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ABSTRACT

Cardiovascular disease is the leading cause of death in women. Endothelin-1
(ET-1) is a powerful vasoconstrictor released by the endothelium, which has been
implicated in the development of endothelial dysfunction and CVD. ET-1 binds to two
receptor subtypes, endothelin A (ET-A) and endothelin B (ET-B). Studies in animal
and cell models indicate that ovarian hormones, such as estradiol (E2) and
progesterone (P4), modulate ET-1 and its receptors. However, these mechanisms have
not been thoroughly examined in humans. We hypothesized that ovarian hormones
mediate microvascular vasodilation through an ET-B receptor mechanism. More
specifically, we expected that estradiol up-regulates ET-B receptor expression on
endothelial cells. During local skin warming, we used laser Doppler flowmetry
coupled with intradermal microdialysis to measure skin microcirculatory
responsiveness (% CVCmax) during ET-B antagonist infusion in women during their
early follicular (EF) and mid-luteal (ML) phases (n = 8; ages 19-22). We found that %
CVCmax during heating tended to be lower in the ET-B blocked site compared to the
control site during the ML phase (85.3% versus 90.0% CVCmax; p = 0.07), but not
during the EF phase (90.7% versus 87.5% CVCmax; p = 0.22). This would suggest
that ET-B receptors mediate vasodilation during the ML phase, when E2 and P4 are
both elevated. Additionally, we treated human umbilical vein endothelial cells
(HUVECSs) with increasing doses of E2 for 24 hours and tested ET-B receptor
expression with Western blot. We found no significant differences in ET-B receptor

expression among any of the E2 doses (p = 0.7682). In summary, although acute E2

X



treatment did not alter ET-B receptor expression, our data suggest that chronic
fluctuations in ovarian hormones during the menstrual cycle modulate ET-B receptor
responses in women. Future studies both in young women and in our cell model will
help to further elucidate the mechanism of action of E2 on ET-B receptor function and
expression. This assessment of the endothelin system will continue to provide novel
information on the mechanisms contributing to endothelial dysfunction in women,

which will be particularly beneficial to women as they age and go through menopause.



Chapter 1

REVIEW OF LITERATURE

1.1 Introduction

Cardiovascular disease (CVD) is the leading cause of death in women, with
more than 400,000 women dying from CVD in 2010 (57). More women die of CVD
than cancer, chronic lower respiratory disease, and Alzheimer disease combined and
the total mortality is higher for women compared to men (57). Additionally, the
prevalence of CVD among women is 34.0%, or approximately 1 out of 3 women (57).
Changes to the normal functioning of blood vessels, particularly in endothelial cells,
play a large role in the development of CVD (81). Endothelial dysfunction refers to
disease states in which the normal functions of endothelial cells are disturbed,
“promoting vasospasm, thrombosis, intimal growth, inflammation, and plaque rupture
leading to tissue ischemia, atherothrombosis and infarction” (85). Endothelial
dysfunction is linked with most, if not all, CVD risk factors (7) and has been shown to
precede the development of atherosclerosis (64, 80) and therefore contribute to the
development of CVD (18, 81). Additionally, endothelial dysfunction has been made
an independent risk factor for cardiac death, myocardial infarction, and stroke (7) and
can be seen in both the macro- and microvasculature (11, 45, 64, 81).

Endothelial dysfunction has been associated with imbalances in endothelium-
derived vasoactive substances, such as nitric oxide (NO) and endothelin-1 (ET-1).
Notably, ovarian hormones have been shown to modulate ET-1 concentration and may

contribute to functional differences in the regulation of vascular tone by the endothelin



system. Therefore, changes in ET-1 regulation and function may contribute to
endothelial dysfunction and the increased prevalence of CVD among women.
Endothelial dysfunction is evident in the microvasculature, which reflects systemic
vascular dysfunction and can therefore be used as a marker of CVD risk (11, 45, 50).
Microvascular dysfunction is apparent in the cutaneous microcirculation (2, 39) and
can be studied with minimally invasive procedures, making the skin a useful model for

studying the mechanisms of vascular diseases (33).

1.2 The Vascular Endothelium

The inner lining of blood vessels is made up of a single layer of endothelial
cells, known collectively as the vascular endothelium. The endothelium functions as
an interaction point between circulating blood and vascular smooth muscle cells
(VSMCs) and has been described as the largest endocrine organ in the body (27, 52,
59), As such, the endothelium plays a major role in maintaining vascular homeostasis
by synthesizing and releasing substances that dilate or constrict VSMCs (27, 52, 59),
assist or inhibit the formation and degradation of blood clots (56, 83), aid in smooth
muscle proliferation (68), and maintain vascular tone (27, 56). Vascular tone is central
to vascular health and refers to the state of contraction or relaxation of a blood vessel.
The endothelium is able to maintain vascular tone through the release of several
vasoactive substances, which include the relaxing factors nitric oxide (NO) (37, 59),
endothelium-derived hyperpolarizing factor, and prostacyclin (56), and a variety of
endothelium-derived contracting factors, including endothelin-1 (ET-1) (87) and
thromboxane A2 (31, 52).

The main endothelium-derived vasodilator is NO, which plays an important

role in maintaining vascular tone. In endothelial cells, NO is formed by endothelial



NO synthase (eNOS), which converts L-arginine to citrulline and NO (4, 56, 65). NO
is produced by the endothelium under basal conditions and due to physiological
stimulation, such as an increase in blood flow-induced shear stress (79). NO diffuses
from the endothelial cells into VSMCs, where it induces vasodilation and affects
vascular tone by reducing the intracellular calcium concentration of VSMCs, thereby
causing the cells to relax. When endothelial-derived NO synthesis is inhibited, either
through pharmacological intervention in humans or targeted gene disruption in mice
(“knock-out” mice), blood pressure rises due to increases in systemic vascular
resistance, caused by widespread vasoconstriction (34, 72). NO also contributes to
vascular tone by inhibiting platelet aggregation and leukocyte adhesion (56).
Additionally, mechanisms that disrupt NO production or release contribute to
endothelial dysfunction and can eventually lead to atherosclerosis (70). Therefore, due
to its vasodilatory and antithrombotic characteristics, NO is vital to maintaining
endothelial and overall vascular health.

A variety of factors, such as genetic predisposition, cardiovascular risk factors,
and local factors, such as shear stress, can disrupt the normal function of the
endothelium and its ability to control vascular tone. Cardiovascular risk factors,
specifically, can cause an increase in oxidative stress, which results in a reduced
bioavailability of NO (18, 75, 80). This is typically the result of inhibition and
uncoupling of eNOS, as well as the rapid catabolism of NO by reactive oxygen species
(18). Furthermore, disease states that involve endothelial dysfunction, such as
atherosclerosis and hypertension, are associated with an increase in ET-1 production
(12, 38). Both an increase in ET-1 and a decrease in NO leads to an environment in

which smooth muscle cell proliferation, vascular remodeling, and inflammatory cell



adhesion are stimulated (24). Ultimately, these changes lead to an endothelium that
facilitates inflammation, thrombosis, vasoconstriction, and atherosclerotic lesion
formation, characteristics of endothelial dysfunction (18, 64, 81).

It is now well known that endothelial dysfunction is associated with most, if
not all, cardiovascular risk factors (7) and precedes the development of atherosclerosis
(64, 80). It has been made an independent risk factor for cardiac death, myocardial
infarction, and stroke (7) and has been proposed as a “barometer” for cardiovascular
health (81). Endothelial dysfunction has been found in both the coronary and

peripheral vasculature; thus it is a systemic condition (25).

1.2.1 Techniques to Assess Endothelial Function

Endothelial dysfunction is evident in both the macro- and microvasculature,
which reflect systemic vascular dysfunction and can therefore be used as markers of
CVDrisk (11, 45, 50). There are several measurement techniques to assess vascular
endothelial function, which are highly correlated with CVD risk. Each technique has
the same basic notion: healthy arteries will vasodilate in response to reactive or
thermal hyperemia or after pharmacological stimuli, such as infusion of endothelium-
dependent vasodilators like bradykinin or acetylcholine. In diseases where endothelial
dysfunction is manifested, endothelium-dependent dilation is blunted or completely
absent (25). Examples of these techniques include flow-mediated dilation (FMD) to
assess conduit artery responsiveness to reactive hyperemia, brachial artery infusions of
acetylcholine, and laser-Doppler flowmetry (LDF) coupled with intradermal
microdialysis to assess microvasculature responsiveness to thermal hyperemia and
pharmacological perfusions of acetylcholine (14, 25, 33, 46, 69, 77). Each technique

comes with its own set of advantages and disadvantages. FMD uses the brachial



artery, which is easy to access, it is non-invasive and inexpensive, but it is technically
challenging and there are needs for standardization. Brachial artery infusions also
offer easy access and allow the ability to generate dose-response relationships to
vasoactive substances, but they are invasive and time consuming. LDF with
microdialysis also allows the ability to generate dose-response curves and is minimally
invasive, but can be expensive and time intensive (25).

