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Proper cardiovascular function is necessary to regulate the flow of blood to different parts

of the body in response to demand. The ability of the heart to increase the amount of blood pumped
and the precise control of blood flow to the skeletal muscle are of critical importance during
movement — whether during exercise or while performing activities of daily living. This
dissertation aims to assess the functional responses of the cardiac and vascular systems to [32-
adrenergic receptor stimulation and identify factors influencing their responsiveness. Utilizing rat
models of aging and heart failure, we investigated how sex, age, and heart failure impact the
cardiac and vasculature responses to f-adrenergic receptor stimulation. In the first Aim, we
explored the influence of the presence of estrogen on heart rate, coronary flow rate, and oxygen
consumption rate when stimulated with a B2-adrenergic receptor agonist in perfused hearts from
young and old, male and female rats. The presence of estrogen rescued the blunted heart rate

response to 2-adrenergic receptor stimulation seen in young female compared to young male

hearts. Old male and female hearts showed blunted heart rate responses compared to their young



sex-matched controls; however, old males and females were similar in their responsiveness to [3-
adrenergic stimulation. In the second Aim, we evaluated the effects of a rat model of pressure-
overload induced heart failure on cardiac responsiveness to f2-adrenergic stimulation in male and
female hearts, again in the absence and presence of estrogen. Failing male and female hearts had
similar heart rate responses to their sham counterparts. Comparing to the sham control female
heart, heart failure female hearts show an impaired coronary flow rate increase in response to f3-
adrenergic stimulation with presence of estrogen, despite similar increases in heart rate. Aim 3
focused on measuring vascular responsiveness of an isolated muscular artery to -adrenergic and
estrogen receptor stimulation in young and middle-aged, male and female rats. Female rats
demonstrated augmented vasodilation responses to B-adrenergic receptor stimulation compared to
males, and estrogen enhances artery vasodilation response to -adrenergic receptor stimulation in
young female rats.

The primary goal was to investigate how the acute presence of estrogen affected
cardiovascular regulation in young and old, male and female rats. Conducting experiments in
young and old, male and female, heart failure and healthy rats uncovers how the acute presence of
estrogen affects f-adrenergic receptor stimulation responsiveness in the ventricular myocardium
and muscular artery vasculature. Our findings reveal sex differences in cardiac and vascular
responses to B-adrenergic receptor stimulation, highlighting the influence of sex hormones,
particularly estrogen in the regulation of the cardiovascular system. We propose these are due, at
least in part, to the membrane estrogen receptor, GPR30, and its downstream signaling pathway.
These insights contribute to a better understanding of estrogen's role in the acute regulation of
cardiac and vascular function, informing future age and sex-specific treatments for cardiovascular

diseases.
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Chapter 1: Introduction

The cardiovascular system, which includes the heart, blood, and blood vessels, plays an
essential role in transporting oxygen and nutrients throughout the body. The blood carries oxygen
and nutrients and delivers them to the tissues to meet metabolic demands. The heart generates
pressure to ensure continuous blood flow through the blood vessels. When the metabolic demand
in the tissues increases, more oxygen and nutrients need to be delivered. Therefore, the heart needs
to work harder to pump more blood to the tissues. As the heart works harder, it also needs more
blood itself to provide oxygen and nutrients.

Certain types of cardiovascular diseases (CVD) are associated with the inability of heart to
pump an adequate amount of blood to meet the body's demands during physical activity [1]. This
contributes to the challenges individuals face to perform activities of daily living. [2]. This
condition is known as exercise intolerance and is a critical aspect of heart failure (HF).
Additionally, CVD present distinct risks for men and women, with women generally having a
lower prevalence of CVD compared to age-matched men [3]. These elements contribute to the
challenges individuals encounter in sustaining a high quality of life amid concerns related to
cardiovascular health.

Cardiac output (CO) is the amount of blood pumped out of the heart per minute. CO is the
product of the heart rate (HR) and the stroke volume (SV), which is the amount of blood pumped
out of the heart per beat. CO plays an essential role in determining the delivery of oxygen and
nutrients to the tissues. When the demand for oxygen and nutrients to a tissue increases, such as
during exercise, HR and SV increase, resulting in an increased in CO to meet the demand. The

skeletal muscle vasculature also plays a role in the regulation of blood flow to tissues as



vasodilation and vasoconstriction work to increase and decrease blood flow, respectively, to
different tissues. Together, the coordinated efforts of the heart and the vasculature work to increase
the delivery blood to metabolically active tissues when there is an increase in demand.

1.1 Heart Rate

The sinoatrial (SA) node, located in the right atrium of the heart, generates an electrical
signal to initiate cardiac contraction. In autorhythmic cells, the electrical activity is determined by
the movements of Na*, K and Ca?". During the spontaneous depolarization phase, the funny
channels open to allow Na* to flow into the cell and K* to flow out. Once the membrane potential
reaches the threshold, Ca?* channels open, causing rapid Ca?" flow into the cell to further
depolarize it. Once the potential reaches its peak, K* channels open, allowing K* ions to move out,
and the repolarization phase occurs. Therefore, iron channels, such as Ca?" channels and K*
channels, play essential roles in regulating the rate of the SA node [4].

The firing rate of the SA node's electrical signal determines the HR, making the SA node
the pacemaker of the heart [4]. After being generated from the SA node, the electrical signal travels
through the heart's electrical conduction system, including the atrioventricular (AV) node, and
spreads throughout the ventricles, leading to ventricular contraction [4]. Several factors can
modulate HR, such as the autonomic nervous system and catecholamines. The autonomic nervous
system (ANS) contains two branches: sympathetic (SNS) and parasympathetic nervous system
(PNS). HR is controlled by SNS and PNS activities, as both branches innervate the SA node. The
firing rate of the SA node is around 100 action potentials per minute without innervation from the
ANS. Atrest, the PNS plays a dominant role in decreasing the action potential rate of the SA node

to 60-80 per minute [5]. Activation of the PNS hyperpolarizes pacemaker cells, decreasing the rate



of depolarization of the SA node, and decreases HR. During exercise, the increased HR is a result
of the withdrawal of PNS and activation of the SNS [5].

Activation of the SNS increases heart rate by increasing both Na* and Ca? current into the
autorhythmic cells, thereby increasing the rate of SA node depolarization [4]. During SNS
activation, sympathetic neurons release norepinephrine, which binds to the f-adrenergic receptors,
activating the cAMP secondary messenger system. cAMP augments the opening of funny channels
and Ca* channels in autorhythmic cells to enhance both Na* and Ca? movement, which increases
the spontaneous depolarization rate [4]. This results in an increase in the action potential frequency,
increasing the HR. The enhanced SNS activity also stimulates the adrenal medulla to release
epinephrine. The increased circulating level of epinephrine could also increase HR via binding f3-
adrenergic receptors. Conversely, the PNS releases acetylcholine (Ach) which slows HR. Ach
slows the HR via its influence on Ca* and K* permeability. The K permeability increases, leading
to hyperpolarization, causing the pacemaker cells to be more negative [4]. Additionally, the Ca*
permeability decreases, and the pacemaker has a slower depolarization. Together, HR is modulated
through the PNS and SNS by altering the rate of action potential firing at the SA node.

1.2 Stroke Volume

One factor that modulates SV is the contraction force of the ventricles: when the ventricular
contraction force increases, the SV increases. The amount of blood in the left ventricle and cardiac
contractility (i.e. positive inotropy) both affect overall ventricular contractility. According to the
Frank-Starling Law, which shows the relationship between the volume of blood and the force of
contraction, a higher end-diastolic volume, increasing the length of muscle fiber, will lead to a
higher contraction force [6]. The end-diastolic volume is largely determined by the venous return,

which is influenced by three factors: the skeletal muscle pump, the respiratory pump, and



sympathetic innervation [6]. The skeletal muscle pump refers to the squeezing of veins by the
skeletal muscles during contraction, which pushes blood back to the heart. During the inspiration
phase of respiration, the diaphragm moves down into the abdomen, enlarging the thoracic cavity
and creating a subatmospheric pressure that draws more blood from veins in the abdomen into the
vena cava. At the same time, higher pressure is placed on abdominal veins, compressing them.
This combined effect creates the respiratory pump, which increases venous return. SNS
stimulation can also affect the venous return. Skeletal muscle vasculature largely vasoconstricts in
response to SNS innervation, resulting in more blood returning to the heart.

Nervous and endocrine systems both affect cardiac contractility. The catecholamines
released from nervous and endocrine systems enhance cardiac contractility by binding to B-
adrenergic receptors (B-ARs). B-ARs have three subtypes: 1, B2, and B3. B1-ARs are mainly
found in the heart and are also located in the kidney and other tissue. f2-ARs have a more
widespread distribution than f1-ARs, being expressed in the heart, lung, kidney, and blood vessels.
B3-ARs are only found in the adipose tissues and heart [7]. All three B-ARs are expressed in the
heart, with B1-ARs comprising 75-80% of total cardiac B-ARs, with 2-ARs comprise 20-25%.
Only a small amount of B-ARs in the heart are 3-ARs [7]. Stimulation of B1-ARs leads to
increased heart rate and enhanced cardiac contractility. Stimulation of $2-ARs has a generally
weaker effect on heart rate and cardiac contractility than 1 but can also cause coronary artery
vasodilation [7].

Stimulation of B-ARs affects cardiac contractility by playing a role in the regulation of
cytosolic Ca?" kinetics. Epinephrine and norepinephrine are two catecholamines that bind to and
activate B-ARs on the myocardial cell membrane. Then the cAMP secondary messenger system is

activated, resulting in the phosphorylation of both voltage-gated Ca?" channels and



phospholamban. Phosphorylation of the voltage-gated Ca** channels increase the channels' open
time, allowing more Ca®* to flow into the cells and increasing cytosolic Ca*". Phosphorylation of
phospholamban also increases cytosolic Ca?" by enhancing Ca?*-ATPase on the sarcoplasmic
reticulum (SR) [91]. The basic function of the SR is to take up and release Ca**, and the Ca*'-
ATPase is responsible for the reuptake of Ca?" into the SR from the cell cytosol. The enhanced
Ca?"-ATPase activity concentrates Ca?" in the SR, making more Ca?" available to be released into
the cytosol. Then, Ca?* binds to actin filaments to allow the active sites to be exposed. The myosin
head binds to the actin filament to form the crossbridge, which is the basic unit of muscular
contraction. Therefore, a higher cytosolic Ca?" level is predicted to activate more crossbridges and
lead to a stronger contraction. After the power stroke generated by the crossbridge, the Ca?* needs
to be removed from the cytosol to relax the muscle fibers. The enhanced Ca?*-ATPase uptake of
Ca?" from the cytosol shortens the removal time, increasing the speed of relaxation. Therefore, the
increase in CO that occurs to an increase in demand is a function of both SNS and -AR stimulation
of HR and B-AR stimulation of the ventricular tissue, increasing cardiac contractility, and
therefore, SV.

2. Responsiveness to f-Adrenergic Stimulation and -ARs Expression in cardiac tissue

2.1 Effects of Age on B-ARs

Sex and age are important determinants of the cardiac response to f-adrenergic stimulation.
Isoproterenol, a B-ARs agonist that activates all three receptor subtypes, shows decreased HR
responses with age [8]. Old male rats have a blunted maximal HR and HR increase in response to
isoproterenol compared to young rats. In men, the dose of isoproterenol required to increase resting
HR by 25 beats per minute increases with age [9], indicating a decrease in the responsiveness of

this pathway. One explanation for the lower B-ARs responsiveness could be the density of f-ARs,



however experimental data on this are inconclusive. White et al. [10] reported that younger
individuals had significantly higher B1-AR expression in the left ventricle compared to older
individuals. Another investigation showed sex difference in aging effect on B1-AR expression. In
women, B1-AR expression in heart decreases with age until menopause, where it stabilizes, but
the correlation between age and B1-AR expression is not significant in men [11]. Moreover,
another study that evaluated B-ARs expression in young and old male rat hearts found no difference
[12]. Therefore, it remains unknown if altered B-ARs responsiveness is driven by altered -ARs
density, as this may differ between males and females, as well as between humans and animal
models.
2.2 Effects of Sex on B-ARs

Male rat cardiac myocytes show a greater increase in contractility to non-selective f-ARs
agonist stimulation than females, indicating stronger B-ARs signaling in male rats. Just like with
age, differential B-AR responsiveness between male and female rat hearts may be explained, at
least in part, by B-ARs expression [13]. According to Vizgirda et al. [13], male rat ventricular
myocytes have twofold greater B-ARs expression compared to females. Peter et al. [14] also
reported that male rat hearts express more B-ARs than female rats. These data support the
functional studies demonstrating higher functional responsiveness to -AR stimulation in male,
compared to female, hearts. Interestingly, another study found no difference in ventricular B1-AR
and B2-AR protein and mRNA levels between male and female rats [15]. Al-Gburi et al. [16]
reported that f2-AR expression in blood vessels is similar in male and female rat hearts, but female
rats have more B1-AR expression than male rats. Thus, sex differences in B-ARs expression exist,
but ambiguity remains regarding the effect of sex on each subtype in the vasculature and the

ventricular tissue.



There is copious evidence that estrogen affects the expression and responsiveness of 3-
ARs in the heart. Ovariectomy (removal of the ovaries) decreased f2-AR expression in female rat
hearts, and four weeks of estrogen treatment restored it [17]. Another study reported that
ovariectomy doubled ventricular f1-AR expression, which estrogen treatment brought back to the
levels of sham-operated controls [18]. To evaluate the effect of estrogen on 3-ARs responsiveness,
Sherwood et al. [19] measured HR in response to the non-selective -ARs agonist, isoproterenol,
in age-matched pre- and post-menopausal women. Post-menopausal women have a blunted HR in
response to the B-ARs agonist than pre-menopausal women even though they were the same age,
suggesting that the chronic or acute presence of estrogen alters -AR responsiveness.
2.3 Effects of Heart Failure on B-ARs

B-ARs responsiveness and expression are altered in HF [20]. The change in B-ARs
responsiveness is partially due to changes in B-ARs expression, as downregulated B-ARs
expression has been observed in HF patients. Additionally, B-ARs sensitivity may also contribute
to the blunted responsiveness [21]. The remaining B-ARs may be desensitized due to increased
circulating catecholamines [22]. The mechanisms of B-ARs desensitization in HF are likely related
to the sympathetic nervous system and the release of catecholamines. HF is often associated with
increased circulating catecholamines, which can lead to enhanced expression of B-ARs kinase
(BARK1) [22]. BARK1 is a member of the G protein-coupled kinase family that is responsible for
the desensitization and downregulation of B-ARs. Therefore, the failing heart may protect itself
from chronic sympathetic stimulation by decreasing B-AR expression and responsiveness [22].
Another possible mechanism is the change in the expression ratio between B1-AR and 2-AR in
HF. In a healthy heart, B1-AR expression is about four times higher than f2-AR [21]. In a failing

heart, B1-AR expression decreases, and $2-AR expression increases or remains the same, resulting



in a ratio that could reach 3:2 [21]. B1-AR only couples to the stimulatory unit of G protein, while
B2-AR can couple to both the stimulatory (Gs) and inhibitory (Gi) units of G protein. The f2-AR/Gs
pathway leads to cyclic adenosine monophosphate (cAMP) production and results in increased
contractility, while the P2-AR/G; pathway inhibits this effect of B2-AR/Gs activation [21].
Therefore, increased f2-AR expression may offset the enhanced contractility stimulated by the Gs
pathway.

3. f-Adrenergic Regulation of Skeletal Muscle Vasculature

B-adrenergic receptor (B-AR) stimulation induces vasorelaxation in the skeletal muscle
vasculature. This effect is abolished in B-AR knock-out mice [23]. Skeletal muscle vascular
responses to B-AR stimulation appear to be sex- and age-dependent, with women showing greater
responsiveness than men, and aging leading to blunted responses [24-26]. Human studies have
shown that B2-AR agonists have sex-dependent effects on skeletal muscle vascular responses. In
one study, forearm blood flow was measured after infusion of the f2-AR agonist albuterol in young
men and women. Albuterol caused forearm vasodilation in both sexes, but women showed greater
forearm blood flow to f2-AR stimulation than men [24]. Schutzer et al [26] reported that f2-AR-
mediated vasodilation in rat aorta was significantly blunted in older rats compared to younger rats,
indicating that the vasculature regulation is significantly influenced by aging. Estrogen may play
an essential role in the sex difference in B-AR stimulation responses. A previous study of both pre-
and post-menopausal women found that post-menopausal women had a blunted forearm blood
flow increase after isoproterenol infusion compared to pre-menopausal women [27]. Ferrer et al.
[28] reported that B-AR agonist-induced vasodilation in ovariectomized rat mesenteric arteries was

significantly greater in estrogen-treated rats compared to untreated rats. Therefore, the acute or



chronic presence of estrogen may enhance 32-AR responsiveness in the vasculature, as well as the
ventricular tissue.

