-Stewart NM. Exercise training, NADPH oxidase p22phox
gene polymorphisms, and hypertension. Med Sci Sports Exerc 41: 1421-1428,
2009.

Feairheller DL, Park J-Y, Rizzo V, Kim B, Brown MD. Racial differences in
the responses to shear stress in human umbilical vein endothelial cells. Vasc
Health Risk Manag 7: 425-431, 2011.

Feng M, Deerhake ME, Keating R, Thaisz J, Xu L, Tsaih SW, Smith R,
Ishige T, Sugiyama F, Churchill GA, DiPetrillo K. Genetic analysis of blood
pressure in 8 mouse intercross populations. Hypertension 54: 802—-809, 2009.

Ferrari G, Quackenbush J, Strobeck J, Hu L, Johnson CK, Mak A, Shaw
RE, Sayles K, Brizzio ME, Zapolanski A, Grau JB. Comparative genome-
wide transcriptional analysis of human left and right internal mammary arteries.
Genomics 104: 36-44, 2014.

Félétou M, Vanhoutte PM. Endothelium-derived hyperpolarizing factor: where
are we now? Arterioscler Thromb Vasc Biol 26: 1215-1225, 2006.

Félétou M, Vanhoutte PM. Endothelium-dependent hyperpolarizations: past
beliefs and present facts. Ann Med 39: 495-516, 2007.

Fichtlscherer S, Dimmeler S, Breuer S, Busse R, Zeiher AM, Fleming 1.
Inhibition of cytochrome P450 2C9 improves endothelium-dependent, nitric
oxide—mediated vasodilatation in patients with coronary artery disease.
Circulation 109:178-183, 2004

Flaherty L, Herron B, Symula D. Genomics of the future: identification of
quantitative trait loci in the mouse. Genome Res 15: 1741-1745, 2005.

Flammer AJ, Anderson T, Celermajer DS, Creager MA, Deanfield J, Ganz
P, Hamburg NM, Luscher TF, Shechter M, Taddei S, Vita JA, Lerman A.
The assessment of endothelial function: from research into clinical practice.
Circulation 126: 753-767, 2012.

Flint J, Eskin E. Genome-wide association studies in mice. Nat Rev Genet 13:
807-817, 2012.

Florey. The endothelial cell. Br Med J 2: 487-490, 1966.

Flowers E, Froelicher ES, Aouizerat BE. Gene-environment interactions in
cardiovascular disease. Eur J Cardiovasc Nurs 11: 472—478, 2012.

Frazer KA, Eskin E, Kang HM, Bogue MA, Hinds DA, Beilharz EJ, Gupta

132



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

RV, Montgomery J, Morenzoni MM, Nilsen GB, Pethiyagoda CL, Stuve
LL, Johnson FM, Daly MJ, Wade CM, Cox DR. A sequence-based variation
map of 8.27 million SNPs in inbred mouse strains. Nature 448: 1050-1053,
2007.

Fricker R, Hesse C, Weiss J, Tayrouz Y, Hoffmann MM, Unnebrink K,
Mansmann U, Haefeli WE. Endothelial venodilator response in carriers of
genetic polymorphisms involved in NO synthesis and degradation. Br J Clin
Pharmacol 58: 169-177, 2004.

Friebe A, Koesling D. Regulation of nitric oxide-sensitive guanylyl cyclase.
Circ Res 93: 96-105, 2003.

Friebe A, Mergia E, Dangel O. Fatal gastrointestinal obstruction and
hypertension in mice lacking nitric oxide-sensitive guanylyl cyclase. Proc Natl
Acad Sci U S A 104: 7699-7704, 2007.

Fuchsjager-Mayrl G, Pleiner J, Wiesinger GF, Sieder AE, Quittan M, Nuhr
MJ, Francesconi C, Seit H-P, Francesconi M, Schmetterer L, Wolzt M.
Exercise training improves vascular endothelial function in patients with type 1
diabetes. Diabetes Care 25: 1795-1801, 2002.

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

Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by acetylcholine. Nature 288: 373-376,
1980.

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

Gonzales NM, Palmer AA. Fine-mapping QTLs in advanced intercross lines
and other outbred populations. Mamm Genome 25: 271-292, 2014.

Goto C, Higashi Y, Kimura M, Noma K, Hara K, Nakagawa K, Kawamura
M, Chayama K, Yoshizumi M, Nara I. Effect of different intensities of
exercise on endothelium-dependent vasodilation in humans: role of
endothelium-dependent nitric oxide and oxidative stress. Circulation 108: 530-
535, 2003.

Graham DA, Rush JWE. Exercise training improves aortic endothelium-
dependent vasorelaxation and determinants of nitric oxide bioavailability in
spontaneously hypertensive rats. J Appl Physiol 96: 2088—-2096, 2004.

133



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Green DJ, Cable NT, Fox C, Rankin JM, Taylor RR. Modification of
forearm resistance vessels by exercise training in young men. J Appl Physiol 77:
1829-1833, 1994.

Green DJ, Eijsvogels T, Bouts YM, Maiorana AJ, Naylor LH, Scholten RR,
Spaanderman MEA, Pugh CJA, Sprung VS, Schreuder T, Jones H, Cable
T, Hopman MTE, Thijssen DHJ. Exercise training and artery function in
humans: nonresponse and its relationship to cardiovascular risk factors. J Appl
Physiol 117: 345-352, 2014.

Green DJ, Maiorana A, O'Driscoll G, Taylor R. Effect of exercise training on
endothelium-derived nitric oxide function in humans. J Physiol (Lond) 561: 1—
25, 2004.

Green DJ, Walsh JH, Maiorana A, Best MJ, Taylor RR, O'Driscoll JG.
Exercise-induced improvement in endothelial dysfunction is not mediated by
changes in CV risk factors: pooled analysis of diverse patient populations. Am J
Physiol Heart Circ Physiol 285: H2679-87, 2003.

Griffith TM. Endothelium-dependent smooth muscle hyperpolarization: do gap
junctions provide a unifying hypothesis? Br J Phamacol 141: 881-903, 2004.

Grimm C, Kraft R, Sauerbruch S, Schultz G, Harteneck C. Molecular and
functional characterization of the melastatin-related cation channel TRPMS3. J
Biol Chem 278: 21493-21501, 2003.

Grubb SC, Bult CJ, Bogue MA. Mouse phenome database. Nucleic Acids Res
42: D825-D834, 2013.

Gu Q, Wang B, Zhang X-F, Ma Y-P, Liu J-D, Wang X-Z. Contribution of
hydrogen sulfide and nitric oxide to exercise-induced attenuation of aortic
remodeling and improvement of endothelial function in spontaneously
hypertensive rats. Mol Cell Biochem 375: 199-206, 2013.

Gupta A, Carruthers SG. Familial studies of heritability of alphal-adrenergic
receptor responsiveness in superficial veins. Clin Pharmacol Ther 62: 322-326,
1997.

Glndiz F, Koger G, Ulker S, Meiselman HJ, Baskurt OK, Sentiirk UK.
Exercise training enhances flow-mediated dilation in spontaneously
hypertensive rats. Physiol Res 60: 589-597, 2011.

Hadi HA, Carr CS, Suwaidi Al J. Endothelial dysfunction: cardiovascular risk
factors, therapy, and outcome. Vasc Health Risk Manag 1: 183, 2005.

134



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Hafstad AD, Lund J, Hadler-Olsen E, Hoper AC, Larsen TS, Aasum E.
High- and moderate-intensity training normalizes ventricular function and
mechanoenergetics in mice with diet-induced obesity. Diabetes 62: 2287-2294,
2013.

Halcox JP, Narayanan S, Cramer-Joyce L, Mincemoyer R, Quyyumi AA.
Characterization of endothelium-derived hyperpolarizing factor in the human
forearm microcirculation. Am J Physiol Heart Circ Physiol 280: H2470-7,
2001.