Recently, FMD has become the most commonly used technique to study
endothelial function (25). FMD measures the ability of the brachial artery to vasodilate
following an increase in luminal blood flow and endothelial shear stress (77) resulting
from a period of induced ischemia. Shear stress-induced endothelial production of NO
results in relaxation of vascular smooth muscle cells and subsequent vasodilation.
During FMD, this is quantitatively seen as changes in the diameter of the artery
occurring post-ischemia and is reported as a percent change from baseline vessel
diameter, with a low percentage indicating poor endothelial function (67). Celermajer
and colleagues were the first to study FMD in vivo by measuring the diameter changes
of both the brachial and radial artery by ultrasound after a period of distal limb
ischemia (16). Subsequent animal studies confirmed the link between increases in
blood flow, wall shear stress, eNOS expression, and NO bioactivity and availability,
with evidence suggesting that flow-associated shear is the physiological stimulus to
endothelium-dependent vasodilation in vivo (77). This stimulus is created by a blood
pressure cuff that is inflated to a supra-systolic blood pressure level for a period of five
minutes and then subsequently deflated, which results in an increase in blood flow,

known as reactive hyperemia. The vessel diameter is obtained through ultrasound



image acquisition and changes in diameter can be determined through the use of edge-
detection software.

While flow-mediated dilation is non-invasive and widely used, it primarily
evaluates conduit artery function, thereby providing little understanding of systemic
microvascular function. Therefore, the cutaneous circulation has been used as an
accessible and representative vascular bed to examine the mechanisms of
microvascular function (2, 39, 74). Additionally, laser Doppler flowmetry (LDF) in
combination with intradermal microdialysis is beneficial for studying the cutaneous
circulation because it allows for the measurement of skin blood flow while
simultaneously administering pharmacological substances to garner insight into the
specific mechanisms underlying endothelial function and dysfunction. Human skin is
innervated by two branches of the sympathetic nervous system: the adrenergic
vasoconstrictor system, which contributes to resting vascular tone, and the cholinergic
vasodilator system, which has been shown to be uninvolved in vasodilation during
local heating (54). It has been shown that when the skin is heated and vasodilation
occurs, it is due to the adrenergic system and is mediated by NO. When local heating
to 42°C occurs, there is an initial spike in skin blood flow, known as the axon reflex,
followed by a secondary spike and plateau that is mediated by NO (42, 54, 86).
Changes in the secondary NO-mediated plateau are often seen in diseased states or as
people age, suggestive of endothelial dysfunction.

Endothelial dysfunction assessed in the cutaneous microcirculation is evident
in a variety of disease states. Patients with end-stage renal disease (ESRD) with either
CVD or diabetes mellitus demonstrate endothelial dysfunction in the cutaneous

circulation. These patients have a decrease in the thermal peaks and plateau in



response to thermal hyperemia and a decrease in the area under the curve during
reactive hyperemia compared to the healthy controls. These measurements are
indicative of endothelial cell dysfunction and are able to be detected through the
noninvasive method of LDF in the cutaneous microvasculature (74). In addition,
thermal hyperemia indices correlate with Framingham risk in patients with ESRD.
Patients with ESRD and a high Framingham risk have significantly decreased first and
second thermal peaks compared to those with a low Framingham risk (45). Similar
results were reported by [jzerman et al. (2003), which found that individuals at
increased risk for coronary heart disease (CHD) are characterized by an impaired
cutaneous microvascular function. Through iontophoresis of acetylcholine and sodium
nitroprusside coupled with LDF, they found that with increasing CHD risk,
endothelium-dependent and -independent vasodilation decreased (39). Together, this
would suggest that assessing the microcirculation is a sensitive measure of CVD risk.
Therefore, measuring microvascular function in the cutaneous circulation is a valid,
minimally invasive method to study microvascular function associated with CVD and
the coronary circulation.

In addition to studying overall endothelial function, the cutaneous circulation
provides a good model for studying the effects of ET-1 and its antagonists on the
cutaneous microcirculation. Through a variety of techniques, it has been shown that
ET-1 is present in the human skin and works as a potent vasoconstrictor on the
cutaneous microcirculation (8, 9, 17, 76). Additionally, both ET-A and ET-B receptors
are also present in the human skin and play a role in maintaining cutaneous vascular
tone (51). While there have been several experiments studying the effect of ET-1 and

its receptors on microvascular function, many do not take into account the effects of



sex hormones on ET-1 production and function. Therefore, this study looked
specifically at women during two phases of the menstrual cycle, in order to understand

the impact of ovarian hormones on the endothelin system.

1.2.2 Hormonal Influences on Endothelial Function

FMD values have been shown to demonstrate sex differences (49), which are
believed to be due to differences in ovarian hormones. In women, FMD is lowest
during the early follicular phase (low estrogen and progesterone) and the
administration of estradiol results in an increased FMD, compared to hormone-
suppressed values (22, 29). A study by Miner and colleagues looked at changes in
FMD in healthy, premenopausal women when they were given oral progesterone
alone, transdermal estrogen alone, and progesterone and estrogen combined after
hormone suppression (10-12 days of gonadotropin-releasing hormone antagonist
administration) (53). They found that there were significant differences in FMD
between the hormone suppression and estrogen only supplementation, with values
being higher (better) after estrogen treatment. These increases were blunted when oral
progesterone was also supplemented, and there were no differences found between the
hormone suppression and progesterone only supplementation (53). This would suggest
that estrogen is the ovarian hormone responsible for improved endothelial function, as

indexed by FMD.

1.3 Endothelin-1
The main endothelial-derived vasoconstrictor is ET-1, which was first
discovered by Yanagisawa et al., (1988) and has been described as the most potent

mammalian vasoconstrictor known to date. As reviewed by Kohan et al., ET-1 is



produced when endothelin-converting enzyme (ECE) cleaves “big ET-1” in
endothelial cells (44). ET-1 is then secreted abluminally and acts as a local paracrine
and autocrine factor by binding to G-protein-coupled receptors on vascular smooth
muscle and endothelial cells (35, 82). The two main types of ET-1 receptors are
endothelin receptor A (ET-A) and endothelin receptor B (ET-B). In the vasculature,
ET-A receptors are located on the smooth muscle, while ET-B receptors are found on
both endothelial cells and VSMCs (21). When ET-1 binds to either receptor on

VSMC s, it mediates vasoconstriction and cell proliferation, while ET-B receptors on
the endothelium facilitate vasodilation through the stimulation of eNOS (21, 43, 44).
The mechanism of action of ET-1 in the vasculature can be seen in Figure 1.1.
Importantly, ET-1 has been shown to contribute to endothelial dysfunction and has
been implicated in the development of atherosclerosis (5, 19, 38); therefore, ET-1 was

the main protein of interest for this study.
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Figure 1.1: Representation of ET-1 in the Vasculature. Abbreviations: Big ET-1,

big endothelin-1; ET-1, endothelin-1; ECE, endothelin-converting
enzyme; ET-A, endothelin receptor A; ET-B, endothelin receptor B;
eNOS, endothelial nitric oxide synthase; NO, nitric oxide; E2, 17p3-
estradiol; P4, progesterone.

1.3.1 Endothelin-1 Concentration and Receptor Differences Between the Sexes

Plasma ET-1 concentration has been shown to differ between the sexes. An

important study by Polderman et al. sought to determine whether a sex-associated

difference in endothelin concentration exists and whether any difference is influenced
by sex hormones (62). The subjects involved were healthy men and women, pregnant
women, and male-to-female and female-to-male transsexual patients both before and

during cross-gender hormone treatment, which involves administration of testosterone
esters to women and ethinylestradiol and cyproterone acetate to men (62). They found

that plasma ET-1 levels were significantly higher in men compared to women and in
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non-pregnant controls compared to pregnant women. This would suggest that high
levels of estradiol and progesterone associated with pregnancy are also associated with
low ET-1 concentrations. Furthermore, in the transsexual patients, men receiving
estradiol and cyproterone acetate had lower ET-1 levels post-treatment and women
receiving testosterone had higher ET-1 levels post-treatment (62). Thus, it can be
concluded that endothelin levels are higher in men than in women and that the
difference is mediated by sex hormones (62).

Additionally, there are sex differences in the function of the endothelin system.
Ergul et al. examined the presence of ET-A and ET-B receptors on human saphenous
veins from older men and women undergoing bypass surgery (21). Through saturation
receptor binding experiments, they demonstrated that the density of ET receptors is
different in men and women, with women having fewer ET receptors overall.
Additionally, women have a different ET-A:ET-B ratio compared to men (50:50
versus 75:25, respectively). Additionally, through vascular reactivity, they
demonstrated that ET-1-induced vasoconstriction is mediated by ET-A receptors, as
evidenced by the complete blockade of the ET response by BQ-123, an ET-A selective
receptor antagonist (21).