4. Role of Estrogen in Cardiovascular Health

Estrogen has a wide range of effects on the body, some of the most notable being
vasodilation, inflammation reduction, and cholesterol levels maintenance. Estrogen is associated
with increased angiogenesis, stimulation of vasodilation, and enhanced mitochondrial function,
which play a protective role in cardiovascular health [29, 30]. Angiogenesis can be induced by
estrogen stimulation of vascular endothelial growth factor (VEGF) gene expression [29, 30].
Estrogen regulates vascular function by modulating endothelial-dependent factors, including
endothelial-derived relaxing factors (EDRF) and endothelial-derived contracting factors (EDCF)
[31]. EDRF includes nitric oxide (NO), prostacyclin (PGI2), and endothelial-derived
hyperpolarizing factors (EDHF), while EDCF includes endothelin-1 (ET-1), angiotensin II (Ang
IT), thromboxane A2 (TxA2), and prostaglandin H2 (PGH2). Estrogen enhances EDRF and
attenuates EDCF activities and expressions, resulting in vasodilation of blood vessels.

Estrogen receptors (ERs) are crucial players in cardiovascular regulation, with three primary
subtypes identified as estrogen receptor a (ERa), estrogen receptor B (ERf), and G-protein-
coupled receptor 30 (GPR30). These receptors are distributed between cellular compartments, with
ERa and ERP classified as both nucleus and membrane receptors, while GPR30 functions
exclusively as a membrane receptor. Their presence in cardiovascular tissues, including ventricular
myocytes, endothelial cells, and smooth muscle cells, underscores their significance in the
cardiovascular homeostasis.

Estrogen, through its binding affinity with ERs, exerts its regulatory influence on gene

expression and signaling molecules via both genomic and non-genomic pathways [32]. In the



genomic pathway, estrogen binds to nuclear receptors ERa and ERf, culminating in the activation
of associated gene transcription. Notable among these genes are endothelial NO synthase (eNOS)
and VEGF. Estrogen-mediated upregulation of eNOS gene expression enhances eNOS density,
promoting increased nitric oxide (NO) production, thereby facilitating vasodilation [17, 33].
Additionally, VEGF, a key factor in angiogenesis, is subject to estrogen-induced modulation, as
discussed above. Conversely, the non-genomic pathway involves the binding of estrogen to
membrane receptors, including ERa and GPR30, leading to the activation of various signaling
pathways, such as cAMP/protein kinase A (PKA), phosphatidylinositol 3 kinases (PI3K)/AKT,
and MAPK [3, 32, 34]. These pathways collectively contribute to the orchestration of cellular
responses, highlighting the estrogen impact on cardiovascular function.

5. Estrogen Effects on Vasculature

Estrogen has multiple effects on vascular function, including vasodilation, anti-
inflammatory, antioxidant, and antiproliferative effects [35]. One mechanism by which estrogen
affects vasodilation is by modulating endothelial-dependent factors, such as EDRF and EDCF.
One of the primary effects of estrogen on EDRF is to promote the synthesis and release of nitric
oxide (NO). Estrogen has both rapid and long-term effects on NO regulation. Rapidly, estrogen
can activate eNOS to generate more NO, and chronically, estrogen can increase the expression of
genes encoding eNOS to increase eNOS density via the genomic pathway [17, 36]. Estrogen
activates eNOS through ERa and ERp, and the PI3K/AKT/eNOS pathway is involved in both the
acute increase in eNOS activity and the chronic enhancement of eNOS expression [37].
Additionally, the membrane receptor GPR30 also activates the PI3K/AKT/eNOS pathway.
Cyclooxygenase-2 (COX-2) is an enzyme expressed in endothelial cells. When endothelial cells

are stimulated by estrogen, COX-2 produces prostacyclin (PGI2), which can relax and widen blood
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vessels. Animal studies have shown that 18 hours of estrogen treatment enhances COX-2
expression and PGI2 production [38]. Ovariectomized (OVX) mice also show an increase in PGI2
production after long-term (7 days) estrogen exposure. Taken together, estrogen can cause
vasodilation by increasing PGI2 production through both short- and long-term effects. Estrogen
affects EDHF regulation in several ways [39]. For example, estrogen treatment restores EDHF-
induced vasodilation in isolated small arteries from OVX animals, which indicates that the
presence of estrogen can enhance EDHF-induced vasodilation [40]. Estrogen can also contribute
to increased EDHF-mediated vascular responses to changes in vascular flow. Additionally,
estrogen-induced acute vasodilation in coronary arteries also involves EDHF. Therefore, estrogen
has been shown to play an essential role in EDHF-induced vasodilation in several arteries.
Estrogen inhibits the production of EDCFs, including endothelin-1 (ET-1) and angiotensin
IT (Ang II). ET-1 is a potent vasoconstrictor that can also stimulate cell proliferation and fibrosis.
A study using human umbilical vein endothelial cells (HUVECs) found that 48 hours of estrogen
treatment decreased ET-1 expression and release [41]. This indicates that estrogen blunts the
vasoconstrictive effects of ET-1. There is a sex difference in sensitivity to ET-1 in coronary
resistance vessels: male rats show more significant vasoconstriction in response to ET-1 than
female rats [42]. However, as rats age, males tend to have decreased ET-1-induced
vasoconstriction in coronary resistance vessels, while females have increased vasoconstriction in
response to ET-1 [43]. This suggests that the enhanced vasoconstrictive effect of ET-1 in females
may be related to decreased estrogen levels. Ang II is another potent vasoconstrictor that is
regulated by estrogen. Estrogen reduces the activity of angiotensin-converting enzyme (ACE), a
key enzyme in the conversion of Ang II. A study using a rat model found that OVX rats had higher

ACE mRNA concentrations than OVX rats treated with estrogen [44]. This finding indicates that
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estrogen reduces ACE activity by inhibiting ACE mRNA synthesis, which in turn affects Ang II-
induced vasoconstriction. Estrogen can also diminish the effects of Ang II on the sympathetic
nervous system (SNS). Estrogen has a positive impact on parasympathetic nervous system (PNS)
activity and a negative impact on SNS activity [45]. This offsets the positive effect of Ang I on
the SNS. Overall, estrogen enhances vasodilation and attenuates vasoconstriction by increasing
EDREF production and decreasing EDCF production.

6. Factors Affect Estrogen Receptors Expression

The expression of estrogen receptors (ERs) can be influenced by aging and HF. In women,
serum estrogen levels decrease with age, but the effects of this decline on ER expression are not
fully understood. Previous studies have shown that ERa expression decreases in aging female
animals compared to younger animals [24, 46]. mRNA levels of ERa also show an age-related
decline. There are conflicting findings regarding the effects of aging on ERf expression. Koenig
et al. [24] reported that ERpB expression was two-fold greater in old female mice than in young
females, suggesting that aging has opposite effects on ERa and ER expression. Another study
supports this finding, showing that ERB mRNA levels also increased with age in mice [46].
However, Davezac et al. [46] found that ERf expression in the aorta was slightly decreased in old
females compared to young animals, similar to the effects of aging on ERa expression. There have
been few studies on the effects of HF on ER expression. In one study that compared HF patients
to a healthy control group, ERo mRNA and protein expression were nearly twofold higher in
cardiomyocytes of HF patients [47]. Overall, more research is needed to understand the effects of
aging and HF on ER expression, particularly ERf} and GPR30.

7. p-ARs and ERs Pathways Interaction
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G-protein-coupled receptor (GPCR) GPR30 couples to both stimulatory (Gs) and inhibitory
(Gi) G protein subunits. Gs activation triggers the cAMP/PKA pathway, which can lead to
increased cytosolic Ca*" levels. GPR30 may also inhibit the adenylyl cyclase (AC) enzyme through
the MAGUK/AKAPS complex, which can inhibit the cAMP/PKA pathway. GPR30 activates the
PI3K/AKT pathway via the G; pathway, resulting in anti-apoptotic effects. However, GPR30 can
also activate calmodulin/Ca?*/calmodulin kinase II, which can lead to apoptosis. As GPCRs, both
B-adrenergic receptors (B-ARs) and GPR30 activate the G; and Gs pathways (Figure 1). B1-AR,
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Figure 1. B-adrenergic receptors and estrogen receptors signaling
hearts [48]. If estrogen pathways, taken from Machuki et al. [48].

augments cCAMP generation, this may enhance the response to f-adrenergic stimulation. Another
study found that GPR30 expression in mouse hearts is greater than ER expression, suggesting that
GPR30 may play an essential role in the acute response to estrogen activation [49].
8. Summary

The cardiovascular system is a vital component of the human body responsible for
transporting oxygen and nutrients. Cardiac output, determined by HR and SV, is crucial for

ensuring adequate blood flow to meet metabolic demands. B-ARs show significant influence in
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regulating cardiac function, includes increasing HR, enhancing cardiomyocyte contractility, and
inducing coronary vasodilation. Sex, age, and HF are three factors that could affect B-ARs
expression and responsiveness. Aging appears to result in a reduced B-AR response, either due to
a decrease in B-AR density or a blunted responsiveness to stimulation. HF leads to alterations in
both B-AR responsiveness and expression. The downregulation of B-AR expression, partly due to
the increased circulating catecholamines in HF, contributes to the blunted responsiveness.
Additionally, changes in the expression ratio between B1-AR and B2-AR can further impact the
contractility of the heart. Moreover, research indicates that there is a sex difference in B-AR
responsiveness, which is stronger in males compared to females, could be linked to the higher
expression of B-ARs in males. Sex hormones, particularly estrogen, have been shown to positively
affect B-ARs in the heart, increasing the expression and enhancing the responsiveness. In terms of
skeletal muscle vasculature, B-ARs stimulation induces vasodilation, and this effect varies between
sexes and ages. Studies have demonstrated that women exhibit greater responsiveness to 3-ARs
stimulation, while aging tends to diminish these responses. Taken together, estrogen has been
found to influence B-ARs expression and responsiveness, especially in females, enhancing cardiac
function and vasodilation. The interaction between estrogen and B-ARs is a complex and
multifaceted process that involves multiple signaling pathways and has the potential to contribute
to sex and age-related differences in cardiovascular responses. Understanding these interactions is
essential for improving our knowledge of cardiovascular health and exploring potential therapeutic
strategies. This dissertation will explore how the acute presence of estrogen affects cardiovascular
responsiveness to -ARs stimulation, and how age, biological sex, and heart failure modulate this

response. Overall, this interaction between estrogen and f-ARs holds promise for uncovering new
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insights into the sex and age-related differences in cardiovascular health and offers potential

avenues for interventions to optimize cardiovascular outcomes.
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Chapter 2: Cardiac Functional Responses to p2-Adrenergic
Receptor Stimulation: Effects of Sex and Age

Introduction

The cardiovascular system, which includes the heart, blood, and blood vessels, plays an
essential role in transporting oxygen and nutrients throughout the body. Cardiovascular disease
(CVD) represents a significant public health concern and that it has been observed that women
exhibit a lower prevalence than age-matched men before menopause [50]. This pattern changes
after menopause, as postmenopausal women experience a higher risk of CVD compared to age-
matched men and premenopausal women [62]. Indeed, sex hormones, including estrogen, have
been shown to play an essential role in cardiovascular protection. However, the precise
mechanisms and the pathways underlying this shift remain unknown. Several studies concluded
that the mechanism probably includes a combination of sex hormones, aging, and receptors in the
regulation of the cardiovascular system [9. 10, 13, 15, 50, 62]. This underlines the clear association
between several factors and CVD prevalence and highlights the need for a comprehensive
understanding of the interactions among estrogen, aging, and receptors in managing cardiovascular
health.

Estrogen modulates cardiovascular function by binding to estrogen receptors which are
located within cardiovascular tissues. Estrogen receptors (ERs) have three subtypes: estrogen
receptor a (ERa), estrogen receptor B (ERp), and G-protein-coupled receptor 30 (GPR30). All
three ER subtypes are expressed in cardiovascular tissues, including ventricular myocytes,
endothelial cells, and smooth muscle cells [48, 49]. By binding to ERs, estrogen regulates gene
expression and signaling molecules through both genomic and non-genomic pathways. Through

the genomic pathway, estrogen binds to nuclear receptors ERa and ERf to upregulate gene
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expression to increase the production of endothelial nitric oxide synthase (eNOS) and vascular
endothelial growth factor (VEGF). The enhanced eNOS and VEGF expression will lead to
vasodilation and angiogenesis [17, 32]. Through the non-genomic pathway, estrogen binds to
membrane receptors (ERa. and GPR30) to perform actions, such as rapidly activating nuclear
transcription factors, which primarily cause the vasodilation [3]. In the cardiovascular system,
when estrogen binds to ERs, it can have vasodilatory effects of coronary arteries. This vasodilation
is crucial for maintaining proper blood flow to the heart, as well as the rest of the body, which is
essential for overall cardiovascular function.

In addition to ERs, the B-ARs also play an important role in cardiovascular system
regulation. B-ARs are G-protein-coupled receptors, and have three subtypes: 1, B2, and 3.
Stimulation of B-ARs leads to increased heart rate, enhanced cardiac contractility and relaxed
coronary smooth muscle [7]. Activation of B1-AR results in increased heart rate and improved
cardiac contractility. In contrast, the stimulation of 2-AR typically exerts a milder impact on heart
rate and cardiac contractility, although it can cause coronary artery vasodilation. Binding to the -
ARs in the sinoatrial (SA) node increases HR by activating the cAMP secondary messenger
system. cAMP augments the opening of ion channels in autorhythmic cells to enhance both Na*
and Ca?" movement, which increases the spontaneous depolarization rate. As a result, the action
potential frequency increases, shortening the duration of electrical activation and increasing HR.
Stimulating the B-ARs in the cardiomyocytes results in increased myocardial contractility. This
process is governed by the dynamics of cytosolic Ca?* concentration. It involves an increase in
cytosolic Ca?" levels and an augmentation of Ca**-ATPase function, results in more activated
muscle contraction units and a stronger contraction, it also leads to a shorter duration of muscular

contraction. The activation of f2-AR in the smooth muscle of coronary vasculature induces a
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crucial physiological response known as vasodilation. This process involves the relaxation of the
smooth muscle, resulting in the expansion of blood vessel diameters. The effects of B-ARs on
cardiovascular system is mainly modulated by two catecholamines: epinephrine and
norepinephrine. Through binding to B-ARs, the cAMP secondary messenger system is activated,
leading to an increased heart rate, enhanced cardiac contractility, and vasodilation, depending on
the specific B-AR receptor subtype and its location in the heart.

Age appears to be an important determinant of the cardiac response to [-adrenergic
stimulation. Studies found that isoproterenol, a drug used as an agonist of all three -AR subtypes,
had reduced efficacy with age. Aging male rats show a blunted increase in HR in response to
isoproterenol compared to young rats [8]. According to another study, as age increases, the dose
of isoproterenol which increases resting HR by 25 beats per minute also increases in older men,
which indicate that the sensitivity of B-ARs to agonist decreased as age increased [9]. The results
indicated the age effects on decreased B-ARs responsiveness to stimulation in older individuals
compared to younger ones.

In addition to aging, sex also affects f-ARs stimulation responsiveness. Men and women
show different responses to age in f-ARs expression of heart [11]. In men, there is no significant
association between B-ARs expression and age. However, -ARs expression decreases as age
increases in pre-menopausal women until menopause and stabilizes in post-menopausal [11].
Therefore, sex hormones, especially estrogen, may play an essential in -ARs expression
regulation. Abundant evidence supports the notion that estrogen plays a role in regulating B-ARs
expression in the heart. In one study by Santos et al. [17], ovariectomy (removal of the ovaries)
led to a decrease in 2 adrenergic receptor (B2-AR) expression in female rat hearts, and this

reduction was reversed by four weeks of estrogen treatment. Another study by Chu et al. [18]
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reported that ovariectomy doubled Bl adrenergic receptor (B1-AR) expression, but estrogen
treatment brought it back to the levels observed in sham-operated controls. Taken together,
estrogen has demonstrated a long-term effect in enhancing B-ARs expression.

In addition to its long-term effects, estrogen could also influences short-term regulation of
B-ARs. B-ARs and GPR30 can play in acute cardiovascular regulation, as they both belong to G
protein-coupled receptors and activate Gi and Gs pathways (Figure 1). B1-AR, f2-AR, and GPR30
can couple to Gs subunits, while f2-AR and GPR30 couple to Gi subunits. The interaction between
B2-AR and GPR30 is complex and not fully understood. Cao et al. [53] reported that the estrogen
enhanced the f2-AR-G; pathway by increasing cAMP concentration and PKA phosphorylation in
female rats, which indicates that estrogen may amplify signaling intermediates to promote the
effects of B2-AR through GPR30. Additionally, there is evidence that these receptors might be
interacting during pathological conditions as well. Both f2-AR and GPR30 are involved in the
cardio protection against ischemic damage through PI3K/Akt pathway [54], which indicates the
possible interaction between two receptors. Although there is evidence of potential cross-effects
resulting from the activation of f2-AR and GPR30, it is currently unknown if these interactions
are occuring within the cardiovascular system and the role of estrogen in f2-AR stimulation.

Therefore, the primary goal of this study was to evaluate the sex differences in cardiac
functional responses to f2-AR stimulation in the absence and presence of estrogen in young and
old, male and female rat hearts. We hypothesized that young female rats would have blunted
cardiac responses to B2-AR stimulation compared to young male rats, and the presence of estrogen
would augment the functional response to f2-AR stimulation in young female, but not male, hearts.
Further, we hypothesized responsiveness of old male and female hearts be lower than young

animals, but would not differ between the sexes, with no effect of the presence of estrogen in either
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group. A second goal of the study was to determine the expression of f2-AR and GPR30 in young
and old, male and female rat hearts. We hypothesized that young male rat hearts will have higher
B2-AR expression and lower GPR30 expression compared to young females, with old females will
have both lower f2-AR and GPR30 expressions compared to young females, but old males only
show lower f2-AR, not GPR30, expression compared to young males.