Halcox JPJ, Schenke WH, Zalos G, Mincemoyer R, Prasad A, Waclawiw
MA, Nour KRA, Quyyumi AA. Prognostic value of coronary vascular
endothelial dysfunction. Circulation 106:653-658, 2002.

Hall B, Limaye A, Kulkarni AB. Overview: Generation of gene knockout
mice. Hoboken, NJ, USA: John Wiley & Sons, Inc, 2001.

Hambrecht R, Adams V, Erbs S, Linke A, Kréankel N, Shu Y, Baither Y,
Gielen S, Thiele H, Gummert JF, Mohr FW, Schuler G. Regular physical
activity improves endothelial function in patients with coronary artery disease
by increasing phosphorylation of endothelial nitric oxide synthase. Circulation
107: 3152-3158, 2003.

Hambrecht R, Fiehn E, Weigl C, Gielen S, Hamann C, Kaiser R, Yu J,
Adams V, Niebauer J, Schuler G. Regular physical exercise corrects
endothelial dysfunction and improves exercise capacity in patients with chronic
heart failure. Circulation 98: 2709-2715, 1998.

Hansen AH, Nyberg M, Bangsbo J, Saltin B, Hellsten Y. Exercise training
alters the balance between vasoactive compounds in skeletal muscle of
individuals with essential hypertension. Hypertension 58: 943-949, 2011.

Hansmann G, Ihling C, Pieske B, Biiltmann R. Nucleotide-evoked relaxation
of human coronary artery. Eur J Pharmacol 359: 59-67, 1998.

Haram PM, Kemi OJ, Lee SJ, Bendheim M@ , Al-Share QY, Waldum HL,
Gilligan LJ, Koch LG, Britton SL, Najjar SM, Wislgff U. Aerobic interval
training vs. continuous moderate exercise in the metabolic syndrome of rats
artificially selected for low aerobic capacity. Cardiovasc Res 81: 723-732,
2009.

Harris RA, Nishiyama SK, Wray DW, Richardson RS. Ultrasound
assessment of flow-mediated dilation. Hypertension 55: 1075-1085, 2010.

Heaps CL, Bowles DK, Sturek M, Laughlin MH, Parker JL. Enhanced L-
135



117.

118.

119.

120.

121.

122.

123.

type Ca 2+channel current density in coronary smooth muscle of exercise-
trained pigs is compensated to limit myoplasmic free Ca 2+accumulation. J
Physiol (Lond) 528: 435-445, 2000.

HELGERUD J, Heydal K, WANG E, KARLSEN T, Berg P, BJERKAAS
M, SIMONSEN T, HELGESEN C, HIORTH N, BACH R, HOFF J.
Aerobic high-intensity intervals improve VO,max more than moderate training.
Med Sci Sports Exerc 39: 665-671, 2007.

Hersch M, Peter B, Kang HM, Schiipfer F, Abriel H, Pedrazzini T, Eskin E,
Beckmann JS, Bergmann S, Maurer F. Mapping genetic variants associated
with beta-adrenergic responses in inbred mice. PLoS ONE 7: e41032, 2012.

Higashi Y, Sasaki S, Kurisu S, Yoshimizu A, Sasaki N, Matsuura H,
Kajiyama G, Oshima T. Regular aerobic exercise augments endothelium-
dependent vascular relaxation in normotensive as well as hypertensive subjects:
role of endothelium-derived nitric oxide. Circulation 100: 1194-1202, 1999.

Holliday EG, Maguire JM, Evans T-J, Koblar SA, Jannes J, Sturm JW,
Hankey GJ, Baker R, Golledge J, Parsons MW, Malik R, McEvoy M, Biros
E, Lewis MD, Lincz LF, Peel R, Oldmeadow C, Smith W, Moscato P,
Barlera S, Bevan S, Bis JC, Boerwinkle E, Boncoraglio GB, Brott TG,
Brown RD, Cheng Y-C, Cole JW, Cotlarciuc I, Devan WJ, Fornage M,
Furie KL, Grétarsdottir S, Gschwendtner A, Ikram MA, Longstreth WT,
Meschia JF, Mitchell BD, Mosley TH, Nalls MA, Parati EA, Psaty BM,
Sharma P, Stefansson K, Thorleifsson G, Thorsteinsdottir U, Traylor M,
Verhaaren BFJ, Wiggins KL, Worrall BB, Sudlow C, Rothwell PM, Farrall
M, Dichgans M, Rosand J, Markus HS, Scott RJ, Levi C, Attia J. Common
variants at 6p21.1 are associated with large artery atherosclerotic stroke. Nature
Genetics 44: 1147-1151, 2012.

Holloway TM, Bloemberg D, da Silva ML, Simpson JA, Quadrilatero J,
Spriet LL. High intensity interval and endurance training have opposing effects
on markers of heart failure and cardiac remodeling in hypertensive rats. PLoS
ONE 10: 0121138, 2015.

Hopkins N, Stratton G, Maia J, Tinken TM, Graves LE, Cable TN, Green
DJ. Heritability of arterial function, fitness, and physical activity in youth: a
study of monozygotic and dizygotic twins. J Pediatr 157: 943-948, 2010.

Hopkins ND, Stratton G, Cable NT, Tinken TM, Graves LEF, Green DJ.
Impact of exercise training on endothelial function and body composition in
young people: a study of mono- and di-zygotic twins. Eur J Appl Physiol 112:
421-427, 2012.

136



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Hoshino J, Sakamaki T, Nakamura T, Kobayashi M, Kato M, Sakamoto H,
Kurashina T, Yagi A, Sato K, Ono Z. Exaggerated vascular response due to
endothelial dysfunction and role of the renin-angiotensin system at early stage of
renal hypertension in rats. Circ Res 74: 130-138, 1994.

Hosoki R, Matsuki N, Kimura H. The possible role of hydrogen sulfide as an
endogenous smooth muscle relaxant in synergy with nitric oxide. Biochem
Biophys Res Commun 237: 527-531, 1997.

Huang A, Sun D, Smith CJ, Connetta JA, Shesely EG, Koller A, Kaley G. In
eNOS knockout mice skeletal muscle arteriolar dilation to acetylcholine is
mediated by EDHF. Am J Physiol Heart Circ Physiol 278: H762-8, 2000.

Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA, Bevan JA,
Fishman MC. Hypertension in mice lacking the gene for endothelial nitric
oxide synthase. Nature 377: 239-242, 1995.

Hubner N, Yagil C, Yagil Y. Novel integrative approaches to the identification
of candidate genes in hypertension. Hypertension 47: 1-5, 2005.

Hgydal MA, Wislgff U, Kemi OJ, Ellingsen O. Running speed and maximal
oxygen uptake in rats and mice: practical implications for exercise training. Eur
J Cardiovasc Prev Rehabil 14: 753-760, 2007.

lemitsu M, Miyauchi T, Maeda S, Yuki K, Kobayashi T, Kumagai Y,
Shimojo N, Yamaguchi I, Matsuda M. Intense exercise causes decrease in
expression of both endothelial NO synthase and tissue NOXx level in hearts. Am J
Physiol Regul Integr Comp Physiol 279: R951-9, 2000.

Inaba Y, Chen JA, Bergmann SR. Prediction of future cardiovascular
outcomes by flow-mediated vasodilatation of brachial artery: a meta-analysis.
Int J Cardiovasc Imaging 26: 631-640, 2010.

Ingelsson E, Syvanen A-C, Lind L. Endothelium-dependent vasodilation in
conduit and resistance vessels in relation to the endothelial nitric oxide synthase
gene. J Hum Hypertens 22: 569-578, 2008.

International Consortium for Blood Pressure Genome-Wide Association
Studies. Genetic variants in novel pathways influence blood pressure and
cardiovascular disease risk. Nature 478: 103-109, 2011.