A more recent study found similar physiological differences between young
men and women with regard to ET-B receptors, by monitoring skin blood flow (SkBF)
in young men and women before, during, and after administration of BQ-788, an ET-
B selective antagonist (43). The purpose of the study was to determine whether the
contribution of ET-B receptors to resting vascular tone differs between the sexes. They
studied 11 men and 11 women, and showed that with administration of BQ-788, blood

flow increases in young men, indicating that ET-B receptors in the cutaneous vessels
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of men mediate vasoconstriction. Conversely, infusion of BQ-788 reduced blood flow
in women, demonstrating that ET-B receptors of women mediate vasodilation (43).
However, one limitation of this study is that there was no control over circulating
ovarian hormones in the women, since they did not test the women at specific points
in their menstrual cycle. Therefore, even though this study demonstrates a sex
difference in ET-B receptor function, it is unclear if these differences are due to
ovarian hormones or another mechanism.

A study by Stauffer and colleagues found similar differences between middle-
aged and older adults (73). They hypothesized that older men would demonstrate a
greater ET-1-mediated vasoconstrictor tone compared to older women, which they
tested by measuring forearm blood flow (FBF) via strain-gauge venous occlusion
plethysmography (73). They tested healthy, sedentary middle-aged and older adults
(ages 45-71), who were not obese, non-smokers, normotensive, and non-medicated.
All women were at least 1 year post-menopausal and were not taking hormone
therapy. They tested FBF at rest and then after ET-1 receptor blockade with either BQ-
123 (ET-A receptor antagonist) or a combination of BQ-123 and BQ-788 (ET-B
receptor antagonist). The study found that FBF responses to the ET-A receptor
blockade were significantly different between the sexes, with men showing a
substantial increase in FBF, while the increase in women was more moderate. During
the combination blockade, women showed a further increase in blood flow, while the
men did not. This suggests that older men demonstrate greater ET-A-mediated
vasoconstrictor tone, whereas older, post-menopausal women demonstrate greater ET-
B-mediated vasoconstrictor tone (73). These findings taken together with those from

Kellogg et al. (43) suggest that premenopausal women, who have higher circulating
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levels of ovarian hormones, show ET-B-mediated vasodilator tone, whereas older,
post-menopausal women without ovarian hormones show ET-B-mediated
vasoconstrictor tone. Overall, this suggests that the changes in ovarian hormones are
affecting the function of ET-B receptors. However, Kellogg et al. (43) did not take
menstrual phase into account, so it is unclear which ovarian hormone is actually

playing the role in this difference.

1.3.2 The Effects of Ovarian Hormones on Endothlin-1 and its Receptors

Ovarian hormones have been shown to modulate ET-1 and its receptors. ET-1
concentration also changes throughout the menstrual cycle in healthy, young women.
Polderman et al. tested 16 healthy premenopausal women during three different phases
of a spontaneous menstrual cycle: the menstrual phase (days 1-3), the follicular phase
(days 9-12), and the luteal phase (days 20-23) (63). Eight women were not using oral
contraceptives (OCs), while the other eight were using monophasic OCs. For the
women not using OCs, ET-1 levels fluctuated significantly throughout the menstrual
cycle. ET-1 concentration was significantly higher during the menstrual phase, when
estradiol and progesterone levels are the lowest, compared to the follicular and luteal
phases (p < .01). There was no significant fluctuation, however, in the women using
OCs, suggesting that ET-1 is modulated by varying levels of ovarian hormones in non-
OC users (63).

Functional differences in the endothelin system have also been shown to be
modulated by ovarian hormones. While both progesterone and estradiol fluctuate
during the menstrual cycle, it has been shown that 173-estradiol (E2), specifically, is
at least partly responsible for changes in ET-1 expression in human endothelial cells.

Bilsel et al. studied the effect of E2 on ET-1 gene expression and basal release from

13



human umbilical vein endothelial cells (HUVECsS) (6). The cells were incubated with
either estrogen-free medium or medium containing 10™ or 10”7 M E2 for 48 hours.
Northern blot analysis demonstrated that incubation with 10 and 10”7 M E2 for 48
hours caused a 30% and 47% inhibition of ET-1 mRNA expression, respectively (6).
Additionally, after 6 hours of HUVEC incubation with or without E2,
radioimmunoassay showed significantly lower ET-1 concentration in the incubated
cells versus those in the E2-deprived media (6). A different in vitro study by Juan et
al. reported similar findings (41). When female HUVECs were treated with E2, but
not 17a-estradiol, there was an inhibition of strain-induced ET-1 gene expression and
peptide secretion (41). Taken together, 17B-estradiol down-regulates both ET-1
mRNA expression and release from HUVECs, though it remains unclear if E2 also
independently modulates ET-1 receptor expression on endothelial cells.

There are a few animal studies that aimed to determine how E2 affects ET-1
receptor regulation; however, there haven’t been any studies in humans or human
endothelial cells to date. Nuedling et al. investigated the regulation of endothelin
receptor expression in the hearts of female spontaneously hypertensive rats with
respect to E2 levels (58). Animals that had been ovariectomized had a significant up-
regulation of the ET-B receptor mRNA and protein expression in the left ventricular
myocardium, which was completely inhibited by E2 replacement (58). These data
indicate that estrogen regulates the expression of the ET-B receptor in rat ventricular
myocardium. A study by Pedersen et al. investigated the effects of E2 on the ET-B
receptor in coronary arteries from ovariectomized hyperlipidemic rabbits (60). There
was a significant increase in ET-B mRNA expression in rabbits receiving oral

treatment of E2 for 16 weeks, compared to animals receiving a placebo or E2 with a
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progestin (60). These data suggest that long-term E2 treatment up-regulates the
expression of ET-B receptors in the coronary arteries of hyperlipidemic rabbits.
Altogether, these studies indicate that E2 modulates the expression of the ET-B
receptor, down-regulating its expression in myocardial cells, while up-regulating its
expression in coronary arteries, which contain both smooth muscle and endothelial
cells. However, the independent effect of E2 on ET-B receptor expression in
endothelial cells alone has not been investigated.

While this literature would suggest that ovarian hormones impact ET-B
receptor regulation and function, there have been few, if any, study that have
examined the impact of ovarian hormones on ET-receptor control of vascular function
in humans. One such study by Wenner and colleagues aimed to examine the receptor
mechanism by which ET-1 influences cutaneous microvascular function in women
with and without polycystic ovary syndrome (PCOS), a disease characterized by an
altered hormonal profile (84). This study tested otherwise healthy women with and
without PCOS using a laser Doppler flowmetry coupled with microdialysis. After the
resting period, the microdialysis fibers were perfused with either BQ-123 (ET-A
antagonist) or BQ-788 (ET-B antagonist) over a variety of doses. After the blocker
infusion period, the local heaters were set to 42°C to evaluate differences in
vasodilation. Finally, SNP was perfused to induce a maximal vasodilation, to
determine maximal SkBF (84). Their data indicate, in both groups, that with
increasing doses of BQ-123, there was a dose-dependent increase in SkBF and
vasodilation. In contrast, with increasing doses of BQ-788, there was a dose-
dependent decrease in SkBF, and therefore vasoconstriction. Furthermore, this dose-

response curve was shifted to the right in women with PCOS, which is indicative of
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reduced ET-B-mediated vasodilation (84). This is important because it suggests that
women with PCOS, who have a unique hormonal profile (non-fluctuating levels of E2
and P4 and elevated androgens), could be at a higher risk for developing CVD due to
the differences in ET-1 receptor function. While the women in this study were part of
a patient population, it is the only study in humans to examine ET-1 receptor control
of vascular function. Additionally, the information on the dose-response relationship

for the ET-B antagonist is what will guide our BQ-788 dose in this study.

1.4 Summary and Conclusions

Because ET-1 has been implicated in the pathogenesis of vascular dysfunction
and CVD, and because there are sex differences in both the endothelin system and in
the prevalence of CVD, understanding the role ovarian hormones play in contributing
to these differences is essential, physiologically and clinically. While the literature
suggests that these differences may be due to ovarian hormones, there have been
limited studies looking at the effect of E2 on ET-B receptors function in vivo and to
our knowledge, none examining its effects in vitro. Therefore, this study aimed to
examine the differences in the endothelin system related to fluctuating estradiol and
progesterone levels. Specifically, this study aimed to understand how estradiol affects
ET-B receptor function and expression on endothelial cells, since these are the
receptors responsible for the cardioprotective vasodilation of the macro- and
microcirculation. While we studied these receptors in healthy, young women and in
vitro, identifying the mechanisms and pathways that contribute to the sex differences
in ET-B receptor function is important to develop preventative strategies for women as
they age, go through menopause, and lose the cardiovascular protective mechanisms

related to circulating ovarian hormones.
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1.5 Specific Aims and Hypotheses

Cardiovascular disease (CVD) is the leading cause of death in women (57).
The endothelium plays a central role in maintaining vascular health by dynamically
controlling vascular tone (36) through the release of several vasoactive substances,
including nitric oxide, prostacyclin, and endothelin-1 (ET-1) (31). Endothelial
dysfunction is characterized by an endothelium that facilitates inflammation,
thrombosis, vasoconstriction, and atherosclerotic lesion formation (18, 64, 81). Thus,
endothelial dysfunction precedes the development of atherosclerosis (64, 80), and
contributes to the development of CVD (18, 81). Endothelial dysfunction is evident in
the microvasculature, which reflects systemic vascular dysfunction and can therefore
be used as a marker of CVD risk (11, 45, 50). Microvascular dysfunction is apparent
in the cutaneous microcirculation (2, 39) and can be studied with minimally invasive
procedures, making it a useful model for studying the mechanisms of vascular diseases
(32).