Methods

Animals

Male and female Hilltop SD rats (Rattus norvegicus, Hilltop Lab Animals, Inc.) were used
for this study. All animal research procedures described below were approved by the University
of Maryland Institutional Animal Care and Use Committee (IACUC). Young rats were defined as
less than thirty weeks old and old rats were more than eighty weeks old.

Langendorff perfused heart

After the rats are anesthetized with isoflurane (3% - 5%) and cessation of pain reflexes, the
heart was excised, and the aorta was cannulated. The heart was Langendorff-perfused via the aorta
at a consistent pressure of 62 mmHg with Krebs-Henseleit buffer, which is composed of NaCl 115
mM, KCI 16.5 mM, HEPES 25 mM, CaCl, 11 mM, MgSO4 7 mM, K:HPO4 1 mM, KH2PO4 1
mM, Glucose 5 mM, and Lactate 5 mM, pH 7.4 at 37°C and bubbled with 100% oxygen. The
Krebs-Henseleit buffer provides oxygen and nutrients to make sure the heart could maintain ex
vivo physiological function. With a consistent pressure of 62 mmHg above the aortic valve and no
fluid in the left ventricle, the aortic valve remains closed and forces the buffer flow into the
coronary arteries.

To evaluate the functional effects of estradiol, after 10 minutes of baseline perfusion, a 17-
B-estradiol (E2) dose-response experiment was performed on young male and female rat hearts:
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increasing concentrations of E2 (5, 10, 20, and 40 uM) were added every 5 minutes. HR and
coronary flow rate (CFR) were continually monitored using PowerLab (ADIstruments, Sydney,
Australia), while arterial and venous oxygen content were continually monitored by using NeoFox
oxygen sensor kits (NEOFOX-KIT-PROBE, Ocean Insight, Orlando, FL). Oxygen consumption
rate was calculated by using following equation: [(arterial oxygen concentration — venous oxygen
concentration) * CFR * 760 * 1.3 * 10"-6 * 1000]. CFR and Oxygen consumption rate were
normalized by the heart mass when comparing between groups. After looking at HR and CFR
responses to increasing doses of estradiol, subsequent experiments utilized the 20 uM E2 dose, as
this dose resulted in vasodilation in both male and female hearts, and increasing the dose to 40 uM
resulted in a precipitous decline in HR in a subset of hearts.

To evaluate the cardiac response to B-adrenergic stimulation, a dose-response study using
the B2-AR agonist, albuterol, was performed on young and old, male and female rat hearts. The
hearts were perfused for 10 minutes of stabilization, then 0.1, 0.5, 1, and 5 uM of albuterol were
added every 5 minutes, while HR, CFR, and arterial and venous oxygenation were monitored
continuously. HR percentage change was calculated by using following equation: (heart rate at
each drug dose — baseline heart rate) / baseline heart rate.

To evaluate the effects of E2 on the cardiac response to f-adrenergic stimulation, after 10
minutes stabilization, 20 uM E2 was added, then after 5 minutes, the albuterol dose-response
described above was again performed, with doses addition again separated by 5 minutes. HR, CFR,
and arterial and venous oxygen content were continually monitored. Heart rate percentage change
was calculated by using following equation: (heart rate at each drug dose or heart rate at baseline
— heart rate at 20 uM 17-B-estradiol) / heart rate at 20 uM 17-B-estradiol.

Western blot
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B2, GPR30 and GAPDH protein expression were determined in homogenates made from
the left ventricle and SA node. Following functional experiments, the left ventricle and SA node
tissue samples were frozen for later analysis. Forty mg tissue was added to 400 pL 1% Triton
buffer (Cat# J62289, Thermo Fisher Scientific, Waltham, MA) with 4 pL protease (Cat# 78430,
Thermo Fisher Scientific, Waltham, MA) and 4 pL phosphatase inhibitors (Cat# 78428, Thermo
Fisher Scientific, Waltham, MA) and homogenized by using handheld electric homogenizer. The
samples were incubated on ice for 10 minutes and then centrifuged at 16,000 g for 10 minutes at
4°C. Protein concentration in prepared homogenates was determined using a BCA assay (Thermo
Fisher Scientific, Waltham, MA)

Thirty-five micrograms of protein were loaded onto a 4-15% Mini-PROTEAN TGX
Precast Protein Gel (Bio-Rad Laboratories, Hercules, CA) and electrophoresed at 110V for 60
minutes. The separated proteins were transferred to a PVDF membrane (Bio-Rad Laboratories,
Hercules, CA) via wet transfer (transfer buffer - 20% methanol, 10% TBS, and 70% deionized
water), 4°C, 70V for 90 minutes.

After transfer, the PVDF membrane was incubated for 5 min in TBST, then the membrane
was blocked in 6% nonfat dry milk in TBST (10% TBS, 1% Tween-20, 89% deionized water) for
1 hour at room temperature. The membrane was then incubated with primary antibody against the
B2-AR [anti-B2-AR rabbit monoclonal antibody (ab182136; Abcam), 1:1500 dilution], GPR30
[GPER1/GPR30 rabbit anti-Human polyclonal (C-Terminus) antibody (LS-A4272; Lifespan
Biosciences), 1:2000 dilution] or glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
[Recombinant HRP Anti-GAPDH antibody (ab201822; Abcam), 1:2000 dilution] overnight at

4°C, followed by secondary antibody incubation (anti-Rabbit IgG, HRP-linked antibody #7074,
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1:3000 dilution for B2 , 1:4000 dilution for GPR30 and 1:4000 dilution for GAPDH) for 2 hours
at room temperature with 20-25 rpm shaker.

The signal was visualized using a ChemiDoc imaging system (Bio-Rad, CA). The B2,
GPR30 and GAPDH were detected using ECL reagent (Cat# 32106, Thermo Fisher Scientific,
Waltham, MA) after secondary antibody incubation. The total protein was detected after the
protein was transferred from the protein gel to the PVDF membrane. Signal intensity was
quantified using Bio-Rad Image Lab software and normalized to the total protein when analyzed
left ventricle data. SA node B2 and GPR30 signal intensity were normalized to SA node GAPDH.

Statistical analysis

Statistical analyses were performed by using GraphPad Prism (version 10.0.0 for
Windows, GraphPad Software, Boston, Massachusetts USA). A repeated measures two-way
ANOVA was performed to evaluate the sex and E2 doses effects on HR, HR percentage change,
oxygen consumption rate and venous oxygen partial pressure (PO2). A three-way ANOVA was
used to examine the effects of sex, age and albuterol doses on the HR, HR percentage change,
CFR, oxygen consumption rate and venous PO2 in responses to B2 stimulation. Following the
three-way ANOVA, post hoc analyses were performed using Tukey’s HSD test to explore
differences between young and old rats, and between male and female rats. Independent t-tests
were performed between young and old, male and female rats to determine the sex and age effects
on protein expression. Independent t-tests were also performed to compare HR at baseline to HR
after the administration of 20 yM E2 during the E2 + albuterol stimulation experiments (both
absolute and relative HR). A p < 0.05 was deemed statistically significant.

Results

Rat characteristic data
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Young and old, male and female rat characteristic data is showed in Table 1. Age was not
significantly different between young male and young female, or between old male and old female
rats; however, old rats were significantly older than young rats. Body mass was significantly higher
in young male rats (450 + 105 g) compared to young females (266 + 40 g) (p < 0.001), as was
heart mass: 1.58 £ 0.32 g in young males compared to 0.97 £ 0.19 g (p <0.001) in young females.
Similarly to young animals, in old animals, body mass and heart were also higher in old male
compared to old female rats (688 = 81 vs. 387 £ 47 and 2.09 £ 0.27 vs. 1.29 £ 0.15) (» < 0.0001).

Table 1. Characteristic data of young and old, male and female rats

(wltglis) Rat Mass (g) Heart Mass (g) H;zl;‘[i/(}){?; /11\(/[5%
M SD M SD M  SD M SD
E2 Dose YM (n=9) 2043 579 + 38 1.81+0.21 3.14+0.38
Response YF (n=7) 17+4 245 +34™ 1.02+0.11" 422 +0.60
YM (n=11) 9+2 450 £ 105 1.58 +0.32 3.80 £0.36
Albuterol Dose YF (n=9) 7+0 274 +35™ 1.02+0.16™ 4.01+£0.44
Response OM (n=6) 87 £ 17 783 + 106%# 2.12 +£0.24* 2.74 £ 0.41%
OF (n=6) 95 + 12### 409 £ 66 % 143 +£0.25"%  3.61%1.11
YM (n=14) 18+6 510+ 111 1.55+0.27 3.11 £0.50
Albuterol Dose yE (n=11)  18+9 202450 1.07+0.14™  3.7340.59"
Response with
E2 OM (n=8) 96 + 10%# 688 + 81 2.09 +0.27% 3.06 +0.39
OF (n=6) 88 + 4% 387 £ 47 1.29+£0.157% 3.36+0.33

Data represented as mean (M) * standard deviation (SD). Young male YM, young female YF, old
male OM, old female OF, gram g, kilogram kg, 17-B-estradiol E2. Data were analyzed by using
independent t-test. Comparing female to male (YF to YM and OF to OM), * p <0.01, significantly
different from age-matched males, ** p < 0.001, significantly different from age-matched males,
**% p <0.0001, significantly different from age-matched males. Comparing old to young (OM to
YM and OF to YF), # p < 0.01, significantly different from young, ## p < 0.001, significantly
different from young, ### p < 0.0001, significantly different from young.
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E2 dose response in young male and female rat hearts

The relationship between E2 concentration and HR and CFR is illustrated in Figure 2. A
two-way ANOVA was used to examine the effects of sex and E2 dose on HR, HR percentage
change, CFR and oxygen consumption rate. Young females show significant higher HR compared
to young males at baseline and all E2 doses: A significant main effect of sex on HR is found [sex
effect (F(1, 68) =55.39, p <0.0001)] with post hoc analysis revealing differences between young
male and young female rats at baseline and all E2 doses (p < 0.05) (Figure 2A). Additionally, the
HR of both young males and young females decreases as E2 dose increases with a significant main
effect of E2 dose on HR at 20 and 40 uM doses of E2, as indicated by the ANOVA [E2 dose effect
(F(4, 68)=5.132, p=10.0011)]. For HR percentage change, young males and young females show
similar decline as E2 dose increases with no significant main effect of sex by using two-way
ANOVA. There is a significant main effect of E2 doses at 20 and 40 uM [E2 dose effect (F(4, 68)
= 10.05, p < 0.0001)], indicating the significant effects of higher doses of E2 on negative HR
percentage change (Figure 2B). Regarding CFR, the similar increases are observed in both groups
and a significant main effect of E2 dose is found at 40 uM dose [E2 dose effect (F(4, 39) =2.801,
p = 0.0389)], but no significant main effect of sex is observed, indicating that 40 uM E2 leads to
significant coronary vasodilation, with similar effects observed between young males and young
females (Figure 2C). No significant main effect of sex or E2 dose on oxygen consumption rate,
indicating E2 is not able to significantly affect oxygen consumption rate in either young males or
young females (Figure 2D). Based on the presented results, the E2 dose of 20uM was determined
as the optimal dose for the following experiments. Absolute CFR and oxygen consumption rate

data for the 20 uM is presented in Table 2. Absolute CFR (p <0.01) and oxygen consumption rate
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(p < 0.05) are significantly lower in young female rats at 20 uM E2 compared to young males

(Table 2), due to their smaller size.
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Figure 2. Young male and female rat function responses to increasing doses of E2. Data were
analyzed by using repeated measures two-way ANOVA. Young female rats show significant higher HR
compared to young males at every estrogen dose. There is no significant difference between young male
and female rat in coronary flow rate normalized by heart weight, oxygen consumption rate or venous
oxygen partial pressure. Heart rate HR, coronary flow rate CFR, milliliter/gram/minute mL/g/min,
micromolar/gram/minute pmol/g/min. * p < 0.01, significantly different from young males, ** p
< 0.001, significantly different from young males. Data are presented as mean + standard error of
mean (SEM).
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Table 2. Absolute cardiac functional data at 20 pM E2 dose.

Coronary Flow Rate (mL/min) O, Consumption Rate (umol/min)

M SEM M SEM
YM 19.0£1.2 4.7+£1.7
YF 12.1+0.6™ 35+1.5

Data represented as mean (M) = standard error of mean (SEM). Young male YM, young female
YF, milliliter/minute mL/min, micromolar/minute pmol/min, oxygen O,. Data were analyzed by
using independent t-test. * p < 0.05, significantly different from male, ** p < 0.01, significantly
different from male.

Albuterol dose response in young and old, male and female rat hearts in the absence and
presence of E2

The role of sex and age on response to B2 stimulation was investigated by examining the
effects of increasing albuterol concentration on HR, CFR, and oxygen consumption rate in young
and old, male and female rat hearts. Next, in a separate group of young and old, male and female
hearts, E2 (20 pM) was added prior to B2 stimulation, then, the effects of increasing albuterol
concentration were investigated in the presence of estradiol.

A three-way ANOVA was conducted to examine the effects of sex, age and albuterol dose
on HR and HR percentage change in response to albuterol stimulation. As expected for a $2-AR
agonist, albuterol causes HR increase in all groups. ANOVA results indicate that a significant main
effect is observed for albuterol dose at 1 and 5 uM [albuterol dose effect (F(4, 130) =9.124, p <
0.001)]. Although both male and female increase their HR in the presence of albuterol, the effects
of albuterol is blunted in females compared to males [albuterol dose effect (F(1, 130) =7.451,p =
0.007)]. Post hoc analysis reveals that young male and young female groups show significant
differences at 0.5 uM (282 + 18 beats/min in males vs. 249 + 36 beats/min in females), 1 pM (288

+ 17 beats/min in males vs. 250 + 43 beats/min in females), and 5 uM (300 + 16 beats/min in males
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vs. 243 £ 53 beats/min in females) albuterol (p < 0.05) (Figure 3A). Similarly to sex, age was also
found to have a significant impact on HR, showing significant differences between young and old
animals at all albuterol doses. Comparing to young rats, old rats have relative lower HR in response
to albuterol. Age has been found to be a significant main effect [age effect (1, 130) = 25.581, p <
0.001)], and the Post hoc analysis show young male and old male groups demonstrate significant
differences at all albuterol doses (p < 0.05) (Figure 3A). These findings indicate that both sex and
age are involved in the mechanism of f2-AR agonist-induced changes in HR, as a young female
rats display a blunted response compared to young males, and in males, this response is also
blunted in old compared to young (Figure 3A).

HR percentage change was analyzed to determine differences between groups that were
not driven by differences in the initial HR. There are relationships between albuterol dose increase
and HR percentage increase in all groups: the increased albuterol dose leads to the increase in HR
percentage. The three-way ANOVA reveals that albuterol dose (at 0.5, 1, and 5 pM) [albuterol
dose effect (F(4, 130) =21.952, p <0.001)] is a significant main effect of HR percentage change.
Age also plays an important role in the HR respond to albuterol and a significant main effect is
observed [age effect (F(1, 130) = 12.317, p < 0.001)]. When comparing young and old females
during post hoc analysis, young ones showed a significant blunted response at 0.5 pM (7.41 +
17.42 % in young vs. 20.36 = 13.83 % in old), 1 uM (5.68 = 19.01 % in young vs. 25.95 + 18.77
% in old), and 5 uM (10.34 £ 17.10 % in young vs. 35.24 + 20.93 % in old) albuterol (p < 0.05)
(Figure 3C). Even though no significant main effect for sex is found, the further analysis indicates
that young females (10.34 + 17.10 %) demonstrate a significant lower HR percentage change at 5

uM albuterol compared to young males (22.69 + 13.25 %) (p < 0.05) (Figure 3C).
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To test the effects of the presences of E2 on responsiveness to 32-AR stimulation, 20 uM
E2 was added to the perfusate prior to the administration of albuterol. HR (absolute and percent
change) at baseline and after E2 administration were not significantly different, indicating, in these
experiments, that 20 uM E2 alone does not result in a significant reduction in HR (Figure 3B&D).

We employed a three-way ANOVA to examine the simultaneous influence of sex, age and
albuterol dose on HR and HR percentage change in response to albuterol with the presence of E2.
All groups show increase in HR response to all albuterol doses with ANOVA results indicate that
there is a significant main effect of albuterol dose at 0.5, 1 and 5 uM [albuterol dose effect (F(5,
204) =26.874, p <0.001)]. Similarly to the experiment with albuterol alone, old rats have blunted
HR response compared to young rats. The three-way ANOVA suggests that age [age effect (F(1,
204) = 82.254, p < 0.001)] is a significant main effect. Post hoc analysis revealed HR was
significantly different between young male and old male hearts at all albuterol doses, where old
males show lower HR compared to young males (p < 0.05) (Figure 3B). Similarly, HR in old
females is lower than young females at all albuterol doses except 5 uM (p < 0.05) (Figure 3B).
Taken together, old rats show blunted HR in response to albuterol stimulation in the presence of
E2.