Ishimori N. Quantitative trait loci analysis for plasma HDL-cholesterol

concentrations and atherosclerosis susceptibility between inbred mouse strains
C57BL/6J and 129S1/SvimJ. Arterioscler Thromb Vasc Biol 24: 161-166, 2004.

137



135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

Jaffe EA, Nachman RL, Becker CG, Minick CR. Culture of human
endothelial cells derived from umbilical veins. Identification by morphologic
and immunologic criteria. J Clin Invest 52: 2745-2756, 1973.

Jasperse JL, Laughlin MH. Flow-induced dilation of rat soleus feed arteries.
Am J Physiol Heart Circ Physiol 273: H2423-H2427, 1997.

Jasperse JL, Laughlin MH. Endothelial function and exercise training. Med
Sci Sports Exerc 38: 445454, 2006.

Jones AW, Rubin LJ, Magliola L. Endothelin-1 sensitivity of porcine coronary
arteries is reduced by exercise training and is gender dependent. J Appl Physiol
87:1172-1177, 1999.

Jones LC. Genetic regulation of endothelial function. Heart 91: 1275-1277,
2005.

Juonala M, Kahdnen M, Laitinen T, Hutri-Kéahdnen N, Jokinen E,
Taittonen L, Pietikdinen M, Helenius H, Viikari JSA, Raitakari OT. Effect
of age and sex on carotid intima-media thickness, elasticity and brachial
endothelial function in healthy adults: the cardiovascular risk in Young Finns
Study. Eur Heart J 29: 1198-1206, 2008.

Kang HM, Zaitlen NA, Wade CM, Kirby A, Heckerman D, Daly MJ, Eskin
E. Efficient control of population structure in model organism association
mapping. Genetics 178: 1709-1723, 2008.

Karaki H, Sato K, Ozaki H, Murakami K. Effects of sodium nitroprusside on
cytosolic calcium level in vascular smooth muscle. Eur J Pharmacol 156: 259
266, 1988.

Kathiresan S. Common genetic variation at the endothelial nitric oxide
synthase locus and relations to brachial artery vasodilator function in the
community. Circulation 112: 1419-1427, 2005.

Kemi OJ, Haram PM, Loennechen JP, Osnes J-B, Skomedal T, Wislgff U,
Ellingsen O. Moderate vs. high exercise intensity: differential effects on aerobic
fitness, cardiomyocyte contractility, and endothelial function. Cardiovasc Res
67: 161-172, 2005.

Kemi OJ, Haram PM, Wislgff U, Ellingsen O. Aerobic fitness is associated
with cardiomyocyte contractile capacity and endothelial function in exercise
training and detraining. Circulation 109: 2897-2904, 2004.

Kojda G, Hambrecht R. Molecular mechanisms of vascular adaptations to

138



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

exercise. Physical activity as an effective antioxidant therapy? Cardiovasc Res
67: 187-197, 2005.

Kokkinos P, Myers J. Exercise and physical activity: clinical outcomes and
applications. Circulation 122: 1637-1648, 2010.

Koller A, Huang A, Sun D, Kaley G. Exercise training augments flow-
dependent dilation in rat skeletal muscle arterioles. Role of endothelial nitric
oxide and prostaglandins. Circ Res 76: 544-550, 1995.

Kota L, Osborne-Pellegrin M, Schulz H, Behmoaras J, Coutard M, Gong
M, Hubner N. Quantitative genetic basis of arterial phenotypes in the Brown
Norway rat. Physiol Genomics 30: 17-25, 2007.

Kunert MP, Drenjancevic-Peric I, Dwinell MR, Lombard JH, Cowley AW,
Greene AS, Kwitek AE, Jacob HJ. Consomic strategies to localize genomic
regions related to vascular reactivity in the Dahl salt-sensitive rat. Physiol
Genomics 26: 218-225, 2006.

Kunert MP, Dwinell MR, Lombard JH. Vascular responses in aortic rings of
a consomic rat panel derived from the Fawn Hooded Hypertensive strain.
Physiol Genomics 42A: 244-258, 2010.

Kuo L, Davis MJ, Chilian WM. Endothelium-dependent, flow-induced
dilation of isolated coronary arterioles. Am J Physiol 259: H1063-70, 1990.

Laughlin MH, Newcomer SC, Bender SB. Importance of hemodynamic forces
as signals for exercise-induced changes in endothelial cell phenotype. J Appl
Physiol 104: 588-600, 2008.

Laughlin MH, Roseguini B. Mechanisms for exercise training-induced
increases in skeletal muscle blood flow capacity: differences with interval sprint
training versus aerobic endurance training. J Physiol Pharmacol 59 Suppl 7: 71—
88, 2008.

Laughlin MH, Schrage WG, McAllister RM, Garverick HA, Jones AW.
Interaction of gender and exercise training: vasomotor reactivity of porcine
skeletal muscle arteries. J Appl Physiol 90: 216-227, 2001.

Laughlin MH, Welshons WV, Sturek M, Rush JWE, Turk JR, Taylor JA,
Judy BM, Henderson KK, Ganjam VK. Gender, exercise training, and eNOS
expression in porcine skeletal muscle arteries. J Appl Physiol 95: 250-264,
2003.

Laughlin MH. Endothelium-mediated control of coronary vascular tone after

139



158.

159.

160.

161.

162.

163.

164.

165.

166.

chronic exercise training. Med Sci Sports Exerc 27: 1135-1144, 1995.

Laughlin MH. Joseph B. Wolfe Memorial lecture. Physical activity in
prevention and treatment of coronary disease: the battle line is in exercise
vascular cell biology. Med Sci Sports Exerc 36: 352-362, 2004.

Le Boeuf F, Houle F, Huot J. Regulation of vascular endothelial growth factor
receptor 2-mediated phosphorylation of focal adhesion kinase by heat shock
protein 90 and Src kinase activities. J Biol Chem 279: 39175-39185, 2004.

Leduc MS, Lyons M, Darvishi K, Walsh K, Sheehan S, Amend S, Cox A,
Orho-Melander M, Kathiresan S, Paigen B, Korstanje R. The mouse QTL
map helps interpret human genome-wide association studies for HDL
cholesterol. J Lipid Res 52: 1139-1149, 2011.

Lee D-C, Sui X, Artero EG, Lee I-M, Church TS, McAuley PA, Stanford
FC, Kohl HW, Blair SN. Long-term effects of changes in cardiorespiratory
fitness and body mass index on all-cause and cardiovascular disease mortality in
men: the Aerobics Center Longitudinal Study. Circulation 124: 2483-2490,
2011.

Lee I-M, Sesso HD, Oguma Y, Paffenbarger RS. Relative intensity of
physical activity and risk of coronary heart disease. Circulation 107: 1110-
1116, 2003.

Lee S, Park Y, Dellsperger KC, Zhang C. Exercise training improves
endothelial function via adiponectin-dependent and independent pathways in
type 2 diabetic mice. Am J Physiol Heart Circ Physiol 301: H306-14, 2011.

Lerman I, Harrison BC, Freeman K, Hewett TE, Allen DL, Robbins J,
Leinwand LA. Genetic variability in forced and voluntary endurance exercise
performance in seven inbred mouse strains. J Appl Physiol 92: 2245-2255,
2002.

Lesniewski LA, Donato AJ, Behnke BJ, Woodman CR, Laughlin MH, Ray
CA, Delp MD. Decreased NO signaling leads to enhanced vasoconstrictor
responsiveness in skeletal muscle arterioles of the ZDF rat prior to overt
diabetes and hypertension. Am J Physiol Heart Circ Physiol 294: H1840-50,
2008.