ET-1 is a powerful vasoconstrictor, can contribute to endothelial dysfunction,
and has been implicated in the development of atherosclerosis (5, 19, 38). ET-1 is
secreted abluminally by endothelial cells and binds to two G-protein-coupled receptor
subtypes, ET-A and ET-B (35, 82). In the vasculature, both ET-A and ET-B receptors
are located on vascular smooth muscle cells (VSMCs) and mediate vasoconstriction,
while ET-B receptors are also located on the endothelium and mediate vasodilation
(21). Notably, ovarian hormones affect plasma ET-1 concentration and may contribute
to functional differences in the regulation of vascular tone by the endothelin system.
Plasma ET-1 is higher in men than in women, and even lower in pregnant women
(62), showing an inverse relationship with estrogen and progesterone (P4) levels.

Additionally, during the menstrual cycle, ET-1 is the highest during the menstrual
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phase when estrogen and P4 are at their lowest (63). Furthermore, compared to men,
women have a higher proportion of ET-B receptors and a greater binding affinity for
ET-B compared to ET-A receptors (21). Kellogg et al. demonstrated that ET-B
receptors in the cutaneous microcirculation mediate vasodilation in young women, but
mediate vasoconstriction in young men (43). However, hormonal contraceptives or
phase of the menstrual cycle was not controlled for in the aforementioned study (43),
so the direct impact of ovarian hormones in modulating ET-1 receptor responses
remains unclear.

Although evidence suggests ovarian hormones modulate plasma ET-1, it is not
known if fluctuations in ovarian hormones throughout the menstrual cycle impact ET-
1 receptor control of microvascular function. Additionally, the independent effect of
17B-estradiol (E2) on ET-B receptor expression is unknown. Therefore, the overall
goal of this study was to understand the impact of ovarian hormones on ET-B
receptors in vivo and in vitro. The central hypothesis was that ovarian hormones
mediate microvascular vasodilation through an ET-B receptor mechanism. More
specifically we expected that E2 up-regulates ET-B receptor expression on endothelial
cells. We tested our central hypothesis through the following aims:

Specific Aim 1 examined ET-B receptor control of microvascular function
during the menstrual cycle. We used the skin as a model of microvascular function and
measured skin blood flow (SkBF) responses during microdialysis perfusions of an ET-
B receptor antagonist (BQ-788) during two phases of the menstrual cycle, early
follicular (EF) and mid-luteal (ML). We hypothesized that ET-B receptors would
mediate vasodilation when E2 and P4 are elevated (ML phase), and that ET-B

receptors would mediate vasoconstriction when E2 and P4 are depressed (EF phase).
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Specific Aim 2 directly examined the effect of E2 on ET-B receptor
expression on endothelial cells. Human umbilical vein endothelial cells (HUVECs:)
were treated with 5 escalating doses of E2 and ET-B receptor expression was
quantified using Western Blots. We hypothesized that ET-B receptor expression on
HUVECs would be up-regulated as E2 dose increased.

To our knowledge, this is the first study to examine ET-B receptor expression
in HUVEC: in response to E2, as well as examine ET-B receptor control of
microvascular function across the menstrual cycle. ET-B receptors, which can mediate
either vasodilation or vasoconstriction, are an important regulator of vascular function.
Therefore, understanding their regulation in response to changes in ovarian hormones

is important, particularly as women age and go through menopause.
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Chapter 2

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in women, with
more than 400,000 women dying from CVD in 2010 (54). In addition to increased
mortality, CVD affects more women than men, particularly after the fourth decade of
life (40). Changes to the normal functioning of blood vessels, particularly in
endothelial cells, play a large role in the development of CVD (76). Endothelial
dysfunction has been shown to precede the development of atherosclerosis (61, 75)
and contribute to the development of CVD (17, 76). Endothelial dysfunction has been
associated with imbalances in endothelium-derived vasoactive substances, such as
nitric oxide (NO) and endothelin-1 (ET-1).

Changes in ET-1 regulation and function may contribute to endothelial
dysfunction and the increased prevalence of CVD among women. ET-1 can bind to
two different receptors: endothelin receptor A (ET-A) and endothelin receptor B (ET-
B). In the vasculature, ET-A receptors are located on the smooth muscle, while ET-B
receptors are found on both endothelial cells and VSMCs (21). When ET-1 binds to
either receptor on VSMCs, it mediates vasoconstriction and cell proliferation, while
ET-B receptors on the endothelium facilitate vasodilation through the stimulation of
endothelial NO synthase (21, 43, 44).

Importantly, ovarian hormones have been shown to modulate ET-1
concentration and may contribute to functional differences between men and women

in the regulation of vascular tone. For example, plasma ET-1 is higher in men
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compared to women, which may be mediated by sex hormones (62). Additionally,
women have a higher proportion of ET-B receptors compared to men (21), which
mediate vasodilation in young women compared to vasoconstriction in young men
(43). ET-B receptors appear to function differently in older women, however,
demonstrating a greater vasoconstrictor tone in post-menopausal women (73). While
these findings suggest that there is a difference in ET-B receptor function with age, it
is unclear if this is a direct impact of declining ovarian hormones that occurs after
menopause. Importantly, previous studies in young women have not taken into
account phase of the menstrual cycle, so it is unclear if ovarian hormones are
mediating these aforementioned differences. Therefore, the role of fluctuating ovarian
hormones on ET-B regulation of vascular function in women is currently unknown.

Studies in animal and cell models further indicate that ovarian hormones,
specifically 17B-estradiol (E2), modulate ET-1 and its receptors. E2 significantly
lowers ET-1 concentration, mRNA expression, and release from human umbilical vein
endothelial cells (HUVECsS) (6, 41). E2 treatment up-regulates the expression of ET-B
receptors in the coronary arteries of hyperlipidemic rabbits (60), while down-
regulating ET-B receptors expression on the smooth muscle cells of the ventricular
myocardium of rats (58). Altogether, these studies indicate that E2 modulates the
expression of the ET-B receptor, down-regulating its expression in myocardial cells,
while up-regulating its expression in coronary arteries, which contain both smooth
muscle and endothelial cells. However, the independent effect of E2 on ET-B receptor
expression in endothelial cells alone has not been investigated.

The cutaneous circulation has been used as an accessible and representative

vascular bed to examine the mechanisms of microvascular function (2, 39, 74).
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Additionally, laser Doppler flowmetry (LDF) in combination with intradermal
microdialysis is beneficial for studying the cutaneous circulation because it allows for
the measurement of skin blood flow while simultaneously administering
pharmacological substances to garner insight into the specific mechanisms underlying
endothelial function and dysfunction. Microvascular dysfunction is apparent in the
cutaneous microcirculation (2, 39) and can be studied with minimally invasive
procedures, making the skin a useful model for studying the mechanisms of vascular
diseases (33).

In the present study, we used LDF to measure changes in skin blood flow
(SkBF), coupled with cutaneous microdialysis perfusions of endothelin receptor
blockers in order to examine how ET-B receptors affect peripheral microvascular
function in women during the early follicular (low hormone) and mid-luteal (high
hormone) phases of the menstrual cycle. We hypothesized that ET-B receptors would
mediate vasodilation when E2 and P4 are elevated (ML phase), and that ET-B
receptors would mediate vasoconstriction when E2 and P4 are depressed (EF phase).
Additionally, to our knowledge, the direct effect of E2 on ET-B receptor expression in
human endothelial cells is currently unknown. Therefore, we used Western blot
analyses to measure ET-B receptor expression in HUVECs after 24-hours of E2
treatment. We hypothesized that ET-B receptor expression on HUVECs would be up-

regulated as E2 dose increased.
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Chapter 3

METHODS

3.1 Introduction

The purpose of Aim 1 was to examine ET-B receptor control of microvascular
function during the menstrual cycle. While the literature demonstrates that there are
sex differences regarding the endothelin system and suggest that these differences may
be attributed to ovarian hormones, the direct impact of cycling ovarian hormones on
ET-B receptor function is currently unknown. Understanding how these receptors act
under the influence of E2 and P4 is important, since ET-B receptors on endothelial
cells mediate vasodilation, a cardioprotective mechanism. Therefore, although it is
important to understand what happens with aging and menopause, an essential first
step is to directly assess the impact of normal hormonal fluctuations in young women
on the endothelin system.