Similar to absolute HR change, HR percentage change shows a positive relationship with
albuterol in the presence of E2 dose, and old rats have blunted changes compared to young rats.
There are significant main effects for age [age effect (F(1, 231) = 5.487, p = 0.02)] and albuterol
dose at 0.5, 1, and 5 uM [albuterol dose effect (F(5, 231) = 43.974, p < 0.001)]. Further analysis
using Post hoc demonstrates significant differences between groups. Old males exhibit
significantly lower in HR percentage (25.24 + 9.62 %) change compared to old females (44.2 +

24.27 %) at the 5 uM albuterol dose (p < 0.05) (Figure 3D). Moreover, comparing to old females,
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young females demonstrate significant lower HR percentage change at 1 uM (14.15 + 12.38 % in
young vs. 25.45 + 14.83 % in old) and 5 uM (18.20 + 18.33 % in young vs. 44.2 + 24.27 % in old)
albuterol doses (p < 0.05) (Figure 3D).

In order to directly compare the effects of albuterol alone to E2 + albuterol within a given
group (e.g. old females), we conducted a two-way ANOVA examining the influence of the
presence of E2 on the HR response to albuterol (Figure 4). In young males, albuterol shows similar
effects on HR increase in the absence and presence of E2, with a significant main effect of albuterol
dose at 0.5, 1, and 5 uM [albuterol dose effect (F(4, 103) =21.83, p < 0.0001)]. However, there is
a significant main effect of E2 [E2 dose effect (F(1, 85) = 3.994, p = 0.0489)] on HR in young
female, indicates that the presence of E2 affects albuterol-induced HR increase. Post hoc tests
uncover notable variations among the groups and show significant differences between the absence
and presence of E2 in HR responses to albuterol in young female rats at 5 pM albuterol doses (p
< 0.05) (Figure 4B). In old rats, there is no significant difference in HR response to albuterol
stimulation between absence and presence of E2. For old male rats, there are significant main
effects of albuterol dose at 0.5, 1, and 5 uM [albuterol dose effect (F(4, 60) = 14.24, p < 0.0001)],
and for old females, significant main effects are observed at 1 and 5 uM [albuterol dose effect
(F(4, 50) = 7.9, p < 0.0001)]. Therefore, the presence of E2 specifically influences the heart rate
response to albuterol stimulation solely in young female rats, without exerting a significant effect

in young males, old males, or old females (Figure 4).
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Figure 3. Heart rate response to albuterol is blunted in young female compared to young male
hearts, but is rescued with the acute presence of E2. Old female and old male rat heart rate
responses to albuterol did not differ from each other, whether E2 was absent or present. Old
female rats show significant higher percentage change in heart rate compared to young females
and old males. Young and old, male and female rats heart rate responses to increasing albuterol
concentration in the absence (A&C) and presence of E2 (B&D). Both absolute heart rate (A&B) and
percent change in heart rate were determined (C, D). Data were analyzed by using three-way ANOVA.
* p<0.05, *** p <0.001, significantly different between young male and young female rats, # p < 0.05,
## p <0.01, ### p <0.001, significantly different between young male and old male rats, $ p < 0.05, $$
p <0.01, $$$ p < 0.001, significantly different between young female and old female rats, T p < 0.05,
1 p <0.01, 17 p < 0.001 significantly different between old male and old female rats. Data are
presented as mean + standard error of mean (SEM).
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Figure 4. Heart rate response to albuterol in the absence and presence of E2. Young and old, male
and female rats heart rate responses to increasing albuterol concentration in the absence and presence of
E2. Utilizing a repeated measures two-way ANOVA revealed that the presence or absence of E2 only
result in a significant difference in the heart rate response to 0.5 uM albuterol in young male rats. 17-p-
estradiol E2. * p <0.05, significantly different in heart rate responses to albuterol between absence and
presence of E2. Data are presented as mean + standard error of mean (SEM).

A three-way ANOVA is conducted to examine the main effects of sex, age and albuterol
dose on CFR, oxygen consumption rate and venous PO2 in the absence and presence of E2. For
CFR, in the absence of E2, there is no significant difference between any groups (Figure 5A). In
the presence of E2, the independent t-test shows no significant difference between CFR at baseline

and E2 dose, which suggests that E2 does not affect CFR response.
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Old males have a significant lower CFR compared to old females [sex effect (F(1, 204) =
4.983, p=10.027)]. Using Tukey’s Honestly Significant Difference test in post hoc analysis, young
male and old male groups demonstrate significant differences at 1 uM (13.34 + 2.31 mL/g/min in
young vs. 10.81 £+ 2.50 mL/g/min in old) and 5 uM (13.79 £ 2.59 mL/g/min in young vs. 11.07 +
2.86 mL/g/min in old) albuterol doses (p < 0.05) (Figure 5B).

The independent t-test indicates no significant difference in oxygen consumption rate and
venous PO2 between baseline and E2 dose. For oxygen consumption rate, there are slightly
increases in all groups in response to albuterol in the absence and presence of E2. Significant main
effects are observed for albuterol at 1 and 5 uM (F(1, 100) = 8.29, p < 0.001) without E2 (Figure
5C) and at 5 uM (F(1, 150) = 11.29, p < 0.001) with E2(Figure 5D) . Regardless of age, female
rats have significant higher oxygen consumption rate compared to males [sex effect (F(1, 100) =
10.57, p = 0.002)] (Figure 5C). However, in the presence of E2, this sex difference disappears
(Figure 5D). For venous PO2, the increased albuterol dose leads to the decline in PO2 with or
without the presence of E2 (Figure SE&F). The ANOVA results support the findings: there are
significant main effects for albuterol dose at 1 and 5 uM (F(4, 105) = 12.77, p < 0.001) without
E2 and at 5 uM albuterol dose (F(5, 148) = 13.896, p < 0.001) with E2. Old males demonstrate
significant higher venous PO2 compared to old females in the absence of E2 [sex effect (F(1, 105)
=10.487, p = 0.002)]. Post hoc analysis employing Tukey’s Honestly Significant Difference tests
show old male and old female groups demonstrate significant differences at 1 uM albuterol doses

(p <0.05), which is 242.98 £ 103.09 mmHg in old males vs. 318.06 = 91.33 mmHg in old females.
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Figure 5. Young and old, male and female rats coronary flow rate and O2 consumption responses
to difference albuterol doses in the absence and presence of E2. There is no significant difference
between young and old, male and female rat coronary flow rate normalized by heart weight (A&B).
Oxygen consumption rate is no significant difference between young and old, male and female rat
coronary flow rate normalized by heart weight (C&D). There is no significant different in venous
oxygen partial pressure between any groups. Venous oxygen partial pressure was similar in all groups
(E&F). Data were analyzed by using three-way ANOVA. * p < 0.05, significantly different between
young male and young female rats, 1 p < 0.05, significantly different between old male and old female
rats. 17-B-estradiol E2, milliliter/gram/minute mL/g/min, micromolar/gram/minute pmol/g/min, oxygen

partial pressure PO2, milliliter mercury mmHg. Data are presented as mean + standard error of mean
(SEM).

Table 3. Absolute cardiac functional data at highest albuterol dose in absence and presence

of E2.

Coronary Flow Rate (mL/min)  O2 Consumption Rate (umol/min)

M SEM M SEM
YM 17.0+1.1 102+15
Al}‘;uteml YF 9.7 + 1.6%* 62+1.6
0S¢
Response  OM 23.9 + 0.9%# 15.5 + 1.2
OF 17.6 + 1.8% # 10.7 + 0.4% #
Albutero]  YM 21.0+1.0 133412
Response  OM 27+14 16.8 + 0.7
with B2 op 16.6+ 1.8* 11.9 + 1.3%*

Data represented as mean (M) =+ standard error of mean (SEM). Young male YM, young female

YF, old male OM, old female OF, 17-B-estradiol E2, milliliter/minute mL/min, micromolar/minute

pmol/min, oxygen O2. Data were analyzed by using independent t-test. Comparing female to male

(YF to YM and OF to OM), * p <0.05, significantly different from male, ** p <0.01, significantly

different from male, *** p < 0.001, significantly different from male. Comparing old to young
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(OM to YM and OF to YF), # p < 0.05, significantly different from young, ## p < 0.01,
significantly different from young, ### p < 0.001, significantly different from young.

B2, GPR30 and GAPDH protein expression

B2 and GPR30 protein expression was quantified in samples collected from the left
ventricle and SA node. Both young male and young female rats exhibited similar 2-AR
expression levels in both the left ventricle and SA node, as illustrated in Figure 6 and Figure 7.
Additionally, there were no significant differences observed in f2-AR expression between old
male and old female rat left ventricles. Further, no significant differences were found comparing
young rats to old rats. Regarding GPR30 expression, there were no differences in protein
expression between young male and young female rats or between old male and old female rats in
the left ventricle. However, it is worth noting that old male rats exhibit a significantly higher
GPR30 expression compared to young male rats (p = 0.0049), and old female rats demonstrate a
higher expression compared to young female rats (p = 0.0063). In the SA node, no significant
differences in GPR30 expression were observed between young male and young female rats.

GAPDH expression levels were assessed in samples obtained from both the left ventricle
(Figure 6C) and the SA node (Figure 7C). In the left ventricle, no significant differences were
observed between young male and young female rats, as well as between old male and old female
rats. Notably, there was a significantly higher GAPDH expression in old male rats compared to
young males (p = 0.0153), and in old female rats compared to young females (p = 0.0008). There
were no differences in GAPDH expression between young male and female rats in the SA node

(Figure 7).
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Figure 6. B2, GPR30 and GAPDH expression in young and old, male and female rat left ventricle.
By using independent t-test, there is no significant difference between young and old, male and female
rat left ventricle in B2 expression (A). Old male and female show significant higher GPR30 expression
comparing to young male (p < 0.001) and female (p < 0.0001), respectively (B). Old male and female
show significant higher GAPDH expression comparing to young male (p < 0.001) and female (p <
0.0001), respectively (C). There is no significant difference between young male and young female, or
old male and old female rat left ventricle in GPR30 (B) or GAPDH expression (C). ** p < 0.001,
significantly different from male, *** p < 0.0001, significantly different from male. Data are
presented as mean + standard error of mean (SEM).
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Figure 7. B2, GPR30 and GAPDH expression in young and old, male and female rat SA node.
There is no significant difference between young male and female rat SA node in 2, GPR 30 and
GAPDH expression (A, B&C) by using independent t-test. Data are presented as mean + standard error
of mean (SEM).

Discussion

The main outcome of this study revealed that young female rats exhibit a diminished HR
response to B2-AR stimulation in comparison to their young male counterparts, and the acute
presence of E2 eliminates this observed sex-based difference in young rats. This indicates that E2
may play a key role in young female rats HR response to f2-AR stimulation. This is the first study,
to our knowledge to reveal that in the intact heart there is a sex difference in HR responses to 32-
AR stimulation that is modulated by the acute presence of E2. Intriguingly, the sex difference in
HR response to f2-AR stimulation was not observed in old male and old female rats, and the

presence of E2 did not affect the responses in the old animals. The findings contribute to our
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understanding of the interactions between sex hormones and 2-AR stimulation, providing insights
into the mechanisms by which estrogen regulates cardiac function. Furthermore, we found the
expression of the E2 membrane receptor GPR30 is significantly higher in old compared to young
rat ventricular tissue, which contributes to our understanding of the aging effect on heart GPR30
expression. Taken together, this data indicates that the different functional response between
young and old, male and female hearts to 2-AR stimulation is not driven by different expression
of the f2-AR and GPR30, but somewhere downstream in the signaling pathway likely contribute
to this difference.
Young male and female rats show different HR responses

As we hypothesized, young female rat hearts exhibit a blunted HR response to f2-AR
stimulation compared to young male hearts, consistent with the previous research [55], which
reported that blunted HR response to non-selective B-ARs agonist, isoproterenol, stimulation in
female rabbit hearts compared to male rabbits [55]. This sex difference in f2-AR responsiveness
can be attributed to differences in heart 2-AR protein expression. According to findings by Peter
et al. [14], female rat hearts exhibit lower f2-AR mRNA level compared to male rats, which may
lead to a lower B2-AR density in female rats. The low B2-AR density could contribute to the
attenuated HR responsiveness to the f2-AR stimulation in female rats. However, we did not see a
difference in f2-AR density between male and female in the SA node. Therefore, it is unlikely that
SA node B2-AR density explains the sex differences in HR responses we observed in young rats.
The attenuated HR response observed in young female rat hearts may related to other factors
influencing signaling pathway of 2-AR.

B2-AR regulates HR response through adenylate cyclase/ cyclic adenosine monophosphate

(cAMP)/protein kinase A (PKA) signaling pathway. The secondary messenger system cAMP
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plays an essential role related to f2-AR stimulation, which enhances depolarization rate of SA
node cells by activating funny channels. Basal cAMP levels were lower in female rat
cardiomyocyte compared to male rat [56], indicating there might be sex-based differences in this
signaling pathway. Moreover, cAMP production was higher in response to non-selective 3-ARs
agonist, isoproterenol, stimulation in male rat ventricular myocytes compared to female rats [13].
Thus, even though there was no difference in f2-AR expression in the SA node, if stimulation
results in attenuated cAMP levels in females, this may explain the functional difference between
males and females. Therefore, the effects on HR might be influenced by cAMP levels and its role
in B2-AR response, rather than by receptor density itself.
E2 effects on HR in response to p-AR stimulation

In the E2 dose response experiments, both young male and young female rats HR only
showed a decrease at the higher concentration of E2. As a member of G protein-coupled receptor
family, GPR30 could bind to both the stimulatory (Gs) and inhibitory (G;) units of G protein [48].
Following E2 binds to GPR30, GPR30/Gs signaling pathway is activated, leading to an increase
in HR. Simultaneously, the GPR30/G; signaling pathway counteracts the effects of the GPR30/Gs
pathway. Thus, the decrease HR may be due to the dominate effect of GPR30/G; signaling pathway
in response to GPR30 stimulation. In the albuterol dose response with the presence of E2, an
increased HR is observed in both young male and young female rats. Since $2-AR and GPR30
share the G-protein coupled signaling pathway and f2-AR could also bind to both Gs and G;, one
possible mechanism could be that B2-AR/ G; signaling pathway plays a domination role in HR
response, overpowering the effect of GPR30/G:.

Previous research demonstrates that E2 influences B-ARs expression: in summary,

ovariectomy leads to reduced -ARs expression in female rats, a phenomenon that can be reversed
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with E2 treatment [17, 18]. However, the acute effects of E2 on -ARs stimulation remain largely
uninvestigated. Because females have demonstrated lower basal cAMP levels as well as blunted
increases in response to non-selective B-ARs stimulation, it is likely the intracellular signaling
cascade is different between the sexes. As mentioned above the $2-AR and GPR30 share the G-
protein coupled signaling pathway, which results in the production of cAMP. Therefore, the
augmented B2-AR responsiveness in young females in the presence of E2 may be due to the
stimulation of the GPR-30 pathway. However, no significant effect of E2 on HR in response to
B2-AR stimulation was found in old rats. This may because of the age-related reduction of GPR30
responsiveness in the heart.
Age effects on B-ARs stimulation

We found no sex difference in cardiac responses to f2-AR stimulation in old male and
female rats, regardless of the presence of E2. Furthermore, old rats exhibited a blunted HR
response to f2-AR stimulation compared to young rats, consistent with previous studies that
demonstrated blunted B-ARs responsiveness to non-selective -ARs agonist in old male rats
compared to young males [8]. Previous research also supports these findings, as older individuals
require a higher dose of non-selective B-ARs agonist to increase resting HR by 25 beats compared
to young individuals [9]. One possible mechanism for this age-related difference is the decrease in
B2-AR expression with age. B2-AR expression in old rat hearts was significant lower compared to
young rats [51]. However, we found no differences in B2-AR expression in the left ventricle
between young and old rat hearts. Therefore, the blunted HR response to 2-AR stimulation in old
rats may related to other factors, such as cAMP level. Aging is associated with the decreased
adenylyl cyclase level [58], which catalyzes ATP to generate cAMP. The decreased cAMP leads

to the blunted f2-AR responsiveness in older animals [58]. f2-AR could couple to both the G and
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Gi units of G protein. The B2-AR/Gs pathway leads to cAMP production and results in greater
contractility, whereas the B2-AR/G; pathway inhibits this effect of B2-AR/Gs activation [21, 59].
Age-related Gi upregulation has been shown in human [60] and animal [61] research. The
enhanced G; activity may also contribute to the decreased f2-AR responsiveness.

Young and old rats show different GPR30 and GAPDH expression

As a novel estrogen receptor, several studies suggest that GPR30 plays a role in cardiac
function regulation [77, 94, 95]. Filice et al. [95] reported that G-1, a specific GPR30 agonist,
elevated HR in Langendorff-perfused male rat hearts. Another study supports this, showing that
G-1-induced cardiac function improvement in a heart failure model. G-1 has also been shown to
increased HR in the failing hearts of the ovariectomized female rats [94]. However, in our study,
both young male and female rats demonstrated decreased HR in response to E2 stimulation. The
difference in our study and previous research is that we use the non-selective ER agonist E2,
encompassing ERa, ERB, and GPR30, rather than GPR30 specific agonist G-1. Thus, E2 may bind
to ERa and ER, potentially counteracting the effect of GPR30 on HR. However, Filice et al. [95]
demonstrated that both ERo and ER agonists could individually increase HR. Dose variation may
also contribute to the observed HR decrease, given that the lowest E2 dose in our study is 5 pM,
whereas the highest dose in Filice's research is 0.01 uM. A possible mechanism is that higher E2
doses may act through ERa and ER, contributing to the decline in HR.