Liang GH, Adebiyi A, Leo MD, McNally EM, Leffler CW, Jaggar JH.
Hydrogen sulfide dilates cerebral arterioles by activating smooth muscle cell
plasma membrane KATP channels. Am J Physiol Heart Circ Physiol 300:
H2088-95, 2011.

140



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Lieb W, Vasan RS. Genetics of coronary artery disease. Circulation 128:
1131-1138, 2013.

Lillig CH, Berndt C, Vergnolle O. Characterization of human glutaredoxin 2
as iron-sulfur protein: a possible role as redox sensor. Proc Natl Acad Sci U S A
102: 8168-8173, 2005.

Liu P, Vikis H, Lu Y, Wang D, You M. Large-scale in silico mapping of
complex quantitative traits in inbred mice. PLoS ONE 2: e651, 2007.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2—AACT method. Methods 25: 402408,
2001.

Lu X, Wang L, Chen S, He L, Yang X, Shi Y, Cheng J, Zhang L, Gu CC,
Huang J, WuT,Ma, LiJ, CaoJ,ChenJ,GeD,Fan Z, LiY, Zhao L, Li
H, Zhou X, Chen L, Liu D, Chen J, Duan X, Hao Y, Wang L, Lu F, Liu Z,
Yao C, Shen C, Pu X, Yu L, Fang X, Xu L, Mu J, Wu X, Zheng R, Wu N,
Zhao Q, Li Y, Liu X, Wang M, Yu D, Hu D, Ji X, Guo D, Sun D, Wang Q,
Yang Y, Liu F, Mao Q, Liang X, Ji J, Chen P, Mo X, Li D, Chai G, Tang Y,
Li X, Du Z, Liu X, Dou C, Yang Z, Meng Q, Wang D, Wang R, Yang J,
Schunkert H, Samani NJ, Kathiresan S, Reilly MP, Erdmann J, Peng X,
Wu X, Liu D, Yang Y, Chen R, Qiang B, Gu D. Genome-wide association
study in Han Chinese identifies four new susceptibility loci for coronary artery
disease. Nature Genetics 44: 890-894, 2012.

Lum H, Hao Z, Gayle D, Kumar P, Patterson CE, Uhler MD. Vascular
endothelial cells express isoforms of protein kinase A inhibitor. Am J Physiol
Cell Physiol 282: C59-C66, 2001.

Lum H, Jaffe HA, Schulz IT, Masood A, RayChaudhury A, Green RD.
Expression of PKA inhibitor (PKI) gene abolishes cCAMP-mediated protection to
endothelial barrier dysfunction. Am J Physiol 277: C580-8, 1999.

Lusis AJ, Mar R, Pajukanta P. Genetics of atherosclerosis. Annu Rev Genom
Human Genet 5: 189-218, 2004.

Macpherson REK, Hazell TJ, Olver TD, Paterson DH, Lemon PWR. Run
sprint interval training improves aerobic performance but not maximal cardiac
output. Med Sci Sports Exerc 43: 115-122, 2011.

Maeda S, Miyauchi T, Kakiyama T, Sugawara J, lemitsu M, Irukayama-
Tomobe Y, Murakami H, Kumagai Y, Kuno S, Matsuda M. Effects of
exercise training of 8 weeks and detraining on plasma levels of endothelium-
derived factors, endothelin-1 and nitric oxide, in healthy young humans. Life

141



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Sciences 69: 1005-1016, 2001.

Manolio TA, Brooks LD, Collins FS. A HapMap harvest of insights into the
genetics of common disease. J Clin Invest 118: 1590-1605, 2008.

Marcadenti A, Fuchs FD, Matte U, Sperb F, Moreira LB, Fuchs SC. Effects
of FTO RS9939906 and MC4R RS17782313 on obesity, type 2 diabetes
mellitus and blood pressure in patients with hypertension. Cardiovasc Diabetol
12: 1-1, 2013.

Marchesi S, Lupattelli G, Sensini A, Lombardini R, Brozzetti M, Roscini
AR, Siepi D, Mannarino E, Vaudo G. Racial difference in endothelial
function: role of the infective burden. Atherosclerosis 191: 227-234, 2007.

Massett MP, Fan R, Berk BC. Quantitative trait loci for exercise training
responses in FVB/NJ and C57BL/6J mice. Physiol Genomics 40: 15-22, 2009.

Matsuo T, Saotome K, Seino S, Eto M, Shimojo N, Matsushita A, IEMITSU
M, Ohshima H, Tanaka K, Mukai C. Low-volume, high-intensity, aerobic
interval exercise for sedentary adults: VO, max, cardiac mass, and heart rate
recovery. Eur J Appl Physiol 114: 1963-1972, 2014.

McAllister RM, Jasperse JL, Laughlin MH. Nonuniform effects of endurance
exercise training on vasodilation in rat skeletal muscle. J Appl Physiol 98: 753—
761, 2005.

Mclntyre M, Bohr DF, Dominiczak AF. Endothelial Function in
Hypertension. Hypertension 34:539-545, 1999

McPherson GA. Assessing vascular reactivity of arteries in the small vessel
myograph. Clin Exp Pharmacol Physiol 19: 815-825, 1992.

Melka MG, Bernard M, Mahboubi A, Abrahamowicz M, Paterson AD,
Syme C, Lourdusamy A, Schumann G, Leonard GT, Perron M, Richer L,
Veillette S, Gaudet D, Paus T, Pausova Z. Genome-wide scan for loci of
adolescent obesity and their relationship with blood pressure. J Clin Endocrinol
Metab 97:E145-150, 2012

Mendelsohn ME, Karas RH. Molecular and cellular basis of cardiovascular
gender differences. Science 308: 1583-1587, 2005.

Mitchell BD, Kammerer CM, Blangero J, Mahaney MC, Rainwater DL,
Dyke B, Hixson JE, Henkel RD, Sharp RM, Comuzzie AG, VandeBerg JL,
Stern MP, MacCluer JW. Genetic and environmental contributions to
cardiovascular risk factors in Mexican Americans: The San Antonio Family

142



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Heart Study. Circulation 94: 2159-2170, 1996.

Mitchell JA, Ali F, Bailey L, Moreno L, Harrington LS. Role of nitric oxide
and prostacyclin as vasoactive hormones released by the endothelium. Exp
Physiol 93: 141-147, 2008.

Mitranun W, Deerochanawong C, Tanaka H, Suksom D. Continuous vs
interval training on glycemic control and macro- and microvascular reactivity in
type 2 diabetic patients. Scand J Med Sci Sports 24: e69-76, 2014.

Miyauchi T, Masaki T. Pathophysiology of endothelin in the cardiovascular
system. Annu Rev Physiol 61: 391-415, 1999.

Mombouli JV, Hlliano S, Nagao T, Scott-Burden T, Vanhoutte PM,
Potentiation of endothelium-dependent relaxations to bradykinin by angiotensin
| converting enzyme inhibitors in canine coronary artery involves both
endothelium-derived relaxing and hyperpolarizing factors. Circ Res 71: 137—
144, 1992,

Moncada S, Palmer RM, Higgs EA. Biosynthesis of nitric oxide from L-
arginine. A pathway for the regulation of cell function and communication.
Biochem Pharmacol 38: 1709-1715, 1989.

Morris RW, Kaplan NL. On the advantage of haplotype analysis in the
presence of multiple disease susceptibility alleles. Genet Epidemiol 23: 221-233,
2002

Muller JM, Myers PR, Laughlin MH. Vasodilator responses of coronary
resistance arteries of exercise-trained pigs. Circulation 89: 2308-2314, 1994.

Murias JM, Dey A, Campos OA, Estaki M, Hall KE, Melling CWJ, Noble
EG. High-intensity endurance training results in faster vessel-specific rate of
vasorelaxation in type 1 diabetic rats. PLoS ONE 8: 59678, 2013.

Murphy SL, Xu J, Kochanek KD. Deaths: final data for 2010. Natl Vital Stat
Rep 61: 1-117, 2013.