The purpose of Aim 2 was to directly examine the effect of E2 on ET-B
receptor expression on endothelial cells. The literature proposes that E2 directly
affects ET-1 production and secretion from endothelial cells, with studies reporting
that female HUVECsS incubated with E2-rich medium produce and secrete less ET-1
than those in E2-deprived medium (6, 41). Additionally, animal studies have
suggested that E2 up-regulates ET-B receptor expression on endothelial cells (58, 60),
but to our knowledge there has not been a study looking at the effects of E2 on ET-B
receptor expression or regulation in human endothelial cells. Therefore, in addition to

Aim 1, understanding how E2 directly affects ET-B receptors on human endothelial
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cells is important for further understanding the cardioprotective mechanisms that
young women seem to exhibit. It is necessary to understand if this mechanism is the
result of E2 or some other ovarian hormone, and this study will add to that

understanding.

3.2 Participants

Eight women between the ages of 18-30 years were recruited for this study. All
participants were non-smoking, with a BMI < 30 kg/m?, free from any known CVD,
and had regular menstrual cycles (1 cycle every ~28 days). Participants were excluded
if they took oral contraceptives, which have been shown to affect endogenous E2, a
hormone of interest in this study (71). Women were excluded from this study if they
were pregnant (determined by urine pregnancy test), were planning to become
pregnant, or were breast-feeding. Additional exclusion criteria included cancer, kidney
or liver disease, neurological disease, high cholesterol, history of blood clots, heart
disease, high blood pressure, stroke, or any other chronic disease. Furthermore,
women with abnormal vaginal bleeding not related to their period, those with fibroids
in their uterus, or those with irregular cycles were also excluded. Experiments were
approved by the Institutional Review Board at the University of Delaware and
conformed to the guidelines set forth by the Declaration of Helsinki. All participants

gave verbal and written consent prior to study participation.

3.3 Screening Visit: Nurse Managed Health Center at the University of
Delaware

Participants were screened by the Nurse Managed Health Center (NMHC) at
the University of Delaware prior to participating in the study. Before this visit, all

women filled out a complete medical history form and answered a menstrual history
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questionnaire. Women reported to the NMHC in the morning after an overnight fast,
where height, weight, resting blood pressure and a resting electrocardiogram were
measured. Based on the recommendation from the American Heart Association,
resting blood pressures were performed in triplicate and averaged together (61). A
blood sample was taken to assess the participant’s liver and kidney function,

cholesterol, glucose, hemoglobin, hematocrit, and electrolytes.

3.4 Experimental Visits: Vascular Physiology Laboratory at the University of
Delaware

Subjects participated in two experimental visits during two different phases of
the menstrual cycle. Consistent with previous studies, the mid-luteal phase visit
occurred during days 20-25 of the menstrual cycle and the early follicular phase visit
occurred during days 1-5 of the menstrual cycle (13, 26, 47, 55). Participants refrained
from exercise for 24 hours, alcohol and caffeine for 12 hours, and food for at least 4
hours prior to testing. Upon arrival, subjects provided a small urine sample for a
pregnancy test and were weighed. After lying supine, a small blood sample was taken
to assess serum concentrations of 17f3-estradiol and progesterone, which were used to
confirm menstrual cycle phase. Women were instrumented for measures of blood
pressure (Dinamap DASH 2000, GE Medical) and intradermal microdialysis (Specific

Aim 1; see below).

3.5 Microvascular Function Assessment

The cutaneous circulation was used a model of microvascular function for Aim
1, as it is less invasive than other techniques and has been correlated with CVD risk
and endothelial dysfunction (2, 33). Three microdialysis (MD) fibers (CMA 31 Linear,

Harvard Apparatus, Holliston, MA) were inserted intradermally on the dorsal side of
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the right forearm as previously described (20, 30, 84). Under sterile conditions, ice
was applied for 10 minutes to the skin surface in order to provide a short-term local
anesthetic, without affecting the skin blood flow (SkBF) response (32). Then, a 23-
gauge needle, which was used as a guide cannula, was inserted underneath the dermis.
The entry and exit points of each needle were at least 2 cm apart, with individual sites
separated by at least 2 cm. After insertion of all three needles, microdialysis fibers
were threaded through the lumen of the needle and the needles were removed, leaving
only the semi-permeable portion of the fiber under the dermis, at a depth of
approximately 2-5 mm. After the fibers were in place, they were taped down and
connected to a syringe pump (Bioanalytical Systems, West Lafayette, IN). Then, for
60-90 minutes, each site was perfused with lactated Ringers solution (B Braun
Medical, Bethlehem, PA) at a rate of 2 pul/min. This recovery period after the fiber
insertion was necessary to allow local SkBF to return to baseline before measurements
could be taken (3). SkBF was measured using laser Doppler flowmetry (LDF) as
previously described (20, 30, 84). SKBF was measured as cutaneous red blood cell
flux from 1.5mm? of skin with a multi-fiber LDF probe (Moor Instruments, Devon,
UK) placed in a local heater, which was placed on the skin directly above each

microdialysis site and secured with tape.

3.6 Experimental Protocol

After the 60-90 minute recovery period and once SkBF had returned to normal,
we collected baseline data for 5-10 minutes. We then turned on the local heaters,
which were set to 32°C, which is similar to normal skin temperature, for 5-10 minutes.
After these baseline measurements, there was a 45-minute ET-1 block. Two of the

three syringes were randomly replaced with either an ET-B receptor antagonist (BQ-
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788, 300nM, Sigma-Aldrich, St. Louis, MO) or an ET-A receptor antagonist (BQ-123,
500nM, Sigma-Aldrich, St. Louis, MO), while the third site was left with lactated
Ringers solution to serve as the control site. The sites were perfused at a rate of 5
ul/min. After 45 minutes of ET-1 receptor blocker perfusion, the local heaters were set
to 42°C for approximately 30-40 minutes, or until there was a stable plateau in SkBF,
which is largely NO mediated (43, 54). Finally, we replaced all three syringes with
sodium nitroprusside (SNP, 28mM, Marathon Pharmaceuticals, Northbrook, IL),
perfusing the fibers at a rate of 5 pl/min for approximately 20 minutes with local
heaters set to 43°C, in order to elicit maximal vasodilation. A schematic of the

experimental protocol can be seen in Figure 3.1.

. _ _ ) ) SNP
Site 1 Ringers Ringers Ringers Ringers (28mM)
) ] i BQ-788 BQ-788 SNP
Site 2 Ringers Ringers (300nM) | (300nM) | (28mM)
j ] i BQ-123 BQ-123 SNP
Site 3 Ringers Ringers (500nM) (500nM) (28mM)
No heating | Local heat to | Local heat at | Local heat to | Local heat to
Protocol 32°C e e e
60-90
minutes 5-10 minutes | 45 minutes | ~45 minutes | ~20 minutes

Figure 3.1: Schematic of Microvascular Function Assessment Protocol.

3.7 Data Analysis

LDF data was recorded at 1000 Hz, using PowerLab (ADInstruments, Bella
Vista, New South Wales, Australia). Cutaneous vascular conductance (CVC) was
calculated by dividing SkBF/mean arterial pressure (MAP). We analyzed a 5-minute

segment after a plateau was reached during local heating to 42°C and a 2-minute
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segment during the SNP + local heating to 43°C (maximum dilation). CVC for each
individual site during the plateau was expressed as a percent of maximum dilation to
account for site-to-site variations in SKBF and was used as an indicator of dynamic

microvascular function.

3.8 Blood Analyses

Venous blood samples that were analyzed for ovarian hormones were collected
in plain red-top blood tubes (4ml, BD Vacutainer, Franklin Lakes, NJ). Plasma E2 and
P4 levels were measured using competitive enzyme-linked immunosorbent assays
(ELISA) (Alpco, Salem, NH). The range for the E2 assay was 20 - 3200 pg/ml with a
sensitivity of 10 pg/ml. Intra-assay and interassay coefficients of variation for the E2
assay were 3.52% and 1.42%, respectively. The range for the ultra-sensitive E2 assay
was 0 - 200 pg/ml with a sensitivity of 1.399 pg/ml. Intra-assay and interassay
coefficients of variation for the ultra-sensitive E2 assay were 2.72% and 0.17%,
respectively. The range for the P4 assay was 0.3 - 60 ng/ml with a sensitivity of 0.1
ng/ml. Intra-assay and interassay coefficients of variation for the P4 assay were 3.52%
and 1.42%, respectively. All samples were measured at a wavelength of 450nm on an
Infinite F200 Pro microplate reader and data was analyzed with Magellan IQ software

(Tecan Group Ltd., Méannedorf, CH).