Most studies investigate the aging effect on the estrogen receptor expressions in heart have
primarily focus on ERa and ERp. Previous studies have shown that ERa expression decreases in
aging female animals compared to young individuals [24, 46], and mRNA levels of ERa also
decline with age. Controversial findings exist regarding ER expression when comparing young

to old animals, with some studies reporting an increase in ER} expression with age [24] and others
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finding no significant change [46]. However, few studies have been conducted to evaluate the
effect of age on GPR30 expression. Previous research showed opposite aging effect on GPR30
expression. Lindsey et al. [62] found that GPR30 expression in mesenteric arteries form aging
female rats was significant lower compared to the young females. Moreover, another study that
evaluate GPR 30 expression in the vascular smooth muscle cell of rats showed the similar results:
old rats had significant lower GPR30 expression than the young rats [63]. In our study, we
observed a significant increase in ventricular GPR30 expression as age increased in both male and
female rat hearts, but no significant change in HR response to E2 was observed in old rats
compared to their young counterparts. These findings indicate that either the responsiveness of
GPR30 is impaired in old rats compared to young rats, or the GPR30-induced HR increase is offset
by the activation of ERa and ERP. A potential mechanism of the elevated GPR30 expression in
old rats could be the uncoupling of GPR30 from the G protein in old rat hearts and to maintain the
function of GPR30, an overexpression phenomenon is likely to occur.

In our study, a noteworthy observation is the significantly higher GAPDH expression in
the left ventricle of old rats compared to young rats. GAPDH, a key enzyme in the glycolysis
metabolic pathway, plays a crucial role in breaking down glucose to generate ATP. Although the
heart primarily relies on fatty acids as its main energy source, it is also capable of utilizing glucose,
lactate, and ketone bodies for energy [61]. Our findings reveal that, with advancing age, there is a
significant increase in GAPDH expression, suggesting an augmented reliance on glycolysis as a
crucial energy source for the heart. This age-associated shift towards enhanced glycolytic activity
aligns with previous research findings. Kates et al. [64] reported an age-related alteration in
myocardial substrate metabolism in healthy humans, characterized by a decreased contribution

from fatty acids and an increased reliance on glucose. Even though they did not specifically
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measure GAPDH expression, the heightened glycolytic activity they observed could potentially
be linked to increased GAPDH expression. Another study, focusing on glucose transporters,
reported an age-related rise in Glut-4 content, indicative of heightened glucose utilization by the
heart [65]. These collective findings support the notion that, with aging, the heart undergoes
metabolic adaptations, emphasizing the importance of glycolysis and reflected in increased
GAPDH expression.

Limitations

We measured the cardiac functional responses to f2-AR stimulation in young and old, male
and female rat hearts. One of the limitations of this study is that we did not directly measure
ventricular contractility, which is a critical parameter representing the effects of f2-AR stimulation
and could have provided additional insights when considered alongside ventricular f2-AR and
GPR30 expression to evaluate sex differences. Another limitation of our study is the exclusion of
B1-AR from consideration. B1-AR is a crucial factor influencing cardiac function and shares
signaling pathways with GPR30. Incorporating 1-AR into our analysis could provide a more
comprehensive understanding of our findings. Third, we did not compare SA node f2-AR and
GPR30 expression between young rats and old rats, which could have provided valuable insights,
especially considering the age-related differences in heart rate. This comparison could have
contributed to a better understanding of the underlying mechanisms. Finally, the estradiol dose-
response experiments were only performed in young rats, and it is possible the estradiol dose that

elicited optimal CFR and HR effects differed between young and old animals.

Conclusions

In conclusion, our study revealed that young female rat hearts exhibit a blunted HR

response to B2-AR stimulation compared to their male counterparts, and the presence of E2
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eliminates this sex difference. Interestingly, the observed sex difference in HR response could not
be attributed to variations in f2-AR expression in the SA node, suggesting that other factors, such
as differences in cAMP levels, may contribute. Additionally, our study presents novel findings
regarding the increased expression of GPR30 and GAPDH in the left ventricle of rat hearts with
advancing age, marking a notable contribution to the existing knowledge. As this is the first
documentation of such age-related changes, future investigations should delve into exploring
ventricular contractility and cAMP levels in both the SA node and left ventricle of young and old,
male and female rat hearts. These investigations will provide further insights into the mechanisms

underlying cardiac B-ARs responsiveness and aging-related alterations.
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Chapter 3: Cardiac Functional Responses to f2-Adrenergic

Receptor Stimulation: Effects of Heart Failure

Introduction

Heart failure (HF) has been a major public health threat worldwide. Over 60 million people
worldwide are living with HF, and approximately 1% to 2% of the adult population in developed
countries has HF [66]. HF is a complex clinical syndrome characterized by the inability of the
heart to pump blood effectively to meet the body's metabolic demands. The pathology of HF
involves structural and functional changes in the heart that compromise its ability to maintain
adequate cardiac function. B-adrenergic receptors (B-ARs) are G-protein-coupled receptors which
play an essential role in the regulation of cardiac function. Overall, stimulation of B-ARs increases
heart rate, cardiomyocyte contractility, and conduction velocity. Two catecholamines, epinephrine
and norepinephrine, could bind to and activate f-ARs on the myocardial cell membrane to affect
cardiac contractility via cAMP secondary messenger system. Thus, f-ARs may play essential role
in regulation of cardiac function in HF patients.

B-ARs dysfunction in HF heart includes downregulation and desensitization [20, 59]. B-ARs
expression is decreased in the HF heart compared to the healthy heart. Bristow et al. [67] reported
that in the HF heart, the density of total B-ARs was approximately 50% lower in the ventricular
chambers compared to healthy heart. Another study supports this downregulation, demonstrate a
significant reduction in B1-AR numbers in the left ventricle of failing human hearts compared to
non-failing hearts. Additionally, a decrease in [2-adrenergic receptor (B2-AR) expression was
observed, although the difference was not statistically significant. [68]. Furthermore, the remaining

B-ARs become less effective in HF. This diminished effectiveness is attributed to the
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desensitization of the remaining B-ARs, a process influenced by increased circulating
catecholamines and hyperactive sympathetic nervous system (SNS) [22], both commonly
associated with HF. The increased circulation of catecholamines and enhanced SNS activity result
in the upregulation of G protein-coupled receptor kinase 2 (GRK?2) in cardiomyocytes [38, 69, 70].
GRK2 function involves the recognition and phosphorylation of agonist-activated G protein-
coupled receptors, such as B-ARs, serving as a mechanism to terminate signaling. Therefore, the
elevated GRK2 level in HF heart leads to enhanced phosphorylation of B-ARs, resulting in the
uncoupling B-ARs for G proteins such as Gs and G; [68]. This process ultimately leads to the
desensitization of B-ARs. Taken together, B-ARs play essential roles in the cardiac dysfunction
observed in HF.

Pre-menopausal women have a lower prevalence of HF compared to age-matched men and
post-menopausal women. Therefore, sex hormones may play an important role in regulating
cardiac function. Estrogen has been shown as the protector of cardiac health through improvement
of angiogenesis, stimulation of vasodilation, and enhancement of mitochondrial function [3].
Estrogen regulates vascular function by modulating endothelial-dependent factors, including
endothelial-derived relaxing factors (EDRF) and endothelial-derived contracting factors (EDCF)
[31]. By increasing EDRF and inhibiting EDCF generate and release, estrogen causes vasodilation
in blood vessels. There are three estrogen receptors (ERs): estrogen receptor oo (ERa), estrogen
receptor B (ER), and G-protein-coupled receptor 30 (GPR30). ERa and ER are categorized as
nucleus and membrane receptors, while GPR30 is a membrane receptor. There were few studies
focused on the effects of HF on ERs expression. According to a previous study that compared HF
patients to a healthy control group, the ERo. mRNA and protein expression were almost twofold

increase in cardiomyocytes of HF patients [47]. Taken together, more studies related to the effects
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of HF on ERs need to be done, especially on ERP3 and GPR30. Therefore, the purpose of this study
was to evaluate the cardiac function in response to 2-AR stimulation and the role of estrogen in
the HF and healthy rats, and f2-AR and GPR30 expression in HF rat hearts. We hypothesized that
1) HF rats will exhibit impaired cardiac responses to 2-AR stimulation compared to healthy rats,
and the presence of estrogen will restore the impaired cardiac responses in HF rats, 2) HF rats will
show lower 2-AR expression compared to healthy rats, but only female HF and healthy rats show

the difference in GPR30 expression, which will be higher in healthy rats compared to HF.

Methods

Animals

Male and female Hilltop SD rats (Rattus norvegicus, Hilltop Lab Animals, Inc.) were used
for this study. All animal research procedures described below have been approved by the
University of Maryland Institutional Animal Care and Use Committee (IACUC). TAC and SHAM
rats were purchased at 3 weeks and underwent surgery at 4 weeks. For TAC rats, the specific
surgery was performed on both male and female rats to induce HF, while SHAM rats were
performed a similar surgery as TAC, but the aorta arch was not constricted and were not induce
HF.

Transverse aortic constriction surgery

At 4 weeks of age, male and female rats underwent TAC or SHAM surgery. The surgical
instruments and operating area were cleaned, and sterilized, and 4-week-old male and female
Sprague-Dawley rats were anesthetized with isoflurane (3% - 5%) until the absence of pain
reflexes. Isoflurane administration continued via nose cone during the whole surgery. Immediately
after anesthetization, buprenorphine (0.05 - 0.1 mg/kg) was administered via intraperitoneal
injection. Briefly, the rat was placed supine, and the surgical area was shaved and disinfected. An
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incision was made at the anterior cervical area, and a silk suture was passed around the aortic arch
between the right innominate and left common carotid artery. For TAC procedure, the suture was
tied to the size of a 20-gauge needle to induce constriction of the aorta arch. For SHAM procedure,
the suture was passed around aorta arch, but no constriction was applied, serving as a surgical
control. The surgical area was closed by stitching after the procedure, as described previously [90].

Ultrasound imaging

The Vevo 3100 Preclinical Imaging System (Fujifilm VisualSonics, Toronto, Canada) was
used to get ultrasound images from TAC and SHAM rats. The rats were prepared for imaging
following the guidelines and positioned on the imaging platform. The heart rate (HR), breathing
rate, and body temperature were collected via the four paw pads and the temperature probe. The
chest area was shaved and the pre-warmed ultrasound gel was placed on the chest of rats. A
transducer (MX250, Scan Depth 30 mm, Vevo 3100, FujiFilm VisualSonics, Toronto, ON,
Canada) was used to obtain M-mode recording from the Parasternal Short Axis view of the heart
and aorta arch. The ultrasound images we collected were analyzed by using Vevo LAB analysis
software (Fujifilm VisualSonics, Toronto, Canada). The aortic arch diameter was assessed to
determine the success of the TAC surgery. Ejection fraction left ventricular and septal wall
thickness were assessed to determine the presence of HF in the rats.

Langendorff perfused heart

All TAC and SHAM rats were sacrificed at 44 weeks (40 weeks after surgery). After being
anesthetized with isoflurane (3% - 5%) and cessation of pain reflexes, the heart was excised, and
the aorta was cannulated. The heart was Langendorff-perfused via the aorta at a consistent pressure
of 62 mmHg with Krebs-Henseleit buffer, which is composed of NaCl 115 mM, KCI 16.5 mM,

HEPES 25 mM, CaCl; 11 mM, MgSO4 7 mM, KoHPO4 1 mM, KH2PO4 1 mM, Glucose 5 mM,
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and Lactate 5 mM, pH 7.4 at 37°C and bubbled with 100% oxygen. With a consistent pressure of
62 mmHg above the aortic valve and no fluid in the left ventricle, the aortic valve remains closed
and forces the buffer flow into the coronary arteries. The Krebs-Henseleit buffer provides oxygen
and nutrients to make sure the heart could maintain ex vivo physiological function.

To evaluate the cardiac response to B-adrenergic stimulation, a dose-response experiment
was perfused using the f2-AR agonist, albuterol, on hearts from male and female, TAC and SHAM
rats. The hearts were perfused for 10 minutes of stabilization, then 0.1, 0.5, 1, and 5 uM of albuterol
were added every 5 minutes, while HR and coronary flow rate (CFR) were continually monitored
using PowerLab (ADIstruments, Sydney, Australia), and arterial and venous oxygen content were
continually monitored by using NeoFox oxygen sensor kits (NEOFOX-KIT-PROBE, Ocean
Insight, Orlando, FL). Oxygen consumption rate was calculated by using following equation:
[(arterial oxygen concentration — venous oxygen concentration) * CFR * 760 * 1.3 * 10*-6 * 1000].
CFR and Oxygen consumption rate were normalized by the heart mass. HR percentage change
was calculated by using following equation: (HR at each drug dose — baseline HR) / baseline HR.

To evaluate the effects of estrogen on the cardiac response to B-adrenergic stimulation,
after 10-mintue stabilization, 20 uM 17-B-estradiol (E2) was added, then after 5 minutes, the
albuterol dose-response described above was again performed, with doses addition again separated
by 5 minutes. HR, CFR, and arterial and venous oxygen content were continually monitored. HR
percentage change was calculated by using following equation: (HR at each drug dose or HR at
baseline — HR at 20 uM E2) / HR at 20 uM E2.

Western blot
B2, GPR30 and GAPDH protein expression were determined in homogenates made from

the left ventricle. Following functional experiments, the left ventricle tissue samples were frozen
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for later analysis. 40 mg tissue was added to 400 pL 1% Triton buffer (Cat# J62289, Thermo Fisher
Scientific, Waltham, MA) with 4 pL protease (Cat# 78430, Thermo Fisher Scientific, Waltham,
MA) and 4 pL phosphatase inhibitors (Cat# 78428, Thermo Fisher Scientific, Waltham, MA) and
homogenized by using handheld electric homogenizer. The samples were incubated on ice for 10
minutes and then centrifuged at 16,000 g for 10 minutes at 4°C. Protein concentration in prepared
homogenates was determined using a BCA assay (Thermo Fisher Scientific, Waltham, MA)

Thirty-five micrograms of protein were loaded onto a 4-15% Mini-PROTEAN TGX
Precast Protein Gel (Bio-Rad Laboratories, Hercules, CA) and electrophoresed at 110V for 60
minutes. The separated proteins were transferred to a PVDF membrane (Bio-Rad Laboratories,
Hercules, CA) via wet transfer (transfer buffer - 20% methanol, 10% TBS, and 70% deionized
water), 4°C, 70V for 90 minutes.

After transfer, the PVDF membrane was incubated for 5 min in TBST, then the membrane
was blocked in 6% nonfat dry milk in TBST (10% TBS, 1% Tween-20, 89% deionized water) for
1 hour at room temperature. The membrane was then incubated with primary antibody against the
B2-AR [anti-B2-AR rabbit monoclonal antibody (ab182136; Abcam), 1:1500 dilution], GPR30
[GPER1/GPR30 rabbit anti-Human polyclonal (C-Terminus) antibody (LS-A4272; Lifespan
Biosciences), 1:2000 dilution] or glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
[Recombinant HRP Anti-GAPDH antibody (ab201822; Abcam), 1:2000 dilution] overnight at
4°C, followed by secondary antibody incubation (anti-Rabbit IgG, HRP-linked antibody #7074,
1:3000 dilution for B2 , 1:4000 dilution for GPR30 and 1:4000 dilution for GAPDH) for 2 hours
at room temperature with 20-25 rpm shaker.

The signal was visualized using a ChemiDoc imaging system (Bio-Rad, CA). The B2,

GPR30 and GAPDH were detected using ECL reagent (Cat# 32106, Thermo Fisher Scientific,
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Waltham, MA) after secondary antibody incubation. The total protein was detected after the
protein was transferred from the protein gel to the PVDF membrane, and expression of individual
proteins was normalized to total protein.

Statistical Analysis

Statistical analyses were performed by using GraphPad Prism (version 10.0.0 for
Windows, GraphPad Software, Boston, Massachusetts USA). A three-way ANOVA was used to
examine the effects of sex, HF and albuterol doses on the HR, HR percentage change, CFR, oxygen
consumption rate and venous oxygen partial pressure (PO2) in responses to 2 stimulation.
Following the three-way ANOVA, post hoc analyses were performed using Tukey’s Honestly
Significant Difference test to explore differences between TAC and SHAM rats, and between male
and female rats. Independent t-tests were performed between TAC and SHAM, male and female
rats to determine the sex and age effects on protein expression. Independent t-tests were also
performed to compare baseline and E2 dose in HR and percentage change in HR responses to
albuterol stimulation. A p < 0.05 was deemed statistically significant.

Results

Rat characteristic data

TAC and SHAM, male and female rat characteristic data are presented in Table 4, while
ventricular wall thickness data is provided in Table 5. Age was not significantly different between
TAC and SHAM groups for both male and female rats in the albuterol dose response experiment.
However, in the albuterol dose response with E2, SHAM males are older (p < 0.05) and heavier
(p <0.01) than TAC males. Furthermore, SHAM males demonstrate a significantly greater heart
mass and septal wall thickness compared to TAC males (p < 0.05); however, this is likely due to

their greater mass, as heart mass normalized to body mass was not different between TAC and
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SHAM males. No significant differences are observed in other parameters between TAC and
SHAM rats. When comparing male and female rats, males exhibit significantly higher body mass
and heart mass, along with greater ventricular wall thickness.