Myocardial Infarction Genetics Consortium, Kathiresan S, Voight BF,
Purcell S, Musunuru K, Ardissino D, Mannucci PM, Anand S, Engert JC,
Samani NJ, Schunkert H, Erdmann J, Reilly MP, Rader DJ, Morgan T,
Spertus JA, Stoll M, Girelli D, McKeown PP, Patterson CC, Siscovick DS,
O'Donnell CJ, Elosua R, Peltonen L, Salomaa V, Schwartz SM, Melander
O, Altshuler D, Ardissino D, Merlini PA, Berzuini C, Bernardinelli L,
Peyvandi F, Tubaro M, Celli P, Ferrario M, Fetiveau R, Marziliano N,
Casari G, Galli M, Ribichini F, Rossi M, Bernardi F, Zonzin P, Piazza A,

143



198.

199.

200.

201.

202.

203.

Mannucci PM, Siscovick DS, Yee J, Friedlander Y, Marrugat J, Lucas G,
Subirana I, Sala J, Ramos R, Meigs JB, Williams G, Nathan DM, MacRae
CA, Havulinna AS, Berglund G, Hirschhorn JN, Asselta R, Duga S,
Spreafico M, Daly MJ, Purcell S, Purcell S, Nemesh J, Korn JM, McCarroll
SA, Yee J, Subirana I, Surti A, Guiducci C, Gianniny L, Mirel D, Parkin
M, Burtt N, Gabriel SB, Thompson JR, Braund PS, Wright BJ, Balmforth
AJ, Ball SG, Hall AS, Wellcome Trust Case Control Consortium, Linsel-
Nitschke P, Lieb W, Ziegler A, Konig I, Hengstenberg C, Fischer M, Stark
K, Grosshennig A, Preuss M, Wichmann H-E, Schreiber S, Ouwehand W,
Deloukas P, Scholz M, Cambien F, Li M, Chen Z, Wilensky R, Matthai W,
Qasim A, Hakonarson HH, Devaney J, Burnett M-S, Pichard AD, Kent
KM, Satler L, Lindsay JM, Waksman R, Knouff CW, Waterworth DM,
Walker MC, Mooser V, Epstein SE, Scheffold T, Berger K, Stoll M, Huge
A, Girelli D, Martinelli N, Olivieri O, Corrocher R, Morgan T, Spertus JA,
McKeown P, Patterson CC, Erdmann E, Linsel-Nitschke P, Lieb W, Konig
IR, Fischer M, Grosshennig A, Holm H, Thorleifsson G, Thorsteinsdottir U,
Stefansson K, Engert JC, Do R, Xie C, Anand S, Ardissino D, Mannucci
PM, Siscovick D. Genome-wide association of early-onset myocardial
infarction with single nucleotide polymorphisms and copy number variants.
Nature Genetics 41: 334-341, 2009.

Negrao MV, Alves CR, Alves GB, Pereira AC, Dias RG, Laterza MC, Mota
GF, Oliveira EM, Bassaneze V, Krieger JE, Negrao CE, Rondon MUPB.
Exercise training improves muscle vasodilatation in individuals with T786C
polymorphism of endothelial nitric oxide synthase gene. Physiol Genomics 42A:
71-77, 2010.

Nestor AL. Linkage analysis of neointimal hyperplasia and vascular wall
transformation after balloon angioplasty. Physiol Genomics 25: 286293, 2006.

Ozkor MA, Rahman AM, Murrow JR, Kavtaradze N, Lin J, Manatunga A,
Hayek S, Quyyumi AA. Differences in vascular nitric oxide and endothelium-
derived hyperpolarizing factor bioavailability in blacks and whites. Arterioscler
Thromb Vasc Biol 34: 1320-1327, 2014.

Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and
disease. Physiol Rev 87: 315-424, 2007.

Padilla J, Jenkins NT, Thorne PK, Martin JS, Rector RS, Davis JW,
Laughlin MH. Transcriptome-wide RNA sequencing analysis of rat skeletal
muscle feed arteries. Il. Impact of exercise training in obesity. J Appl Physiol
116: 1033-1047, 2014.

Padilla J, Newcomer SC, Simmons GH, Kreutzer KV, Laughlin MH. Long-
term exercise training does not alter brachial and femoral artery vasomotor
144



204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

function and endothelial phenotype in healthy pigs. Am J Physiol Heart Circ
Physiol 299: 379-385, 2010.

Padilla J, Simmons GH, Bender SB, Arce-Esquivel AA, Whyte JJ, Laughlin
MH. Vascular effects of exercise: endothelial adaptations beyond active muscle
beds. Physiology 26: 132-145, 2011.

Padilla J, Simmons GH, Davis JW, Whyte JJ, Zderic TW, Hamilton MT,
Bowles DK, Laughlin MH. Impact of exercise training on endothelial
transcriptional profiles in healthy swine: a genome-wide microarray analysis.
Am J Physiol Heart Circ Physiol 301: H555-64, 2011.

Palmefors H, DuttaRoy S, Rundqvist B, Borjesson M. The effect of physical
activity or exercise on key biomarkers in atherosclerosis - A systematic review.
Atherosclerosis 235: 150-161, 2014.

Panagiotou OA, loannidis JPA, Project FTG-WS. What should the genome-
wide significance threshold be? Empirical replication of borderline genetic
associations. Int J Epidemiol 41:273-286, 2012.

Paradossi U, Ciofini E, Clerico A, Botto N, Biagini A, Colombo MG.
Endothelial function and carotid intima-media thickness in young healthy
subjects among endothelial nitric oxide synthase Glu298->Asp and T-786->C
polymorphisms. Stroke 35: 1305-1309, 2004.

Park Y, Prisby RD, Behnke BJ, Dominguez JM, Lesniewski LA, Donato

AJ, Muller-Delp J, Delp MD. Effects of aging, TNF-a, and exercise training
on angiotensin ll-induced vasoconstriction of rat skeletal muscle arterioles. J

Appl Physiol 113: 1091-1100, 2012.

Parker JL, Mattox ML, Laughlin MH. Contractile responsiveness of coronary
arteries from exercise-trained rats. J Appl Physiol 83: 434-443, 1997.

Payseur BA, Place M. Prospects for association mapping in classical inbred
mouse strains. Genetics 175: 1999-2008, 2007.

Perusse L, Rankinen T, Hagberg JM, Loos RJF, Roth SM, Sarzynski MA,
Wolfarth B, Bouchard C. Advances in exercise, fitness, and performance
genomics in 2012. Med Sci Sports Exerc 45: 824-831, 2013.

Peters LL, Robledo RF, Bult CJ, Churchill GA, Paigen BJ, Svenson KL.
The mouse as a model for human biology: a resource guide for complex trait
analysis. Nat Rev Genet 8: 58-69, 2007.

Petkov PM, Ding Y, Cassell MA, Zhang W, Wagner G, Sargent EE,
145



215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

Asquith S, Crew V, Johnson KA, Robinson P, Scott VE, Wiles MV. An
efficient SNP system for mouse genome scanning and elucidating strain
relationships. Genome Res 14: 1806-1811, 2004.

Picchi A, Gao X, Belmadani S, Potter BJ, Focardi M, Chilian WM, Zhang
C. Tumor necrosis factor-o induces endothelial dysfunction in the prediabetic
metabolic syndrome. Circ Res 99:69-77, 2006.

Pilia G, Chen W-M, Scuteri A, Orru M, Albai G, Dei M, Lai S, Usala G, Lai
M, Loi P, Mameli C, Vacca L, Deiana M, Olla N, Masala M, Cao A, Najjar
SS, Terracciano A, Nedorezov T, Sharov A, Zonderman AB, Abecasis GR,
Costa P, Lakatta E, Schlessinger D. Heritability of cardiovascular and
personality traits in 6,148 Sardinians. PLoS Genet 2: e132, 2006.