3.9 Materials for Cell Culture

All culture media, media supplements, and human umbilical vein endothelial
cells (HUVECS), which have been isolated from a female single-donor umbilical vein,
were purchased from Lonza Clonetics (Walkersville, MD). 173-estradiol (E2) was

purchased from Sigma-Aldrich (St. Louis, MO). Antibodies to the endothelin-1
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receptor B (ET-B) were purchased from Santa Cruz Biotechnology (Dallas, TX).
RIPA Buffer and the phosphatase-protease inhibitor cocktail were purchased from

Thermo Fisher Scientific (Hampton, NH).

3.10 Cell Culture and Estrogen Treatment

HUVECs were cultured and serially passaged on uncoated flasks containing
endothelial basal medium-2 (EBM-2). The media was supplemented with endothelial
growth medium-2 (EGM-2), which contained 2% fetal bovine serum (FBS), 0.04%
hydrocortisone, 0.4% human fibroblast growth factor basic, 0.1% human vascular
endothelial growth factor (hWEGF), 0.1% human insulin-like growth factor-1 (IGF-1),
0.1% ascorbic acid, 0.1% human epidermal growth factor (hEGF), 0.1% GA-1000,
and 0.1% heparin. HUVECs: at passage 5 were transferred to T-25 flasks and were
grown until they reached at least 80% confluence. They were identified as endothelial
cells by their characteristic cobblestone appearance (15). HUVECs were placed in
hormone-free medium, which contained phenol red-free medium 199, supplemented
with 20% charcoal/dextran-treated FBS, EGM-2, pyruvic acid, and antibiotics, for 48
hours prior to estradiol treatments to avoid any estrogenic activity (10).

HUVECs were then treated with E2 over the following range of
concentrations: 0, 0.1, 0.5, 1, 5, 10, 50, and 100 ng/ml for 24 hours. These
concentrations were chosen based on a study from Caulin-Glaser et al., which
demonstrated a dose-response relationship between E2 treatment and NO release (15).
All treatments were added in hormone free medium and experiments were performed
at 80-90% confluence. After a 24-hour incubation with E2, the cells were lifted off of
the dishes with trypsin (3-5 min). It was verified that the cells had lifted off of the

dishes by checking to make sure they were free-floating under an inverted microscope.
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Cells were spun down at 500 rpm for 5 min and then resuspended in 0.5 mL sterile

media.

3.11 Determination of ET-B Receptor Expression

ET-B receptor expression was determined through Western blots (see
Appendix B). Cells were lysed with RIPA buffer (25mM Tris-HCI (pH 7.6), 150mM
NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 0.01% protease-
phosphatase inhibitor cocktail and 0.01% EDTA. Lysates were centrifuged at 10,000 g
(4°C, 10 min). Protein concentration in the supernatants was determined through a
BCA (bicinchoninic acid) protein assay (Thermo Fisher Scientific, Hampton, NH).
Consistent with previous studies (23, 48), samples were heated for 5 min at 90°C.
Then, 10 ng of protein was separated by electrophoresis (100V/gel for 60 min) on
10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene
difluoride (PVDF) membranes (50V/gel for 60min). Membranes were blocked with
SuperBlock for either 1 hour at room temperature or overnight at 4°C. Samples were
then incubated either overnight at 4°C or for 1 hour at room temperature with anti-ET-
B goat polyclonal IgG antibody (N-21; 1:200; Santa Cruz Biotechnology) followed by
incubation with the secondary antibody (donkey anti-goat IgG-HRP antibody; 1:2000;
Santa Cruz Biotechnology) for 1 hour at room temperature. Membranes were stained
with WesternSure ECL detection reagents (LI-COR, Lincoln, NE) and digitized and
analyzed using the C-DiGit Chemiluminescent Western Blot Scanner system (LI-
COR). Protein abundance was expressed as relative units normalized to B-actin bands

(anti-B-actin rabbit polyclonal IgG; 1:1000; Santa Cruz Biotechnology).
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3.12 Sample Size and Power Estimations

Sample size and power calculations were based on a study by Kellogg et al.,
which reported differences in percent change in CVC during microdialysis coupled
with LDF (43). They found differences of 19 + 3% for men and 10 + 1% for women
when comparing sites perfused with BQ-788 (ET-B receptor antagonist) and those
perfused with Ringers solution (control) (43). Therefore, with a total of 8 women and

a < 0.05, this effect size would provide > 80% power to show significant differences

(GPower 3.1, Diisseldorf, DE).

3.13 Statistical Analyses

The main variable of interest for Aim 1 was the vasodilatory response to local
heating in the ET-B receptor-blocked site (BQ-788) compared to the control site
(Ringers) during the EF and ML phases of the menstrual cycle; therefore comparisons
were made within groups using a Student’s paired t-test. Comparisons were also made
using Student’s paired t-tests between the ET-A receptor-blocked site (BQ-123) and
the control site during both phases of the menstrual cycle, which served as our control.
Furthermore, comparisons were made between the control sites from one phase to the
next to assess any differences in vasodilatory capacity of the skin across the menstrual
cycle. For Aim 2, the main variable of interest was ET-B receptor expression in the
HUVEC: across a variety of doses of E2. Each dose response was performed at least
three times, with each data point performed in duplicate. An ANOVA was performed
to make comparisons between doses. Significance for all data was set at a < 0.05.

Results are expressed as mean + SE.
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Chapter 4

RESULTS

4.1 Subject Characteristics

Eight subjects completed the experimental protocol. All subjects were healthy,
young women, who were free from any chronic disease. They were not taking oral
contraceptives and did not use tobacco products. Out of the group of subjects, two
were Asian, three were Black, four were Caucasian, and one was Asian Pacific
American (some subjects identified as being more than one race). Subjects ranged
from 19-22 years, with an average of 20.4 + 0.3 years. All subjects maintained a
healthy weight (average body mass index (BMI) was 23.8 + 1.1 kg/m?) and were
normotensive (average systolic blood pressure (SBP) was 114 + 2 mmHg, average
diastolic blood pressure (DBP) was 70 = 3 mmHg, and average mean arterial pressure
(MAP) was 85 + 2 mmHg). Resting heart rate (HR) was 58 & 4 beats per minute
(bpm). Complete subject characteristics from the screening visit are in Table 4.1.

All subjects completed both study visits, where their estradiol and progesterone
were measured. Each subject was verified to be within the early follicular phase (EF)
or the mid-luteal phase (ML) for visits 1 and 2, respectively. Average estradiol
concentration and progesterone concentration were significantly higher during the
mid-luteal visit compared to the early follicular visit (Table 4.2). FMD values were not
significantly different between visits (EF: 8 = 1% change versus 6 + 1% change; p =

0.3529). Full subject characteristics from the two experimental visits are in Table 4.2.
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Table 4.1: Subject Screening Characteristics.

Variable n=8
Demographic Information

Age (years) 204 + 03
Height (cm) 1648 + 2.0
Weight (kg) 647 += 3.7
BMI (kg/m?) 238 + 1.1
Cycle Length (days) 30 £ 1
Hemodynamic Measurements

Heart rate (beats/min) 58 + 4
SBP (mmHg) 114 + 2
DBP (mmHg) 70 + 3
MAP (mmHg) 85 + 2
Renal Function

Blood urea nitrogen (mg/dl) 11.7 £ 1.1
Serum creatinine (mg/dl) 0.8 = 0.03
eGFR (ml x min™ x 1.73m™) 1104 + 5.1
Blood Chemistry

Total cholesterol (mg/dl) 1514 + 8.6
High-density lipoprotein (mg/dl) 68.1 + 5.1
Low-density lipoprotein (mg/dl) 699 + 8.6
Triglycerides (mg/dl) 67.0 + 11.8
Hemoglobin (mg/dl) 128 + 0.3
Hematocrit (%) 394 + 09
Glucose (mg/dl) 744 + 1.7
Sodium (mmol/L) 1384 £+ 0.8
Potassium (mmol/L) 41 + 0.1
Calcium (mg/dl) 93 £+ 0.1

Body mass index (BMI), diastolic blood pressure (DBP), mean arterial pressure
(MAP), and systolic blood pressure (SBP). Data are presented as means + SE.
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Table 4.2: Subject Characteristics during Experimental Visits.

Variable Early Follicular Visit Mid-Luteal Visit
Weight (kg) 644 + 38 644 + 3.7
SBP (mmHg) 107 + 3 100 + 2%
DBP (mmHg) 65 + 3 59 + I*
MAP (mmHg) 79 £ 3 72 + 2%
Day of Cycle 4 + 04 22 + 1%
Estradiol, serum (pg/ml) 51.1 + 125 1329 + 23.1%*
Progesterone, serum (ng/ml) 09 + 03 48 + 1.3*

Diastolic blood pressure (DBP), mean arterial pressure (MAP), and systolic blood
pressure (SBP). Data are presented as means + SE.
*p < 0.05 vs. Early Follicular Visit.