Table 4. Characteristic data of TAC and SHAM, male and female rats

Heart/Rat Mass

Age (weeks) RatMass (g) Heart Mass (g) o . (e/kg)

M SD M SD M SD M SD

T™ (n=6) 46+ 1 597 + 40 1.80 + 0.24 3.02 +£0.45

Albuterol Dose SM (n=9) 45+ 1 622 + 37 1.83£0.14 2.94 +0.24
Response  TF (n=7) 45+ 1 310 £30%  1.09 £ 0.09%*  3.52 4 0.26"
SF(n=7)  45+2 318+ 209 110+ 0.12%%  3.49 + 0.44*

T™ (n=6) 54 +23 618 + 52 2.01 +0.54 3.24+0.82

Albuterol Dose  gnfm=6) 81+ 11% 773 +79%%  2.10+0.19 2.7340.21

Response with

£ TF (0=5)  71+18 387 £ 84 137+030"  3.57+0.68

SF (n=6) 6718 378 £ 617 1.29£0.22%%  3.42+0.17*

Data represented as mean (M) * standard deviation (SD). TAC male TM, SHAM male SM, TAC
female TF, SHAM female SF, gram g, kilogram, kg, 17-B-estradiol E2. Data were analyzed by using
independent t-test. Comparing SHAM to TAC, * p < 0.05, significantly different from TAC, ** p
< 0.01, significantly different from TAC. Comparing females to males (TF to TM and SF to SM),
# p <0.05, significantly different from male, ## p < 0.01, significantly different from male, ### p
<0.001, significantly different from male.

Table 5. Ventricle wall thickness of TAC and SHAM, male and female rats

Left Ventricle (mm) Septal Wall (mm)
M  SD M SD
T™ (n=6) 4.54 £ 0.37 3.38£0.74
Albuterol Dose SM (n=9) 4.23+0.28 3.30+£0.25
Response TF (n=7) 3.51 + 0.46" 2.63 +£0.36%
SF (n=7) 3.46 +0.48" 2.81+£0.39%
T™ (n=6) 4.24 +0.62 2.97+0.41
Albuterol Dose SM (n=6) 4.71 £0.27 3.82£0.48%*
Response with E2 TF (n=5) 4.09 +0.49 3.11+0.50
SF (n=6) 4.03 +0.55% 3.00 £ 0.48%

Data represented as mean (M) * standard deviation (SD). TAC male TM, SHAM male SM, TAC
female TF, SHAM female SF, 17-B-estradiol E2. Data were analyzed by using independent t-test.
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Comparing SHAM to TAC (SM to TM and SF to TF), * p < 0.05, significantly different from
TAC. Comparing females to males (TF to TM and SF to SM), # p < 0.05, significantly different
from male, ## p < 0.01, significantly different from male, ### p < 0.001, significantly different
from male.

Echocardiogram results

Figure 8. TAC and SHAM, male and female rat aorta arch echocardiogram. TAC male (A) and
TAC female (C) rats showed a constriction on aorta arch. There was no constriction on aorta arch of
SHAM male (B) and SHAM female (D).
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HR response to albuterol in TAC and SHAM, male and female rat hearts in the absence and
presence of E2

To assess the impact of sex and HF on the response to 2 stimulation, albuterol dose-
response curves are generated for male and female rat hearts in both TAC and SHAM groups.
Subsequently, albuterol dose-response curves are generated once more with the presence of E2
across all groups.

A three-way ANOVA is conducted to examine the main effects of sex, HF and albuterol
dose on HR and HR percentage change in response to albuterol stimulation. The results reveal a
significant elevation in HR and HR percentage change in response to albuterol across all groups,
as evidenced by F(4, 125) =19.27 and F(4, 125) = 29.349, respectively, with p-values below 0.001
(Figure 9A&C). TAC rats exhibit a comparatively greater response in HR percentage change than
their SHAM counterparts [HF effect (F(1, 125) = 6.864, p = 0.01)]. Further analysis using Tukey’s
Honestly Significant Difference test reveals TAC males (35.2 £+ 8.5 %) exhibit significant greater
HR percentage change 5 uM albuterol doses (p < 0.05) compared to TAC females (22.0 £ 5.6 %)
(Figure 9C). Even though there is sex difference between TAC male and female rats in the response
to albuterol, overall, TAC and SHAM, male and female rat hearts exhibit similar HR responses to
the administered albuterol doses.

In order to evaluate the effects of the presences of E2 on responsiveness to f2-AR
stimulation, 20 uM E2 was added to the perfusate prior to the administration of albuterol. The
results indicate that there are no statistically significant differences in HR, both in absolute terms
and percentage change, between the baseline and after the administration of E2. This suggests that
the presence of 20 uM E2 alone does not lead to a significant reduction in HR, as illustrated in

Figure 9B&D.
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To assess the effects of E2 on HR and HR percentage change in response to albuterol
stimulation, a three-way ANOVA was conducted. In the presence of E2, albuterol increases both
HR [albuterol dose effect (F(5, 114) = 18.306, p < 0.001)] and HR percentage change [albuterol
dose effect (F(5, 114) = 30.684, p < 0.001)] across all groups (Figure 9B&D). By using Post hoc
analysis, TAC males show significant greater HR percentage change at 1 and 5 uM albuterol doses
(p < 0.05) compared to their SHAM male counterparts (Figure 9D). These findings indicate that
TAC and SHAM, male and female rat hearts have similar HR responses to albuterol and HR

displays a consistent increase with escalating albuterol concentrations in all groups in the presence
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Figure 9. TAC and SHAM, male and female rats heart rate responses to difference albuterol doses
in the absence and presence of estrogen. TAC and SHAM, male and female rats show similar heart
rate response to B2 stimulation in the absence (A) and presence (B) of estrogen. Heart rate percentage
change also showed in the figure (C&D) and no significant different is found between any groups. Data
were analyzed by using three-way ANOVA. * p < 0.05, significantly different between TAC male and
TAC female rats. # p < 0.05, significantly different between TAC male and SHAM male rats. Heart rate
HR. Data are presented as mean =+ standard error of mean (SEM).

CFR, O2 consumption and venous PO2 response to albuterol in TAC and SHAM, male and
female rat hearts in the absence and presence of E2

A three-way ANOVA is conducted to examine the main effects of sex, age and albuterol
dose on CFR, oxygen consumption rate and venous PO2 in the absence and presence of E2. To
evaluate the effects of the presences of E2 on responsiveness to 32-AR stimulation, 20 uM E2 was
added to the perfusate prior to the administration of albuterol. The results reveal no statistically
significant differences in CFR, oxygen consumption rate and venous PO2, both in absolute terms
and percentage change, between the baseline and after the administration of E2. This suggests that
the presence of 20 uM E2 alone does not lead to a significant reduction in CFR, oxygen
consumption rate and venous PO2 (Figure 10B&D&F).

In the absence of E2, CFR analysis reveals a significant higher in SHAM females compared
to SHAM males [sex effect (F(1, 125) = 20.965, p < 0.001)], with notable interaction effects
between sex and HF (F(1, 125) = 8.867, p = 0.003). Subsequent post hoc analysis using Tukey’s
Honestly Significant Difference test identifies group differences, particularly in the sex variable,
where SHAM females exhibit significant higher CFR compared to SHAM males at all albuterol
doses (p < 0.05) (Figure 10A). In the presence of E2, a significant main effect is observed for sex
(F(1, 114) = 10.884, p = 0.001), accompanied by significant interaction effects for sex and HF (1,
114)=7.9,p=0.006). Post hoc analysis using Tukey’s Honestly Significant Difference test reveals

group differences, with SHAM females demonstrate significant higher CFR compared to SHAM
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males all albuterol doses except 0.1 uM (p < 0.05) (Figure 10B). These results indicates that
SHAM male and SHAM female rats have different CFR in response to albuterol stimulation in the
absence and presence of E2, while TAC males and females demonstrate similar CFR responses
regardless of the presence of E2.

Albuterol increases oxygen consumption rate in all groups in the absence (F(4, 120) =
27.097, p < 0.001) and presence (F51, 114) = 12.125, p < 0.001) of E2. Additionally, the three-
way ANOVA analysis highlights significant main effects for sex, indicating that females exhibit a
higher oxygen consumption rate compared to males, irrespective of HF and the presence of E2.
Post hoc analysis, which concerning sex, indicates that SHAM females have significant higher
oxygen consumption rate compared to SHAM males at all albuterol doses in the absence (p < 0.05)
and presence (p < 0.05) of E2 (Figure 10C&D). In the presence of E2, SHAM females exhibit
significant higher oxygen consumption rate compared to TAC females at 1 uM (12.8 £ 1.5
mmol/g/min in SHAM vs. 10.0 = 1.0 mmol/g/min in TAC) and 5 uM (15.3 £ 1.6 mmol/g/min in
SHAM vs. 11.3 £ 1.1 mmol/g/min in TAC) albuterol doses (p < 0.05) (Figure 10D). The results
suggest that, both in the absence and presence of E2, SHAM females exhibit a significantly higher
oxygen consumption rate compared to SHAM males. Additionally, when compared to TAC female
rats, SHAM females demonstrate a significantly higher oxygen consumption rate specifically in
the presence of E2.

In the absence of E2, male rats exhibit significantly higher values for venous PO2
compared to females [sex effect (F(1, 120) =9.768, p = 0.002)], and there is a notable decrease in
venous PO2 with increased albuterol doses [albuterol dose effect (F(4, 120) =28.572, p < 0.001)]
according to three-way ANOVA analysis. Additionally, significant interaction effects are observed

for sex and HF (1, 120) = 19.208, p < 0.001). Further analysis was applied to evaluate the sex and
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HF effects by using Tukey’s Honestly Significant Difference test. For sex, comparing to SHAM
females, SHAM males demonstrate significant higher values of venous PO2 at all albuterol doses
except 5 uM (p < 0.05) (Figure 10E). Regarding HF, at 0.5 pM albuterol dose, TAC males (310.2
+ 24.5 mmHg) show significant lower venous PO2 compared to SHAM males (414.5 + 30.8
mmHg) (p < 0.05) (Figure 10E). In the presence of E2, male rats also show significantly higher
values for venous PO2 compared to females, and all groups demonstrate significant decreased
venous PO2 in response to albuterol. There are significant main effects for sex (F(1, 114) =5.896,
p =0.017) and albuterol dose (F(5, 114) = 11.072, p <0.001).

In summary, the collective findings indicate that both TAC and SHAM rats, regardless of
sex, exhibit comparable responses in CFR, oxygen consumption rate, and venous PO2 to albuterol,
both in the absence and presence of E2. Furthermore, any observed differences between SHAM
males and SHAM females may be associated with the notable age difference, with SHAM males
being significantly older compared to their female counterparts.
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Figure 10. TAC and SHAM, male and female rats coronary flow rate and O2 consumption
responses to difference albuterol doses in the absence and presence of estrogen. There is no
significant difference between TAC and SHAM, male and female rat heart weight normalized coronary
flow rate (CFR) and oxygen consumption rate to 2 stimulation (A&C). With the presence of estrogen,
SHAM females show significant higher CFR (p = 0.004) and oxygen consumption rate (p = 0.002)
compared to SHAM males (B&D). Comparing to TAC females, SHAM females also show significant
higher oxygen consumption rate (p = 0.016) with the presence of estrogen. There is no significant
different in venous oxygen partial pressure between any groups. Data were analyzed by using three-way
ANOVA. # p <0.05, significantly different between TAC male and SHAM male rats. + p <0.05, {1 p
<0.01, significantly different between TAC female and SHAM female rats. $ p <0.05, $$ p <0.01, $$$
p <0.001, significantly different between SHAM male and SHAM female rats. milliliter/gram/minute
mL/g/min, millimolar/gram/minute mmol/g/min, oxygen partial pressure PO2, milliliter mercury
mmHg. Data are presented as mean + standard error of mean (SEM).

Table 6 presents the absolute data for CFR and oxygen consumption rate in response to the
maximal albuterol dose (5 uM). In both the absence and presence of E2, there is no significant

difference between TAC males and SHAM males or TAC females and SHAM females in either
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CFR or oxygen consumption rate following albuterol administration. Nevertheless, in the absence
of E2, TAC females exhibit a significantly lower CFR (p = 0.001) and oxygen consumption rate
(p = 0.003) in comparison to TAC males. Concurrently, SHAM females demonstrate significantly
reduced CFR (p = 0.011) and oxygen consumption rate (p = 0.041) relative to SHAM males in
response to albuterol under similar E2-deprived conditions. No statistically significant differences

are observed between male and female rats in response to albuterol in the presence of E2.

Table 6. Absolute cardiac functional data at the highest albuterol dose in absence and
presence of E2.

Coronary Flow Rate (mL/min) 02 Consumption Rate (mmol/min)

M SEM M SEM
™ 212+ 14 159+ 13
Albuterol g 20.6+12 140+ 1.1
Dose 0 14.6 + 1.0% 9.8 + 0.8
Response D=L (0=
SF 15.4 + 1 3% 10.7 + 0.9
Albutersl ™ 211419 143+1.0
Response  TF 16.9 +1.6 11.3+1.1
with B2 qp 188+ 1.0 153+ 1.6

Data represented as mean (M) + standard error of mean (SEM). TAC male TM, SHAM male SM,
TAC female TF, SHAM female SF, 17-B-estradiol E2, milliliter/minute mL/min,
millimolar/minute mmol/ min. Data are analyzed by using independent t-test. Comparing SHAM to
TAC (SM to TM and SF to TF), no significant difference is found. Comparing female to male (TF
to TM and SF to SM), # p < 0.05, significantly different from male, ## p < 0.01, significantly
different from male, ### p < 0.001, significantly different from male.
B2 and GPR30 protein expression

The evaluation of 2 and GPR30 protein expression in left ventricle samples obtained from

TAC and SHAM rats, both male and female, reveals no significant differences in the expression

levels of B2 and GPR30 proteins across all experimental groups (Figure 11).
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Figure 11. TAC and SHAM, male and female rats left ventricle f2-AR and GPR30 protein
expression. Data were analyzed by using independent t-test. There is no significant difference

between TAC and SHAM, male and female rat in neither f2-AR (B) nor GPR30 (C) expression. Data
are presented as mean + standard error of mean (SEM).

Discussion

The primary goal of our study was to investigate differences in cardiac responses to f2-AR
stimulation between TAC and SHAM, male and female rats. Additionally, we explored the role of
estrogen (E2) on B2-AR responses. First, our study found modest changes in ventricular
hypertrophy and function as a result of 40-weeks of TAC in male and female rates. Further, there

are were minor variations in parameters of cardiac function in response to f2-AR stimulation
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among TAC and SHAM male and female rats. Moreover, the presence of E2 did not alter the
responsiveness of male and female rat hearts to f2-AR stimulation between the absence and
presence of E2. Overall, the results indicate that TAC and SHAM, male and female rats, exhibit
comparable patterns in the cardiac responses to f2-AR stimulation, regardless of the presence of
E2.

HR responses to p-ARs stimulation in TAC and SHAM rats

Despite albuterol inducing a notable increase in HR across all groups, no distinction in the
response to 2-AR stimulation was evident between HF rat and healthy rat hearts. This observation
contrasts with prior research indicating a reduction in B-ARs expression and desensitization in
failing hearts, characterized by decreased f1-AR mRNA and protein levels and uncoupling of 32-
AR from signaling pathways [1, 71, 72]. Consistent with these findings, our study revealed no
significant alteration in the mRNA and protein levels of f2-AR [68, 72]. Furthermore, our
investigation aligns with previous research, as there was no significant difference in left ventricle
B2-AR expression between TAC and SHAM rats. These results highlight that the f2-AR
expression pattern remains stable even in the TAC rats.