Posti JP, Valve L, Ruohonen S, Akkila J, Scheinin M, Snapir A. Dorsal hand
vein responses to the a.1-adrenoceptor agonist phenylephrine do not predict
responses to the a2-adrenoceptor agonist dexmedetomidine. Eur J Pharmacol
653: 70-74, 2011.

Prior BM, Lloyd PG, Yang HT, Terjung RL. Exercise-induced vascular
remodeling. Exerc Sport Sci Rev 31: 26, 2003.

Prochazka M, Serreze DV, Worthen SM, Leiter EH. Genetic control of
diabetogenesis in NOD/Lt mice. Development and analysis of congenic stocks.
Diabetes 38: 14461455, 1989.

Radovanovic I, Mullick A, Gros P. Genetic control of susceptibility to
infection with Candida albicans in mice. PLoS ONE 6: e18957, 2011.

Raffai G, Khang G, Vanhoutte PM. Angiotensin-(1-7) augments endothelium-
dependent relaxations of porcine coronary arteries to bradykinin by inhibiting
angiotensin-converting enzyme 1. J Cardiovasc Pharmacol 63: 453-460, 2014.

Rakobowchuk M, Tanguay S, Burgomaster KA, Howarth KR, Gibala MJ,
MACDONALD MJ. Sprint interval and traditional endurance training induce
similar improvements in peripheral arterial stiffness and flow-mediated dilation
in healthy humans. Am J Physiol Regul Integr Comp Physiol 295: R236-42,
2008.

Ras RT, Streppel MT, Draijer R, Zock PL. Flow-mediated dilation and
cardiovascular risk prediction: A systematic review with meta-analysis. Int J
Cardiol 168: 344-351, 2013.

Ratkevicius A, Carroll AM, Kilikevicius A, Venckunas T, McDermott KT,
Gray SR, Wackerhage H, Lionikas A. H55N polymorphism as a likely cause

146



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

of variation in citrate synthase activity of mouse skeletal muscle. Physiol
Genomics 42A: 96-102, 2010.

Reho JJ, Shetty A, Dippold RP, Mahurkar A, Fisher SA. Unique gene
program of rat small resistance mesenteric arteries as revealed by deep RNA
sequencing. Physiol Rep 3, 2015.

Roberts R. Genetics of coronary artery disease. Circ Res 114: 1890-1903,
2014.

Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ. Heart disease and stroke
statistics—2012 update a report from the American heart association.
Circulation 125:e2-220, 2012.

Rognmo @ , Moholdt T, Bakken H, Hole T, Mglstad P, Myhr NE, Grimsmo
J, Wislgff U. Cardiovascular risk of high- versus moderate-intensity aerobic
exercise in coronary heart disease patients. Circulation 126: 1436-1440, 2012.

Rosenbloom KR, Armstrong J, Barber GP, Casper J, Clawson H, Diekhans
M, Dreszer TR, Fujita PA, Guruvadoo L, Haeussler M, Harte RA, Heitner
S, Hickey G, Hinrichs AS, Hubley R, Karolchik D, Learned K, Lee BT, Li
CH, Miga KH, Nguyen N, Paten B, Raney BJ, Smit AFA, Speir ML, Zweig
AS, Haussler D, Kuhn RM, Kent WJ. The UCSC genome browser database:
2015 update. Nucleic Acids Res 43: D670-D681, 2015.

Rossi GP, Taddei S, Virdis A, Cavallin M, Ghiadoni L, Favilla S, Versari D,
Sudano I, Pessina AC, Salvetti A. The T-786C and Glu298Asp polymorphisms
of the endothelial nitric oxide gene affect the forearm blood flow responses of
Caucasian hypertensive patients. J Am Coll Cardiol 41: 938-945, 2003.

Rush JW, Laughlin MH, Woodman CR, Price EM. SOD-1 expression in pig
coronary arterioles is increased by exercise training. Am J Physiol Heart Circ
Physiol 279: H2068-76, 2000.

Rush JWE, Turk JR, Laughlin MH. Exercise training regulates SOD-1 and
oxidative stress in porcine aortic endothelium. Am J Physiol Heart Circ Physiol
284: H1378-H1387, 2003.

Ryan MJ, Didion SP, Davis DR, Faraci FM, Sigmund CD. Endothelial
dysfunction and blood pressure variability in selected inbred mouse strains.
Arterioscler Thromb Vasc Biol 22: 42-48, 2002.

Sato J, Kinugasa M, Satomi-Kobayashi S, Hatakeyama K, Knox AJ, Asada
Y, Wierman ME, Hirata K-I, Rikitake Y. Family with sequence similarity 5,
member C (FAM5C) increases leukocyte adhesion molecules in vascular

147



235.

236.

237.

endothelial cells: implication in vascular inflammation. PLoS ONE 9: 107236,
2014,

Schneider MP, Hilgers KF, Huang Y, Delles C, John S, Oehmer S,
Schmieder RE. The C242T p22phox polymorphism and endothelium-
dependent vasodilation in subjects with hypercholesterolaemia. Clin Sci 105:
97-103, 2003.

Schrage WG, Woodman CR, Laughlin MH. Hindlimb unweighting alters
endothelium-dependent vasodilation and ecNOS expression in soleus arterioles.
J Appl Physiol 89: 1483-1490, 2000.

Schunkert H, Konig IR, Kathiresan S, Reilly MP, Assimes TL, Holm H,
Preuss M, Stewart AFR, Barbalic M, Gieger C, Absher D, Aherrahrou Z,
Allayee H, Altshuler D, Anand SS, Andersen K, Anderson JL, Ardissino D,
Ball SG, Balmforth AJ, Barnes TA, Becker DM, Becker LC, Berger K, Bis
JC, Boekholdt SM, Boerwinkle E, Braund PS, Brown MJ, Burnett M-S,
Buysschaert I, Cardiogenics, Carlquist JF, Chen L, Cichon S, Codd V,
Davies RW, Dedoussis G, Dehghan A, Demissie S, Devaney JM, Diemert P,
Do R, Doering A, Eifert S, Mokhtari EI NE, Ellis SG, Elosua R, Engert JC,
Epstein SE, de Faire U, Fischer M, Folsom AR, Freyer J, Gigante B, Girelli
D, Grétarsdottir S, Gudnason V, Gulcher JR, Halperin E, Hammond N,
Hazen SL, Hofman A, Horne BD, lllig T, Iribarren C, Jones GT, Jukema
JW, Kaiser MA, Kaplan LM, Kastelein JJP, Khaw K-T, Knowles JW,
Kolovou G, Kong A, Laaksonen R, Lambrechts D, Leander K, Lettre G, Li
M, Lieb W, Loley C, Lotery AJ, Mannucci PM, Maouche S, Martinelli N,
McKeown PP, Meisinger C, Meitinger T, Melander O, Merlini PA, Mooser
V, Morgan T, Mihleisen TW, Muhlestein JB, Miinzel T, Musunuru K,
Nahrstaedt J, Nelson CP, Néthen MM, Olivieri O, Patel RS, Patterson CC,
Peters A, Peyvandi F, Qu L, Quyyumi AA, Rader DJ, Rallidis LS, Rice C,
Rosendaal FR, Rubin D, Salomaa V, Sampietro ML, Sandhu MS, Schadt E,
Schafer A, Schillert A, Schreiber S, Schrezenmeir J, Schwartz SM,
Siscovick DS, Sivananthan M, Sivapalaratnam S, Smith A, Smith TB,
Snoep JD, Soranzo N, Spertus JA, Stark K, Stirrups K, Stoll M, Tang
WHW, Tennstedt S, Thorgeirsson G, Thorleifsson G, Tomaszewski M,
Uitterlinden AG, van Rij AM, Voight BF, Wareham NJ, Wells GA,
Wichmann H-E, Wild PS, Willenborg C, Witteman JCM, Wright BJ, Ye S,
Zeller T, Ziegler A, Cambien F, Goodall AH, Cupples LA, Quertermous T,
Mérz W, Hengstenberg C, Blankenberg S, Ouwehand WH, Hall AS,
Deloukas P, Thompson JR, Stefansson K, Roberts R, Thorsteinsdottir U,
O'Donnell CJ, McPherson R, Erdmann J, Consortium TC. Large-scale
association analysis identifies 13 new susceptibility loci for coronary artery
disease. Nature Genetics 43: 333-338, 2011.