4.2 Microvascular Responses to ET-1 Receptor Blockade

There were no differences in % CVCmax for the control sites (Lactated
Ringers) between the early follicular and mid-luteal visits (EF: 87.5 + 2.3% CVCmax
versus ML: 90.0 + 2.3% CVCmax, p > 0.05), indicating that the dilatory capacity of
the skin vasculature was not different between phases of the menstrual cycle. During
the mid-luteal phase, %CVCmax from heating tended to be lower in the ET-B blocked
site compared to the control site (p = 0.07; Figure 4.1 panel A). Consistent with our
hypothesis, this would suggest that the ET-B receptors mediate vasodilation during the
mid-luteal phase, when estradiol and progesterone are both elevated. It is interesting to
note that seven subjects had a reduction in blood flow in the BQ-788 perfused site,
while only one had an increase in blood flow (Figure 4.1 panel B). Contrary to our
hypothesis, there were no differences in % CVCmax during heating between the ET-B
blocked site (BQ-788) and the control site during the early follicular phase (p > 0.05).
This suggests that ET-B receptors are not playing a large role in cutaneous
microvascular vasodilation when estradiol and progesterone levels are low (Figure

4.2). Finally, there were no differences between the ET-A blocked site and the control
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site during the early follicular phase or the mid-luteal phase (Figure 4.3 panels A and
B, respectively). Since ET-A receptors are located solely on smooth muscle and
therefore only mediate constriction of the vasculature, this would suggest that ET-A
receptors are not involved in regulating microvascular vasodilatory responses in these
young women and are not largely affected by fluctuating ovarian hormones. Thus, ET-
B, rather than ET-A receptors, may have the predominate effect on the vasodilatory
capacity of the microcirculation in young women, particularly when ovarian hormones

are elevated.
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Figure 4.1: Response to ET-B Receptor Blockade during the Mid-Luteal Phase.
Cutaneous vascular conductance (%max) in two MD sites: the control
site (perfused with Ringers; open bar) and the ET-B receptor blocked site
(perfused with BQ-788; closed bar). Data are presented as means = SE in
panel A, while individual data points are presented in panel B.
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Figure 4.2: Response to ET-B Receptor Blockade during the Early Follicular
Phase. Cutaneous vascular conductance (%max) in two MD sites: the
control site (perfused with Ringers; open bar) and the ET-B receptor
blocked site (perfused with BQ-788; closed bar). Data are presented as
means + SE in panel A, while individual data points are presented in
panel B.
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Figure 4.3: Responses to ET-A Receptor Blockade. Cutaneous vascular conductance
(%emax) in two MD sites: the control site (perfused with Ringers; open
bars) and the ET-A receptor blocked site (perfused with BQ-123; closed
bars). Panel A: data from early follicular visit. Panel B; data from the
mid-luteal visit. Data are presented as means + SE.
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4.3 Effect of Estradiol on ET-B Receptor Expression

To determine whether E2 affects ET-B receptor expression on endothelial
cells, we examined protein expression of ET-B receptors from three sets of female-
only HUVECs over the following range of E2 concentrations: 0, 0.1, 0.5, 1, 5, 10, 50,
and 100 ng/ml for 24 hours.

Protein concentration in the supernatants was determined through a BCA
protein assay and there were no differences in protein concentration among the various
E2 treatments. Based on these results and previous studies (23, 48), 10 ug of protein
from each set of samples was loaded into each well. All expression intensity was
normalized to the 0.0 ng/ml E2-treated sample (positive control) and to f-actin. There
were no significant differences in ET-B receptor expression among any of the 24-hour

E2 doses (p = 0.7682; Figure 4.4).
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Figure 4.4: ET-B Receptor Expression. ET-B receptor intensity normalized to
positive control (0 ng/ml E2; line at 1.0 relative intensity) and then to (-
actin measured by Western blot. Blots from left to right are the following

E2 doses: 0, 0.1, 0.5, 1, 5, 10, 50, and 100 ng/ml. Data are presented as
means + SE, p = 0.7682, and n = 3 in each group.
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Chapter 5

DISCUSSION

To our knowledge, this is the first study to examine in vivo and in vitro ET-B
response to changing ovarian hormone levels (across the menstrual cycle). Our central
hypothesis was that ET-B receptors would mediate vasodilation during the mid-luteal
phase of the menstrual cycle (when E2 and P4 are elevated) and that this would
primarily be mediated by E2. The main findings of the current investigation are that
although acute E2 treatment did not alter ET-B receptor expression, our data suggest
that chronic fluctuations in ovarian hormones during the menstrual cycle modulate
ET-B receptor responses in women. These preliminary findings are an important first
step in identifying the interactions among ovarian hormones and ET-1 receptor

responsces in women.

5.1 Ovarian Hormones and ET-1 Receptor Function

Although the importance of ET-1 and its involvement with vascular
dysfunction and CVD are well known, less is understood about how ET-1 and its
receptors are regulated by sex hormones. Data from previous studies demonstrate
differences in ET-1 receptor density and responses between men and women, but the
contribution of sex hormones remains to be elucidated. For example, women have a
greater proportion of ET-B receptors compared to men (21) and ET-B receptors
mediate vasodilation in young women, while mediating vasoconstriction in young men
(43). It is important to note that previous studies have not controlled menstrual cycle
day when testing young women, so it is unclear how cycling ovarian hormones are

affecting the ET-B receptors. Our study extends previous findings by examining ET-1
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receptor responses at two distinct time points of the menstrual cycle; our preliminary
findings suggest that ET-B receptors tend to mediate vasodilation during the mid-
luteal phase of the menstrual cycle, when estradiol and progesterone are elevated,
compared to the early follicular phase. It is also worthwhile to note that there were no
differences in skin blood flow in the control sites between the early follicular and mid-
luteal visits, which would indicate that the vasodilatory capacity of the skin
vasculature is not different between phases of the menstrual cycle.

Contrary to our hypothesis, there were no differences in the ET-B blocked site
and the control site during the early follicular phase, suggesting that these receptors do
not play a large role in cutaneous microvascular vasodilatory responses when
circulating estradiol and progesterone are low. This could indicate that ET-B
receptors, which have been shown to mediate vasoconstriction in men (43, 73) and
post-menopausal women (73), are affected by something other than low levels of
estradiol and progesterone. However, while E2 and P4 levels are low in the early
follicular compared to the mid-luteal phase of the menstrual cycle, these hormones are
not as low as what is observed in post-menopausal women. Thus, the presence of
chronic fluctuations in ovarian hormones in young cycling women do not result in an
ET-B mediated vasoconstriction. It is possible that testosterone may play a role in
modulating ET-1 receptor responses. For example, polycystic ovary syndrome (PCOS)
is characterized by elevated androgen levels and is associated with metabolic
disorders, as well as endothelial dysfunction (1, 28). Interestingly, ET-B receptor-
mediated vasodilation is blunted in women with PCOS (84). The hyperandroidism and
overall abnormal hormonal profile of women with PCOS is likely playing a key role in

this attenuated ET-B vasodilation. While these hormonal changes are important in
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young women with PCOS, they also become important for women as they go through
menopause, since women experience both a decline in estradiol and progesterone, as
well as a relative increase in testosterone, which may be contributing to endothelial
dysfunction linked to ET-B receptor function.

We also found no differences between the ET-A blocked site and the control
site during either the early follicular or the mid-luteal phases. Since ET-A receptors
are located solely on smooth muscle and therefore only mediate constriction of the
vasculature, this would suggest that ET-A receptors do not generally mediate
microvascular vasodilatory function in these young women and are not largely
affected by fluctuating ovarian hormones. Interestingly, ET-A receptors mediate
vasoconstriction in older, post-menopausal women and to an even greater extent in
older men (73). Furthermore, studies in women with PCOS show that ET-A receptors
also mediate vasoconstriction (84). This could suggest that ET-A receptors are more
sensitive to circulating testosterone, as this is higher in men, post-menopausal women,
and women with PCOS than in young, pre-menopausal women. Thus, ET-B, rather
than ET-A receptors, appear to have the predominate effect on the vasodilatory
capacity of the microcirculation, particularly in pre-menopausal women. Taken
together, this would suggest that an imbalance between the vasodilatory ET-B
receptors and vasoconstrictor ET-A receptors could contribute to vascular dysfunction
in women as circulating hormones change throughout the menstrual cycle and over the
lifespan.

Finally, several vasoactive substances are involved in regulating vascular
function, such as nitric oxide, prostaglandins, angiotensin II, and norepinephrine (37,

56, 59), all of which are influenced by E2 (78) and interact with ET-1 (66). It is
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possible that the effects we observed in our study are related to the influence of E2 on
one or more of these substances; we are not able to determine which redundant
mechanisms may be involved from our data. Also, since E2 has been shown to reduce
circulating ET-1 (6, 41), it is also possible that our findings are related to a reduced
production of ET-1. However, vasoconstrictor responses to ET-1, independent of
maximum vasoconstrictor capability, do not differ between men and women, despite
showing sex differences in ET-A and ET-B responses (73), suggesting that the
receptors — and not ET-1 per se — play a crucial role in determining the vascular
response. Nevertheless, our data suggest a strong trend indicating that ovarian

hormones influence ET-B receptors.