Given the uncoupling of cardiac B2-AR in HF, the expectation would be a diminished HR
response to B2-AR stimulation in HF hearts compared to their healthy counterparts. This
anticipation aligns with a previous study by Chang et al. [73], who observed a significantly lower
beating rate in the sinoatrial (SA) node from HF rabbit hearts compared to controls, implying a
potentially blunted HR response to -ARs stimulation in HF. Verkerk et al. [74] further supported
this notion, demonstrating a decrease in firing rate in single SA node cells due to HF. Contrary to
these expectations, our findings diverged as the HF heart did not exhibit a blunted HR response

compared to the control heart. This difference may be attributed to the dual, opposing signaling
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pathways of B2-AR stimulation. Specifically, f2-AR stimulation has been reported to engage both
stimulatory (Gs) and inhibitory (Gi) units of the G protein [1, 21]. The f2-AR/G pathway fosters
cyclic adenosine monophosphate (cAMP) production, enhancing the firing rate of the SA node.
Conversely, the B2-AR/G; pathway mitigates the effects of f2-AR/Gs activation, exerting an
inhibitory influence [21]. In the context of HF, the altered $1/82-AR ratio and upregulation of G;i
[72] suggest an enhanced role for inhibitory G protein units in the HF heart's response to f2-AR
stimulation. Consequently, the stimulation of 2-AR may not manifest a discernible difference in
increased HR between TAC and SHAM rats. These results highlight the interaction of signaling
pathways, emphasizing the need for more research to understand the complexities of HR responses
to 2-AR stimulation in the context of HF.
E2 effects on HF heart

One of E2 effects on vascular tone maintenance is the preservation of vasodilation.
Specifically, E2 is implicated in binding to membrane estrogen receptors, eliciting the release of
NO through a non-genomic pathway [3]. NO, a crucial molecule in the regulation of vascular
function, exerts its influence by inducing vasodilation and modulating blood pressure [75]. This
effect suggests a potential involvement of membrane estrogen receptors, particularly GPR30, in
the HF treatment. Recent research has underscored the critical role of GPR30 in HF and posited it
as a prospective treatment target for HF patients [76-78]. Zhang et al. [76] demonstrated that
chronic GPR30 activation treatment restored cardiac function in male mice and reversed the
progression of HF. Another study reported the attenuation of HF in female rats through chronic
GPR30 activation treatment [77]. One major effect of GPR30 activation is the enhancement of
cardiac contractility. Filice et al. [95] reported that G-1, a specific GPR30 agonist, enhanced left

ventricle contractility in Langendorff perfused male rat hearts. Another study supports this G-1-
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induced cardiac function improvement. In the heart failure heart model, G-1 also increased the left
ventricle contractility in ovariectomized (removal of ovaries) female rats [94]. Furthermore, G-1
treatment also improve the myocardial cells contraction in the failing hearts of ovariectomized
female rats [94]. The mechanisms underlying the therapeutic effects of GPR30 activation
encompassed improvements in B2-AR expression and activity, enhanced Ca?* regulation, and
augmented ion channel activity [76, 79]. These findings not only corroborate the vasodilatory
effect of E2 observed in our study but also emphasize the potential of GPR30 as a therapeutic
target in the context of HF, offering avenues for further exploration and potential clinical
interventions.

Nonetheless, our investigation did not reveal any discernible difference in HR, CFR or
oxygen consumption rate between TAC and SHAM rats. In our study, TAC rats only have mild
HF based on the ventricular parameters from ultrasound data. The divergence from prior studies
might be attributed to the deliberate focus of our experimental design on the short-term effects of
E2. E2 exerts its influence through binding to both nuclear receptors (ERa and ERP) and
membrane receptors (ERa, ERB, and GPR30). Through nuclear receptors, E2 facilitates chronic
genomic regulation, regulating gene expression and the activity of signaling molecules [3].
Conversely, acute non-genomic regulation involves E2 binding to membrane receptors to promptly
modulate signaling molecules. In our study, we emphasize the acute and immediate impact of E2
on B2-AR stimulation and no significant differences were observed between TAC and SHAM.
One possible reason is that the TAC rats in this study may only exhibit mild HF. The short-term
effects of E2 on 2-AR stimulation could result in similar HR, CFR or oxygen consumption rate
in mild HF TAC rats compared to SHAM rats. While our study did not reveal disparities in HR,

CFR or oxygen consumption rate between TAC and SHAM rats the interaction between estrogen
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genomic and non-genomic regulatory mechanisms invites further exploration to elucidate the E2

acute impact on HR, CFR and oxygen consumption rate.
Limitations

There are some limitations in this study. First, for the albuterol dose response experiment
in the presence of E2, the SHAM male rats are significantly older than TAC males. Thus, age may
also affect the results beyond the HF. Second, even though ultrasound images show there is
constriction on the aorta arch and the ventricular wall thickness is relative higher in TAC compared
to SHAM rats, the TAC rats in this study may either exhibit only mild HF or early HF, and this
may explain the lack of differences between TAC and SHAM rats. Third, we did not measure the
contractility of left ventricle in HF rat hearts. HF mainly affects the cardiomyocyte contractility
and the contraction force generated by left ventricle could help us with a better understanding of

cardiac responses to f2-AR stimulation.

Conclusions

In conclusion, our study found similar responsiveness of male and female rat hearts to 32-
AR stimulation in both TAC and SHAM groups. Despite albuterol-induced HR increases, no
discernible differences were observed between TAC and SHAM rat hearts, challenging previous
expectations. These findings suggest that the TAC model utilized in our study may not fully
represent the heart failure phenotypes. Additionally, it's noteworthy that in certain experiments,
SHAM male rats were notably older compared to other groups, introducing the potential influence

of aging on our findings.
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Chapter 4: Muscular Artery Vascular Functional Responses to f32-

Adrenergic Receptor Stimulation in Male and Female Rats

Introduction

Muscular arteries are able to regulate blood flow to meet the varying demands of different
tissues during various physiological conditions. -adrenergic receptors (B-ARs) are a subtype of
adrenergic receptors that play a crucial role in regulating muscular artery function. In muscular
arteries, B-ARs are primarily found on smooth muscle cells in the arterial walls. When activated,
a cascade of intracellular events is initiated, which mediate smooth muscle tone and endothelial
function regulation. The primary effect of B-ARs on muscular arteries is vasodilation. Two major
B-ARs are involved in the regulation of muscular artery function: the 1-adrenergic receptor (1-
AR) and the f2-adrenergic receptor (B2-AR). The predominance of f2-AR in the smooth muscle
cells of muscular arteries initiates vasodilation through multiple signaling pathways, and the
contribution of B1-ARs to these vasodilatory effects is relatively minor.

Vasodilation, which can be initiated by f2-AR stimulation, is coordinated through three
primary signaling pathways: eNOS, cAMP/PKA, and calcium-dependent potassium channels [81].
When B2-AR are activated, a series of enzymatic events lead to the activation of eNOS, releasing
NO and causing vasodilation. Simultaneously, the cAMP/PKA pathway, also activated by 2-AR,
aids in lowering intracellular calcium concentration in vascular smooth muscle cells, resulting in
vasodilation. Additionally, f2-AR activation prompts the opening of K channels, leading to
increased extracellular K* concentration, reduced membrane potential, and hyperpolarization. As
a result, voltage-dependent calcium channels close, initiating relaxation in vascular smooth

muscle. Previous research indicates that f-AR induced vasodilation disappears in multiple blood
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vessels of B1-AR/B2-AR knockout mice [23], indicating the essential role of B-ARs in muscular
artery vasodilation. Albuterol, the 2-AR agonist, increases forearm blood flow in both young men
and women, but young women show a greater increase in forearm blood flow than young men
[82]. This finding indicates that young women are more sensitive to f2-AR stimulation compared
to young men.

Estrogen may play an essential role in mediating the sex differences of f2-AR stimulation
of arterial vasodilatory responses in muscle. Post-menopausal women have a blunted forearm
blood flow increase after adding the same dose of isoproterenol, a non-selective B-ARs agonist,
compared to pre-menopausal women [27]. Thus, the difference in forearm vasodilation between
pre- and post-menopausal women may be related to different estrogen levels. Kneale et al. [82]
investigated the sexual dimorphism in the response of the forearm vasculature to stimulation of
B2-AR and found that, in comparison to young men, young women exhibited a more pronounced
forearm vasodilation. This observation underscores that the presence of estrogen contributes to an
augmented responsiveness to f2-AR stimulation in the context of vascular regulation. Taken
together, muscular artery vasculature f2-AR vasodilation may be affected by estrogen.

A plausible mechanism to explain estrogen’s role in muscular artery vasculature f2-AR
vasodilation is estrogen’s potential modulation of B-ARs expression. Studies have demonstrated
that estrogen regulates f1-AR expression in the ovariectomized (removal of ovaries) female rat
aorta by elevating the mRNA levels of f1-AR [89], suggesting a potential upregulation of f1-AR
expression by estrogen. For [2-AR, previous research also report that estrogen upregulates the
expression in heart. Wu et al. [92] and Liu et al. [93] both found that female ovariectomized rats
downregulate B2-AR expression in ventricular myocytes, an effect that was rescued with estrogen

treatment.
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Beyond modulating vasculature vasodilation through affecting -ARs expression, estrogen
could also modulate vasculature through the regulation of endothelial-derived relaxing factors
(EDRF) and endothelial-derived contracting factors (EDCF) [31]. Estrogen enhances vasodilation
and attenuates vasoconstriction by modulating endothelial-dependent factors, thus facilitating
blood vessel vasodilation [17, 37]. These dual mechanisms highlight the role of estrogen in
influencing vascular function, encompassing both receptor-level regulation and modulation of
endothelial factors. Estrogen modulates vasculature function by binding to estrogen receptors
(ERs) on the vascular endothelial and smooth muscle cells. ERs can be broadly categorized into
two main types based on their subcellular localization: nuclear ERs and membrane ERs. Estrogen
receptor o (ERa) and Estrogen receptor f (ER) are primarily localized in the cell nucleus, while
GPR30 is membrane-bound receptor. Membrane receptor, GPR30, can mediate acute, non-
genomic responses, while nuclear receptors, ERo and ERp, contribute to chronic, genomic
responses that involve changes in gene expression.

In addition to estrogen, B2-AR stimulation in situ leads to vasodilation in the vascular beds.
The underlying mechanism is that as G protein-coupled receptors, f2-AR and GPR30 share similar
signaling pathways, including the PI3K/Akt/eNOS pathway which leads to vasodilation. The
observed sex differences in vasodilation may be attributed to the variation in f2-AR density,
estrogen effects on f2-AR stimulation and signaling pathways interaction between 2-AR and
GPR30. Despite these insights, the direct vasoactive effects of 2-adrenergic stimulation and the
role of estrogen in the muscular arteries are still not fully understood. Therefore, the goal of this
study was to evaluate the sex differences in muscular artery vasculature responses to 2-AR
stimulation in the absence and presence of estrogen in male and female rats. We hypothesized that

the femoral artery in young female rats exhibits a heightened vasodilation response to f2-AR
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stimulation in comparison to young male rats, and estrogen may enhance this vasodilation response
specifically in young female rats. Furthermore, we proposed that with advancing age, the estrogen-
augmented vasodilation response observed in young female rats diminishes or ceases.

Methods

Animals

Male and female Hilltop SD rats (Rattus norvegicus, Hilltop Lab Animals, Inc.) were used
for this study. All animal research procedures described below have been approved by the
University of Maryland Institutional Animal Care and Use Committee (IACUC). Young rats (4
males, 5 females) were defined as less than twelve weeks old, middle-aged rats (5 males, 5
females) were around forty-two weeks old.

Femoral artery perfusion

The rats were anesthetized with isoflurane (3% - 5%) until pain reflexes ceased. The heart
was excised via bilateral thoracotomy. Utilizing microsurgical scissors, the skin was removed from
the left and right hindlimbs to expose approximate 6 mm section of femoral arteries. The femoral
artery and associated nerve and vein were gently dissected and separated from the musculature to
minimize damage to the artery. The femoral artery was carefully dissected from the nerve and vein
using microsurgical scissors, with care taken to avoid damage to the artery. Each femoral artery
was dissected into two ~3 mm long segments, resulting in 4 femoral artery segments from one rat
to perform experiments.

The femoral artery was placed in ice-cold physiological saline solution (PSS) and
continuously bubbled with 100% oxygen. PSS buffer is composed of NaCl 141.9 mM, KCl 4.7
mM, HEPES 10 mM, CaCl2 2.8 mM, MgS0O4 1.7 mM, KH2PO4 1.2 mM, Glucose 5 mM, and

EDTA 0.5 mM, pH of 7.4. After 15 minutes of equilibration in the ice-cold PSS, the femoral artery
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was cannulated with custom-made cannula, a modified 27-gauge needle (outside diameter 0.413
mm) at both ends and was put in the vessel chamber (Single Vessel Chamber CH-1, Living System
Instrumentation, Fairfax, VT) maintained at 37°C, with the PSS continuously bubbled with 100%
oxygen. Two syringes, filled with PSS and positioned at an elevated level, were connected to
respective cannulas. This setup allowed for the perfusion of the femoral artery with PSS,
maintaining a consistent pressure of 90 mmHg throughout the duration of the experiment.

After the stabilization of basal tone, PSS buffer was removed and high potassium PSS
(KPSS) buffer, which is composed of NaCl 95.8 mM, KCI 38 mM, HEPES 10 mM, CaCl2 2.8
mM, MgS04 1.7 mM, KH2PO4 1.2 mM, Glucose 5 mM, and EDTA 0.5 mM, pH 7.4, was added
to the vessel chamber to fully depolarize vascular smooth muscle cells to evaluate the vascular
function. Then the chamber was rinsed with PSS three times every ten minutes and PSS was added
again in the chamber after the rinse. After 10 minutes of stabilization, phenylephrine, a
vasoconstrictor, was added in the chamber to achieve the maximum vasoconstriction. All vessels
underwent this treatment. Subsequently, separate vessel segments received one of the following
interventions: 1) 17-B-estradiol (E2) dose-response, 2) albuterol dose-response, or 3) albuterol
dose-response in the presence of E2, to assess muscular artery vascular function.

Femoral artery vasodilation experiments

To assess the effects of E2 on femoral artery vasodilation, a dose-response experiment was
performed on young male and female rat femoral artery in which increasing concentrations of 17-
B-estradiol was added to the bath surrounding the cannulated artery every 5 minutes following an
initial 10-minute stabilization, resulting in final E2 concentrations of 20, 40, 100, 200 and 500 uM.
To evaluate the vasculature response to B adrenergic stimulation, albuterol dose-response was

performed on young male and female rat femoral artery. The femoral artery was perfused for 10
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minutes of stabilization, then, increasing albuterol concentrations were added to the bath
surrounding the vessel every 5 minutes resulting in final albuterol concentrations of 0.1, 0.5, 1,
and 5 pM. To evaluate if the presence of E2 affected the femoral artery response to B-ARs
stimulation, after 10 minutes stabilization, first, 20 uM 17-B-estradiol was to the bath surrounding
the vessel. After 5 minutes, albuterol was again added as described above, resulting in final
albuterol concentrations of 0.1, 0.5, 1, 5 uM.

The lumen diameter of the femoral artery was continually monitored using the open-source
pressure myography software, VasoTracker. The femoral artery lumen diameter percentage
change was calculated by the following equation: (lumen diameter at each drug dose — lumen
diameter at baseline) / lumen diameter at baseline * 100%. In dose response experiments (E2 and
albuterol), the baseline lumen diameter was determined as the diameter after adding
phenylephrine. However, in experiments investigating the effect of E2 on albuterol, the baseline
lumen diameter was identified as the diameter after adding 20 uM E2, not after the addition of
phenylephrine.

Statistical Analysis

Statistical analyses were performed by using GraphPad Prism (version 10.0.0 for
Windows, GraphPad Software, Boston, Massachusetts USA). A three-way ANOVA was used to
examine the effects of sex, age and drug doses on the femoral lumen diameter percentage change
in responses to drug stimulation. Following the three-way ANOVA, post hoc analyses were
performed using Tukey’s HSD test to explore differences between young and middle-aged rats,

and between male and female rats. A p < 0.05 was deemed statistically significant.
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Results

Rat characteristic data

Characteristic data for male and female rats is presented in Table 7. In all experimental
groups, male rats displayed significantly higher body mass and heart mass compared to their
female counterparts (p < 0.05). Furthermore, middle-aged rats, irrespective of sex, demonstrated
significantly elevated body mass and heart mass across all experimental groups (p < 0.05).

Table 7. Characteristic data of male and female rats.

(wiflis) Rat Mass (g) Mli:: Iég) Hf{iti/g ?;11\(4555
M SD M SD M SD M SD
YM (n=3) 9+2 332 + 54 1.01 £ 0.07 3.08 £ 0.30
F2 Dose  YF(n=4) 10+2 211 +31* 0.70 £ 0.05  3.33+0.26
Response MM (n=2) 43 + 2 586 + 6" 1.42 +0.35 2.41£0.57
MF (n=2) 43+ 1" 327444 1.12+0.24 3.51 £1.21
YM (n=4) 10+2 354 + 62 1.07 £ 0.13 3.06 £ 0.25
Albuterol Dose  YF (n=4) 1142 210 + 32° 0.71£0.05%  3.39+0.32
Response MM (n=4) 42+ 1% 615+ 18 2.01 £ 0.41* 3.26 +0.57
MF (n=2) 42+ 0" 342 £23"* 1.06 % 0.16" 3.12 £0.66
YM (n=3) 10+2 378 + 49 1.11 £0.13 2.95+0.14
Albuterol Dose  yp (n—q) 11 +2 210+ 32° 0.71 + 0.05" 3.39+0.32

Response with

B> MM (n=3) 43+ I** 600+ 9* 1,75+ 0.16%  2.91+0.25
MF (n=4) 42+ 1"  365+43"#  [17+0.12"% 3.27+0.70

Data represented as mean (M) * standard deviation (SD). Young male YM, young female YF,
middle-aged male MM, middle-aged female MF, gram g, kilogram kg, 17-B-estradiol E2. Data
were analyzed by using independent t-test. Comparing female to male (YF to YM, MF to MM), * p
< 0.05, significantly different from male, ** p < 0.01, significantly different from male, *** p <
0.001, significantly different from male. Comparing middle-aged to young (MM to YM, MF to
YF), # p <0.05, significantly different from young, ## p <0.01, significantly different from young,
### p <0.001, significantly different from young.