148



238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

Scotland RS, Madhani M, Chauhan S, Moncada S, Andresen J, Nilsson H,
Hobbs AJ, Ahluwalia A. Investigation of vascular responses in endothelial
nitric oxide synthase/cyclooxygenase-1 double-knockout mice: key role for
endothelium-derived hyperpolarizing factor in the regulation of blood pressure
in vivo. Circulation 111: 796-803, 2005.

Seals DR. Edward F. Adolph Distinguished Lecture: The remarkable anti-aging
effects of aerobic exercise on systemic arteries. J Appl Physiol. 117: 425-439,
2014,

Sessa WC, Pritchard K, Seyedi N, Wang J, Hintze TH. Chronic exercise in
dogs increases coronary vascular nitric oxide production and endothelial cell
nitric oxide synthase gene expression. Circ Res 74: 349-353, 1994.

Shephard RJ, Balady GJ. Exercise as cardiovascular therapy. Circulation 99:
963-972, 1999.

Shimbo D, Muntner P, Mann D, Viera AJ, Homma S, Polak JF, Barr RG,
Herrington D, Shea S. Endothelial dysfunction and the risk of hypertension:
the multi-ethnic study of atherosclerosis. Hypertension 55: 1210-1216, 2010.

Shimoyama M, De Pons J, Hayman GT, Laulederkind SJF, Liu W, Nigam
R, Petri V, Smith JR, Tutaj M, Wang S-J, Worthey E, Dwinell M, Jacob H.
The Rat Genome Database 2015: genomic, phenotypic and environmental
variations and disease. Nucleic Acids Res 43: D743-50, 2015.

Simmons GH, Padilla J, Laughlin MH. Heterogeneity of endothelial cell
phenotype within and amongst conduit vessels of the swine vasculature. Exp
Physiol 97: 1074-1082, 2012.

Skinner JS, Jaskodlski A, Jaskolska A, Krasnoff J, Gagnon J, Leon AS, Rao
DC, Wilmore JH, Bouchard C. Age, sex, race, initial fitness, and response to
training: the HERITAGE Family Study. J Appl Physiol 90: 1770-1776, 2001.

Smolock EM, llyushkina IA, Ghazalpour A, Gerloff J, Murashev AN, Lusis
AJ, Korshunov VA. Genetic locus on mouse chromosome 7 controls elevated
heart rate. Physiol Genomics 44: 689-698, 2012.

Spielmann N, Leon AS, Rao DC, Rice T, Skinner JS, Rankinen T,
Bouchard C. Genome-wide linkage scan for submaximal exercise heart rate in
the HERITAGE family study. Am J Physiol Heart Circ Physiol 293: H3366-71,
2007.

Spier SA, Laughlin MH, Delp MD. Effects of acute and chronic exercise on
vasoconstrictor responsiveness of rat abdominal aorta. J Appl Physiol 87: 1752—

149



249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

1757, 1999.

Spinazzi M, Casarin A, Pertegato V, Salviati L, Angelini C. Assessment of
mitochondrial respiratory chain enzymatic activities on tissues and cultured
cells. Nat Protoc 7: 1235-1246, 2012.

Srivastava U, Paigen BJ, Korstanje R. Differences in health status affect
susceptibility and mapping of genetic loci for atherosclerosis (fatty streak) in
inbred mice. Arterioscler Thromb Vasc Biol 32: 2380-2386, 2012.

Stein CM, Lang CC, Singh I, He HB, Wood A. Increased vascular adrenergic
vasoconstriction and decreased vasodilation in blacks additive mechanisms
leading to enhanced vascular reactivity. Hypertension 36:945-951, 2000.

Stylianou IM, Bauer RC, Reilly MP, Rader DJ. Genetic basis of
atherosclerosis: insights from mice and humans. Circ Res 110: 337355, 2012.

Su Z, Ishimori N, Chen Y, Leiter EH, Churchill GA, Paigen B, Stylianou
IM. Four additional mouse crosses improve the lipid QTL landscape and
identify Lipg as a QTL gene. J Lipid Res 50: 2083—-2094, 2009.

Suboc TMB, Dharmashankar K, Wang J, Ying R, Couillard AB, Tanner
MJ, Widlansky ME. Moderate obesity and endothelial dysfunction in humans:
influence of gender and systemic inflammation. Physiol Rep 1: e00058, 2013.

Suzuki K, Juo S-HH, Rundek T, Boden-Albala B, Disla N, Liu R, Park N,
Di Tullio MR, Sacco RL, Homma S. Genetic contribution to brachial artery
flow-mediated dilation: The Northern Manhattan Family Study. Atherosclerosis
197: 212-216, 2008.

Svenson KL, Smith Von R, Magnani PA, Suetin HR, Paigen B, Naggert JK,
Li R, Churchill GA, Peters LL. Multiple trait measurements in 43 inbred
mouse strains capture the phenotypic diversity characteristic of human
populations. J Appl Physiol 102: 2369-2378, 2007.

Swain DP, Franklin BA. Comparison of cardioprotective benefits of vigorous
versus moderate intensity aerobic exercise. Am J Cardiol 97: 141-147, 2006.

Szmitko PE, Wang C-H, Weisel RD, de Almeida JR, Anderson TJ, Verma
S. New markers of inflammation and endothelial cell activation. Circulation
108:1917-1923, 2003.

Tanasescu M, Leitzmann MF, Rimm EB, Willett WC, Stampfer MJ, Hu
FB. Exercise type and intensity in relation to coronary heart disease in men.
JAMA 288: 19942000, 2002.

150



260. Timmons JA, Knudsen S, Rankinen T, Koch LG, Sarzynski M, Jensen T,
Keller P, Scheele C, Vollaard NBJ, Nielsen S, A kerstrém T, MacDougald
OA, Jansson E, Greenhaff PL, Tarnopolsky MA, van Loon LJC, Pedersen
BK, Sundberg CJ, Wahlestedt C, Britton SL, Bouchard C. Using molecular
classification to predict gains in maximal aerobic capacity following endurance
exercise training in humans. J Appl Physiol 108: 1487-1496, 2010.

261.  Tinken TM, Thijssen DHJ, Hopkins N, Dawson EA, Cable NT, Green DJ.
Shear stress mediates endothelial adaptations to exercise training in humans.
Hypertension 55: 312-318, 2010.

262.  Tjenna AE, Lee SJ, Rognmo @, Stalen TO, Bye A, Haram PM, Loennechen
JP, Al-Share QY, Skogvoll E, Slgrdahl SA, Kemi OJ, Najjar SM, Wislgff U.
Aerobic interval training versus continuous moderate exercise as a treatment for
the metabolic syndrome: a pilot study. Circulation 118: 346-354, 2008.

263.  Touyz RM, Schiffrin EL. Role of endothelin in human hypertension. Can J
Physiol Pharmacol 81: 533-541, 2003.

264.  Trott DW, Gunduz F, Laughlin MH, Woodman CR. Exercise training
reverses age-related decrements in endothelium-dependent dilation in skeletal
muscle feed arteries. J Appl Physiol 106: 1925-1934, 20009.