5.2 ET-B Receptor Responses to Estradiol

To our knowledge, this is the first study to examine ET-B receptor expression
in estradiol-treated human endothelial cells. Although we observed differences in ET-
B mediated vasodilation in the cutaneous microcirculation across the menstrual cycle,
we did not observe differences in ET-B receptor expression in response to acute
increasing doses of E2. Previous literature in animal models suggests that E2 affects
ET-B receptor expression in myocardial tissue and coronary arteries. Hyperlipidemic
rabbits were ovariectomized and then given daily oral treatment of E2, E2 + progestin,
progestin alone, or a placebo for 16 weeks (60). The animals were then euthanized and
mRNA expression in the coronary arteries was quantified with PCR. It was found that
in the E2-only rabbits, ET-B receptor expression was up-regulated in the coronary
arteries compared to the placebo animals. Additionally, this expression was
completely blunted in the rabbits receiving E2 in combination with a progestin (60). A

different study aimed to determine ET-B receptor expression in the ventricular tissue
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of ovariectomized rats and those with an ovariectomy + E2 supplementation,
compared to a sham group. As quantified by PCR, ET-B receptor expression in left
ventricular tissue was up-regulated after ovariectomy compared to the sham group.
Furthermore, this response was completely attenuated in the rats receiving E2
supplementation (58). These data suggest that estrogen down-regulates the expression
of ET-B receptors in smooth muscle (ventricular myocardial tissue), while the data
from Pedersen et al. (60) suggests that ET-B receptor expression is up-regulated in
coronary arteries. Taken together, this would suggest that E2 modulates the expression
of the ET-B receptor, down-regulating its expression in smooth muscle cells, while
up-regulating its expression in coronary arteries, which contain both smooth muscle
and endothelial cells. However, the independent effect of E2 on ET-B receptor
expression in endothelial cells alone had not been investigated prior to this study.
Therefore, future studies will be done to better ascertain the direct effects of E2 and

other hormones on ET-B receptor expression in female endothelial cells.

5.3 Limitations and Future Directions

One limitation of this study is the relatively small number of subjects, which
may have limited the power to examine estrogen and progesterone’s effects on the
endothelin system. While our sample size is similar to published studies using similar
techniques and populations (43, 84), recruiting more young women who were not
taking hormonal contraceptives would have been ideal and will be done in future
studies. An additional limitation is that we are unable to distinguish which ovarian
hormone (estradiol or progesterone) is responsible for contributing to the ET-B
mediated vasodilation, since we studied young women during their mid-luteal phase,

when both estradiol and progesterone are high. Since data in animal models suggest
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that estradiol is the primary hormone to cause ET-B receptor up-regulation, an
alternate study design would be to test the young women during their ovulatory phase,
when estradiol is elevated but progesterone is still low. However, testing women
during the ovulatory phase requires the use of ovulation prediction kits and can be
difficult, since some women menstruate without ovulating (71). The most controlled
study method to isolate the individual effects of E2 or P4 is through a hormone
suppression-add back model (71). This is achieved through temporary suppression of
the menstrual cycle with a gonadotropin-releasing hormone antagonist with a
subsequent add-back of the hormone in question (71). This model will be used in
future studies in order to see the specific effects of E2 on ET-1 receptor-mediated
vasodilation.

Additionally, there were limitations in regard to the estradiol dose response on
the endothelial cells. While we loaded 10 ug of protein into each well, which is
consistent with other studies (23, 48), it could be possible that increasing the number
of cells and therefore the amount of protein per well could help to show differences in
expression. However, given the images from our Western Blot, it appears as if there
was sufficient protein. Additionally, the incubation period for the estradiol treatments
was only 24 hours. While this was also consistent with previous studies (10, 15), it is
possible that this was not enough time to allow for integration of functional ET-B
receptors into the membrane. Previous studies that have examined ET-B receptors
have reported changes in mRNA expression, which can occur over shorter timeframes.
Therefore, in future studies, we will both increase the overall treatment duration to
examine functional ET-B receptor integration, as well as examine mRNA expression

of ET-B receptors. This will add to the current literature, in order to more clearly
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understand how estradiol affects ET-B receptors in human endothelial cells. Ancillary
studies will aim to see the effect of progesterone on endothelial cells so that the

mechanisms of these sex hormones can be separately understood.

5.4 Conclusion

In conclusion, we found that there tended to be a decrease in vasodilation in
response to ET-B receptor blockade in young women during the mid-luteal phase.
These preliminary data suggest that ET-B receptors tend to mediate vasodilation when
circulating estradiol and progesterone levels were high. This extends previous findings
that have suggested that ET-B receptors mediate vasodilation in young women, while
mediating vasoconstriction in young men (43). Additional research with a larger
sample is warranted to more directly understand how circulating ovarian hormones
affect ET-B receptor function in vivo, since the literature suggests that these hormones
mediate the sex differences in ET-B receptor function. We also found that there is not
an effect of acute E2 treatment on ET-B receptor expression in female endothelial
cells. However, since our data suggest that there is a chronic effect of E2 on ET-B
receptor function in vivo, future studies are warranted in vitro to ascertain if our
functional data is related to an up-regulation of ET-B receptors on endothelial cells.
Therefore, future studies will be done to better understand the direct effects of E2 and

other hormones on ET-B receptor expression in female endothelial cells.

5.5 Perspectives
It is apparent that the endothelin system regulates vascular function differently
in men and women, particularly due to the function of the ET-B receptors. Since the

endothelin system has been implicated in the pathogenesis of atherosclerosis and
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cardiovascular disease (CVD), and because there are sex differences in the prevalence
and mortality of CVD, understanding the mechanisms behind these differences is
essential, physiologically and clinically. ET-B receptors located on the endothelium
mediate vasodilation and are therefore cardioprotective. Ovarian hormones, both in
younger and older women, have been shown to modulate these receptors, which was
further confirmed in this study. Additionally, it has been shown that women with
PCOS, who have elevated androgens, experience an attenuated ET-B receptor-
mediated vasodilation. This is of particular importance to post-menopausal women,
who experience a decline in ovarian hormones. This may lead to a decline in ET-B
receptor-mediated vasodilation, which can in turn lead to an overall constrictor tone of
the endothelium, and has been connected with endothelial dysfunction and CVD risk.
Our data help to further the understanding of how ET-B receptors function within the
microvasculature of young women and future studies will demonstrate how estradiol
and progesterone separately affect ET-B receptor expression on endothelial cells. This
information on the mechanisms contributing to endothelial dysfunction in women may
help to develop preventative strategies for women as they age, go through menopause,
and lose the cardiovascular protective mechanisms related to circulating ovarian

hormones.
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Appendix B

WESTERN BLOT PROCEDURE

Conclusions

EBM-2 with EGM-2
Treat at 80% confluence

(Caliceti et al)

0,0.1,0.5, 1, 5, 10, 50, and 100 ng/mi

Process
(time) Unknowns
Grow HUVECs In what medium?
(3-5 days) To what confluence?
Treat HUVECS with What concentrations?
Estradiol > In what medium?
(1-3 days) For how Iong?‘

v

Harvest HUVECs
(3-4 hours)

¥

Lyse HUVECs with

How much buffer?
What protease and/or

0% charco; -treated FBS for
24 hours (Caulin, Sobrino)

150 ul RIPA buffer with
1.5 ul protease/phosphatase inhibitor

RIPA buffer
(1 hour)

¥

BCA Protein Assay

phosphatase inhibitors?
What speed to centrifuge?

cocktail + 1.5 ul EDTA (Fu, 2011)
Centrifuge at 10,000 rpm for 5 minutes

> 1 mg/ml of protein per treatment

How much protein is needed
?

T

(2 hours)

v

Load samples to gel

How much protein to load?

How much sample to

g 10 ug protein per well

Varied based on sample

(0.5 hours)

¥

Gel Electrophoresis

add to buffer?

(Range: 5.2 - 10.7 ul)

10% gel for ET-B receptor

> What size gel to use?

(1 hour)

¥

Transfer to

How to determine

(mw = 50 kDa)

Stain with Ponceau S stain to

Membrane
(1.5 hours)

v

Wash and Block
(1.5 hours RT or
overnight at 4°C)

¥

Primary Antibody

any errors?

What concentration?

confirm successful transfer

ET-B receptor: 1:200, overnight at 4°C

(1.5 hours at RT
or overnight at 4°C)

v

Secondary Antibody

“| How long to incubate?

What antibody to use?

Beta-actin: 1:1000, 1 hour at RT

ET-B receptor: 1:2000, 1 hour at RT

(1.5 hours at RT)

v

Chemiluminescence
(10 minutes)

¥

Image & Analysis
(1-2 hours)

What concentration?
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Beta-actin: 1:2000, 1 hour at RT