265.  Tyldum GA, Schjerve IE, Tjonna AE, Kirkeby-Garstad I, Stolen TO,
Richardson RS, Wisloff U. Endothelial dysfunction induced by post-prandial
lipemia. J Am Coll Cardiol 53: 200206, 2009.

266.  van Dongen J, Slagboom PE, Draisma HHM, Martin NG, Boomsma DI.
The continuing value of twin studies in the omics era. Nat Rev Genet 13: 640—
653, 2012.

267. Vasan RS, Larson MG, Aragam J, Wang TJ, Mitchell GF, Kathiresan S,
Newton-Cheh C, Vita JA, Keyes MJ, O'Donnell CJ, Levy D, Benjamin EJ.
Genome-wide association of echocardiographic dimensions, brachial artery
endothelial function and treadmill exercise responses in the Framingham Heart
Study. BMC Med Genet 8 Suppl 1: S2, 2007.

268.  Verhaar MC, Strachan FE, Newby DE, Cruden NL, Koomans HA,
Rabelink TJ, Webb DJ. Endothelin-A receptor antagonist-mediated
vasodilatation is attenuated by inhibition of nitric oxide synthesis and by
endothelin-B receptor blockade. Circulation 97: 752—756, 1998.

269. Verma S, Buchanan MR, Anderson TJ. Endothelial function testing as a
biomarker of vascular disease. Circulation 108: 2054-2059, 2003.

151



270.
271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Vita JA. Endothelial Function. Circulation 124: e906-€912, 2011.

Wamhoff BR, Bowles DK, Dietz NJ, Hu Q, Sturek M. Exercise training
attenuates coronary smooth muscle phenotypic modulation and nuclear Ca
2+signaling. Am J Physiol Heart Circ Physiol 283: H2397-H2410, 2002.

Wang J, Liao G, Usuka J, Peltz G. Computational genetics: from mouse to
human? Trends Genet 21: 526-532, 2005.

Wang J-S. Intense exercise increases shear-induced platelet aggregation in men
through enhancement of von Willbrand factor binding, glycoprotein l1b/llla
activation, and P-selectin expression on platelets. Eur J Appl Physiol 91: 741—
747, 2004.

Wang X, Ishimori N, Korstanje R, Rollins J, Paigen B. Identifying novel
genes for atherosclerosis through mouse-human comparative genetics. Am J
Hum Gent 77: 1-15, 2005.

Welter D, MacArthur J, Morales J, Burdett T, Hall P, Junkins H, Klemm
A, Flicek P, Manolio T, Hindorff L, Parkinson H. The NHGRI GWAS
Catalog, a curated resource of SNP-trait associations. Nucleic Acids Res 42:
D1001-6, 2014.

White RM, Rivera CO, Davison CA. Nitric oxide-dependent and -independent
mechanisms account for gender differences in vasodilation to acetylcholine. J
Pharmacol Exp Ther 292: 375-380, 2000.

Whyte JJ, Laughlin MH. The effects of acute and chronic exercise on the
vasculature. Acta Physiol 199: 441-450, 2010

Widlansky ME, Gokce N, Keaney JF Jr, Vita JA. The clinical implications of
endothelial dysfunction. J Am Coll Cardiol 42: 1149-1160, 2003.

Wislgff U, Najjar SM, Ellingsen O, Haram PM, Swoap S, Al-Share Q,
Fernstrom M, Rezaei K, Lee SJ, Koch LG, Britton SL. Cardiovascular risk
factors emerge after artificial selection for low aerobic capacity. Science 307:
418-420, 2005.

Wislgff U, Stgylen A, Loennechen JP, Bruvold M, Rognmo @ , Haram PM,
Tjenna AE, HELGERUD J, Slgrdahl SA, Lee SJ, Videm V, Bye A, Smith
GL, Najjar SM, Ellingsen O, Skjaerpe T. Superior cardiovascular effect of
aerobic interval training versus moderate continuous training in heart failure
patients. Circulation 115:3086-3094, 2007

Woodman CR, Price EM, Laughlin MH. Selected contribution: Aging
152



282.

283.

284.

285.

286.

287.

288.

289.

290.

impairs nitric oxide and prostacyclin mediation of endothelium-dependent
dilation in soleus feed arteries. J Appl Physiol 95: 2164-2170, 2003.

Woodman CR, Price EM, Laughlin MH. Shear stress induces eNOS mRNA
expression and improves endothelium-dependent dilation in senescent soleus
muscle feed arteries. J Appl Physiol 98: 940-946, 2005.

Woodman CR, Thompson MA, Turk JR, Laughlin MH. Endurance exercise
training improves endothelium-dependent relaxation in brachial arteries from
hypercholesterolemic male pigs. J Appl Physiol 99: 1412-1421, 2005.

Wooldridge AA, Fortner CN, Lontay B, Akimoto T, Neppl RL, Facemire C,
Datto MB, Kwon A, McCook E, Li P, Wang S, Thresher RJ, Miller SE,
Perriard J-C, Gavin TP, Hickner RC, Coffman TM, Somlyo AV, Yan Z,
Haystead TAJ. Deletion of the protein kinase A/protein kinase G target
SMTNL1 promotes an exercise-adapted phenotype in vascular smooth muscle. J
Biol Chem 283: 11850-11859, 2008.

Yang A-L, Jen CJ, Chen H-I. Effects of high-cholesterol diet and parallel
exercise training on the vascular function of rabbit aortas: a time course study. J
Appl Physiol 95: 1194-1200, 2003.

Yang G, Wu L, Jiang B, Yang W, Qi J, Cao K, Meng Q, Mustafa AK, Mu
W, Zhang S, Snyder SH, Wang R. H2S as a physiologic vasorelaxant:
hypertension in mice with deletion of cystathionine y-Lyase. Science 322: 587—
590, 2008.

Yang H, Wang JR, Didion JP, Buus RJ, Bell TA, Welsh CE, Bonhomme F,
Yu AH-T, Nachman MW, Pialek J, Tucker P, Boursot P, McMillan L,
Churchill GA, de Villena FP-M. Subspecific origin and haplotype diversity in
the laboratory mouse. Nature Genetics 43: 648-655, 2011.

Yeboah J, Folsom AR, Burke GL, Johnson C, Polak JF, Post W, Lima JA,
Crouse JR, Herrington DM. Predictive value of brachial flow-mediated
dilation for incident cardiovascular events in a population-based study: the
multi-ethnic study of atherosclerosis. Circulation 120: 502-509, 20009.

Zhang H, Zhang J, Ungvari Z, Zhang C. Resveratrol improves endothelial
function: role of TNF{alpha} and vascular oxidative stress. Arterioscler Thromb
Vasc Biol 29: 1164-1171, 2009.

Zhao J, Cheema FA, Reddy U, Bremner JD, Su S, Goldberg J, Snieder H,

Vaccarino V. Heritability of flow-mediated dilation: a twin study. J Thromb
Haemost 5: 2386-2392, 2007.

153



291.

292.

293.

294,

295.

Zhao W. The vasorelaxant effect of H2S as a novel endogenous gaseous KATP
channel opener. EMBO J 20: 6008-6016, 2001.

Zholos A. Pharmacology of transient receptor potential melastatin channels in
the vasculature. Br J Pharmacol 159: 1559-1571, 2010.

Zhu Y. LR11, an LDL receptor gene family member, is a novel regulator of
smooth muscle cell migration. Circ Res 94: 752-758, 2004.

Zoladz JA, Majerczak J, Duda K, Chlopicki S. Exercise-induced prostacyclin
release positively correlates with VO,max in young healthy men. Physiol Res
58: 229-238, 2009.

Zoladz JA, Majerczak J, Duda K, Chlopicki S. Endurance training increases

exercise-induced prostacyclin release in young, healthy men-relationship with
VO,max. Pharmacol Rep 62: 494-502, 2010.

154