Muscular artery vasculature responses to f2-AR and E2 stimulation
A three-way ANOVA was conducted to examine the main effects of sex, age and E2 dose

on femoral artery lumen diameter percentage change. Post hoc analysis employing Tukey’s HSD
74



test was used to identify significant group differences. E2 led to significant femoral artery
vasodilation in all groups with a significant main effect for E2 dose (F(5, 42) =45.285, p <0.001).
There were no significant differences between males and females at lower E2 doses. By using Post
hoc analysis, young male rats show significant greater vasodilation compared to young females at
40 uM (22.53 £ 13.01 % in males vs. 2.87 £ 2.11 % in females, p = 0.024) and 100 uM (32.87 +
10.75 % in males vs. 8.65 = 5.20 % in females, p = 0.006) E2 doses (Figure 12A). However, no
significant difference was observed between young males and young females at higher E2 doses
(200 and 500 pM). In the middle-aged groups, there were no significant difference in femoral
vasodilation response to E2, except at the 500 pM dose, where middle-aged females (73.48 +
14.92%) exhibited greater vasodilation compared to males (48.99 + 0.23%) (p = 0.033) (Figure
12A).

In the albuterol dose response experiments, albuterol-induced femoral artery vasodilation
was observed in all groups. Three-way ANOVA results support these findings, as a significant
main effect was observed for albuterol dose at 1 and 5 uM [albuterol dose effect (F(4, 45)=7.175,
p <0.001)] in femoral artery lumen diameter percentage change (Figure 12B). Young male and
young female rats exhibited similar vasodilation in response to albuterol, as do the middle-aged
male and middle-aged female rats. However, the young rats displayed greater vasodilation
compared to their middle-aged counterparts [age effect (F(1, 45) = 13.58, p <0.001)] and Post hoc
analysis using Tukey’s HSD showed young male and middle-aged male groups were significantly
different at 5 uM albuterol dose (32.28 £ 9.55 % in young vs. 10.88 + 10.88 % in middle-aged, p
= 0.018), while young female and middle-aged female groups also demonstrated significant
differences at 5 uM albuterol dose (31.70 + 10.74 % in young vs. 16.76 + 5.31 % in middle-aged,

p =0.045) (Figure 12B). These findings indicate that albuterol elicited vasodilation in the femoral
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arteries across both young and middle-aged males and females. Notably, middle-aged rats
exhibited blunted vasodilation effects at the highest albuterol dose compared to young rats.

In the presence of E2, albuterol also led to vasodilation in young and middle-aged, male
and female rat femoral artery with a significant main effect for albuterol dose (F(5, 60) = 24.047,
p <0.001) in femoral artery lumen diameter percentage change by using ANOVA. Young rats also
exhibited greater vasodilation compared to their middle-aged counterparts [age effect (F(1, 60) =
49.747, p < 0.001)], as confirmed by post hoc analysis. Specifically, for males, significant
differences were observed between young male and middle-aged male groups at the 1 uM albuterol
dose (p < 0.05). Similarly, among females, significant differences were noted between young
female and middle-aged female groups at the 0.1, 0.5, 1, and 5 uM albuterol doses (p < 0.05).
Middle-aged males and middle-aged females displayed similar vasodilation responses to albuterol
in the presence of E2. However, young females exhibited greater vasodilation compared to young
males [sex effect (F(1, 60) =4.774, p=0.033)] by using three-way ANOVA, and post hoc analysis
indicated young male and young female groups had significant differences at 5 uM albuterol dose
(20.58+ 6.25 % in males vs. 45.88 + 6.63 % in females, p < 0.001). These findings indicated that
young females exhibited a more pronounced albuterol-induced vasodilation of the femoral artery

compared to middle-aged females.
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Figure 12. Male and female rat femoral artery responses to difference estrogen doses, albuterol
doses in the absence and presence of estrogen. Estrogen caused vasodilation in all groups. Young and
middle-aged female rats show significant greater vasodilation response to estrogen stimulation
compared to young and middle-aged males, respectively (A). Young and middle-aged, male and female
rats show similar femoral artery vasodilation responded to albuterol stimulation (B). With the presence
of estrogen, young female rats show significant greater vasodilation compared to young males (C). Data
were analyzed by using three-way ANOVA. * p <0.05, ** p<0.01, *** p <0.001 significantly different
between young male and young female rats, # p < 0.05 significantly different between middle-aged male
and middle-aged female rats, T p < 0.05 significantly different between young male and middle-aged
male rats , $ p < 0.05, $$$ p < 0.001 significantly different between young female and middle-aged

Table 8. Simple linear regression of albuterol and E2 dose response.

Femoral Artery F df R? p-value
YM@=3) 1243 1,13 489  0.0037**

E2 Dose Response
YF (n=4) 97.98 1,18 .845 < 0.0007] #***
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MM (n=2) 37.39 1,8 824 0.0003%%**

MF (n=2) 11.13 1,8 582 0.0103*
OM (n=2) 92.79 1,8 921 <0.000] %%
OF (n=2) 11.74 1,8 595 0.009%*
YM (n=4) 8372 1,14 374 0.0118*
Albuterol Dose YF (n=4) 6.634 1,14 322 0.0220%
Response MM (n=3) 1.448 1,10 .127 0.257
MF (n=2) 181.4 1,6 .968  <0.0001%**
YM (n=3) 1618 1,10  .139 0.2321
Albuterol Dose YF (n=4) 8920 1,14 389 0.0098**
Response with E2 MM (n=3) 9.807 1,10 495 0.0107*
MF (n=4) 1877 1,14 118 0.192

Data represented as mean (M) * standard deviation (SD). Young male YM, young female YF,
middle-aged male MM, middle-aged female MF, old male OM, old female OF, 17-B-estradiol E2.
Data are analyzed by using simple linear regression. * p < 0.05, ** p <0.01, *** p <0.001, **** p <
0.0001.
Femoral lumen diameter responds to E2 and albuterol

The data for femoral artery lumen diameter is provided in Table 9. When comparing young
male and female rats, young females exhibited a significantly lower femoral lumen diameter at
multiple doses (baseline, 20, 40, and 100 uM), although no significant differences were observed
between middle-aged male and female rats. When comparing young and middle-aged rats, there
was no significant difference in femoral lumen diameter response to E2, regardless of sex. In the
context of the albuterol dose response, young females displayed a significantly lower femoral
lumen diameter than young males at various doses (baseline, 0.1, and 1 uM), while middle-aged
females exhibited a significantly lower femoral lumen diameter compared to middle-aged males

at all doses except the highest one. In the presence of E2, there were no significant differences

between the femoral lumen diameter of young male and female rats. However, middle-aged female
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rats demonstrated a significantly lower femoral artery lumen diameter in response to several

albuterol doses (baseline, 1, and 5 uM) compared to middle-aged males.

Table 9. Femoral artery lumen diameter.

Lumen Diameter (mm)

baseline 20 uM E2 40 uM E2 100 uM E2 200 pM E2 500 uM E2
YM  0.77+0.02  0.79+£0.02  0.85+0.02 0.88+0.01  093+0.01  0.98+0.02
YF  0.65+0.02°  0.65+0.027 0.66+0.03" 0.67+0.03" 0.75+0.06  0.80+0.06
MM  0.70+0.07  0.73+0.05  0.76+0.03 0.80+0.04 0.85+0.06 0.93+0.06
MF  0.64+0.02 0.68+0.04 0.73+0.03 0.80+001  0.85+0.02 0.88+0.02
baseline 0.1 uM A 0.5 uM A 1 uM A 5uMA
YM  0.77+0.05 0.78+0.05 0.80+0.05 0.83+0.05  0.86=0.05
YF  0.61+0.03" 0.63+0.03° 0.65+£0.04 0.67+0.04" 0.69+0.05
MM  0.81+0.01 0.80+0.02 0.81+0.03 083+0.05 0.85=0.05
MF  0.62+0.04° 0.62+0.04" 0.63+0.04" 0.65+0.04° 0.67+0.03
baseline 20 uM E2 0.1 uM A 0.5 uM A 1 uM A 5uMA
YM  072+0.09  0.75+0.09  0.77+0.09 0.80+£0.08  0.82+0.09 0.82+0.08
YF  0.60£0.04  0.66+0.07 0.70+0.07 0.72+0.07 0.74+0.07  0.77+0.06
MM 0.80+001  080+0.01  0.79+0.01 0.81+0.02 0.83+0.01 0.84+0.01
MF  0.66+0.03"  0.71£0.04 0.71+£0.03 0.70£0.04  0.71+0.03" 0.72+0.03"

Data represented as mean (M) =+ standard error of mean (SEM). Young male YM, young female
YF, middle-aged male MM, middle-aged female MF, old male OM, old female OF, 17-B-estradiol
E2, albuterol A. Data was analyzed by using independent t-test. Comparing middle-aged to young
(MM to YM, MF to YF), no significant difference is found. Comparing female to male (YF to
YM, MF to MM), * p < 0.05 comparing to age-matched male, ** p < 0.01 comparing to age-
matched male.

Discussion

The primary aim of our study was to assess the vascular function of the femoral artery in
both young and middle-aged male and female rats. Additionally, we investigated the individual

effects of estrogen and albuterol, as well as their potential interaction effects on femoral artery.
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The primary finding of this study was that young and middle-aged female rats exhibited a greater
femoral artery vasodilation in response to E2 stimulation when compared to their male
counterparts. Despite the fact both young and middle-aged male and female rat femoral arteries
demonstrated similar vasodilatory responses to $2-AR stimulation, when 20 pM E2 was added
prior to albuterol, young female rat femoral arteries demonstrated augmented vasodilation
compared to middle-aged females. This difference not observed between young and middle-aged
male rats. These findings highlight the acute effect of E2 on young female rats in vascular
responsiveness and potential impact on age-related changes on 2-AR stimulation.
E2 induces vasodilation in both male and female rat femoral artery

E2 caused vasodilation in situ in the femoral artery of both male and female rats at all ages.
This finding aligns with previous studies demonstrating the acute vasodilatory effect of estrogen
in various blood vessels. Sudhir et al. [83] reported that male and female dog coronary arteries
showed a significant increase in cross-sectional area and flow velocity in response to acute
presence of E2. In another study, Traupe et al [84] indicated that estrogen induced acute relaxation
in epicardial coronary arteries of male and female pigs. In both young and middle-aged groups,
female rats show more significant femoral artery vasodilation compared to male rats. Our finding
aligns with the previous research. Kawano et al. [85] demonstrated that a short-term estrogen
supplementation augmented endothelium-dependent brachial artery vasodilation in women but not
in men. This sex difference may be explained by the estrogen-induced NO synthase and release,
and the available number of ERs are initial lower in men compared to women [85].

Given the study's focus on the short-term effect of E2, the membrane estrogen receptor
GPR30, in addition to ERa and ER, plays a crucial role in vasodilation. According to Lindsey et

al. [86], estrogen and the GPR30 agonist G-1 caused similar vasodilation in aortic rings and
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mesenteric vessels, but the GPR30 antagonist significantly attenuated vasodilation effects in both
blood vessels. Sudhir et al. [83] indicates that the ERa antagonist did not significantly inhibit
estrogen-induced vasodilation, suggest other ERs, like GPR30, may play a predominant role in
vasodilation. Therefore, more research is needed to evaluate the role of GPR30 in estrogen-induced
muscular artery vasodilation.
B2-AR stimulation leads to vasodilation in muscular artery

Consistent with previous studies, we found that 2-AR stimulation leads to muscular artery
vasodilation in both male and female rats. Kneale et al. [82] reported that the f2-AR agonist
albuterol led to acute forearm vasodilation in both men and women, indicating that f2-AR plays
an essential role in muscular artery vasodilation. However, the age effect on femoral vascular
response to B2 stimulation was not found in this study, young and middle-aged rats had similar
vasodilation responsiveness. This finding is not consistent with previous studies that showed the
age effect on vascular function resulted in impaired vasodilation. [25, 26]. This may be because
B1-AR, not 2-AR, plays the more predominant role in artery vasodilation. Chruscinski et al. [23]
measured the maximal relaxation of femoral artery using B-AR knock-out mice, finding that 1-
AR knock-out mice showed slightly vasodilation response to -ARs agonists, while f2-AR knock-
out mice showed similar vasodilation as the control group. This finding suggests that f1-AR may
play a more predominant role as the vasodilator receptor than B2-AR in isolated mouse femoral
artery. In contrast, Schutzer et al. [26] reported the opposite results. They found that the selective
B1-AR antagonist only slightly reduces the maximal vasodilation induced by non-selective -ARs
agonist in male rat aorta artery. The controversial findings about the predominant B-ARs may be
related to the different species and arteries used in research settings, and more studies are needed

to evaluate the roles of f1-AR and f2-AR in muscular artery vascular function.
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B2-AR and GPR30 signaling pathway interaction

We also found that, in the acute presence of 20 uM E2, femoral artery from young female
rats showed greater vasodilatory response to 2-AR stimulation when compared to middle-aged
females. This may be due to the vasodilatory effect of E2. However, there was no difference
between the absence and presence of E2 when comparing young and middle-aged male rats in
response to acute B2-AR stimulation. Therefore, E2 may enhance the acute 2 stimulation effect
only on young female femoral artery vasodilation. This result can be explained by the fact that
estrogen membrane receptor GPR30 and B2-AR share similar non-genomic acute signaling
pathways leading to vasodilation [48]. Both $2-AR and GPR30 are members of G protein-coupled
receptors and could activate the cAMP/PKA pathway via the stimulatory unit of the G protein (Gs),
which leads to the relaxation of vascular smooth muscle. Thus, the acute presence of E2 enhanced
the vasodilation effect of B2-AR stimulation in the female rat femoral artery. Previous research
supports our findings. Limberg et al. [87] measured the non-selective B-AR agonist induced
vasodilation in forearm between young women currently using oral contraceptives (placebo phase,
normal estrogen level) and those not using oral contraceptives (early follicular phase, low estrogen
level). The results showed that non-selective B-AR agonist induced vasodilation in forearm is
greater in oral contraceptives using group compared to not using oral contraceptives group,
indicates that the estrogen enhanced acute vascular response to B-AR stimulation.
Estrogen concentration effect on B-ARs stimulation

In the current investigation, we scrutinized the impact of E2 on acute f-ARs stimulation.
Our results revealed that the acute presence of E2 significantly augmented vasodilation induced
by B2-AR agonist stimulation in the femoral artery of young female rats. However, this enhanced

effect of E2 was not evident in middle-aged female rats, potentially attributed to the decline in

82



estrogen levels associated with aging [24, 46]. Collectively, our findings suggest a role for E2 in
regulating vasculature responsiveness during B-AR stimulation. Supporting our observations, a
prior study [88] reported reduced exercise performance during the early follicular phase,
characterized by the lowest estrogen levels in the menstrual cycle. This reduction in exercise
performance during low estrogen concentration phases may be linked to the influence of estrogen
on B-AR stimulation. During exercise, heightened sympathetic nervous system activity releases
catecholamines, stimulating f-ARs and resulting in increased heart rate, enhanced cardiomyocyte
contractility, and blood vessel vasodilation. Given that low estrogen concentration is known to
impact exercise performance, it is plausible that this effect operates through the modulation of -
AR stimulation. Consequently, our findings provide insights that may elucidate the observed
reduction in exercise performance during the early follicular phase characterized by low estrogen
concentrations. Moreover, they suggest that the acute presence of estrogen may exert an influence
on the responsiveness to B-AR stimulation, shedding light on the complex interplay between
hormonal fluctuations and cardiovascular responses during physiological challenges such as

exercise.

Limitations

There were several limitations in this study. Firstly, we did not measure the effect of
different E2 doses on the femoral artery's response to f2-AR stimulation. Both male and female
rats did not exhibit a significant response to the relatively low E2 concentration (20 uM) we used
for the experiment. A higher E2 concentration may eliminate the sex difference in the vasodilation
effect of albuterol. Secondly, we only include B2-AR into consideration. According to the

previous, whether f1-AR or B2-AR plays a more dominate role in muscular artery vasodilation is
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still not fully illustrated. Thus, measuring femoral artery respond to B1-AR stimulation may help

us with a better understanding of muscular artery vasculature function.

Conclusions

E2-induced femoral artery vasodilation is blunted in male rats compared to female ones,
indicating sex differences in E2 responsiveness. Both young and middle-aged male and female rat
femoral arteries responded similarly to f2-AR agonist-induced vasodilation. Whether B1-AR or
B2-AR plays a more dominate role in muscular artery vasodilation needs more investigation. The
acute presence of E2 enhanced the vasodilation effect of B2 stimulation in young females
compared to middle-aged females. These results emphasize the acute effect of E2 on muscular
artery vasculature function and the interaction between the f2-AR and GPR30 signaling pathways
was evident. However, this effect was not observed between young and middle-aged males,
possibly due to sex-related E2 responsiveness. These findings underscore the acute effects of E2
on B2-AR stimulation, sex-related vasculature responsiveness, and age-related vascular changes,

providing valuable insights for further exploration.
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Chapter 5: Summary of Findings

This dissertation aimed to investigate the impact of sex, age, and heart failure on cardiac
responses to B2-AR stimulation, as well as the sexual dimorphism in femoral artery responses to
B2-AR stimulation using a rat model. The first study involved assessing cardiac function responses
to B2-AR stimulation in young and old, male and female rats, examining parameters such as heart
rate, coronary flow rate, and oxygen consumption rate. In the second study, rats underwent TAC
surgery to induce increased afterload and heart failure, allowing for the evaluation of the impact
of heart failure on cardiac function in male and female rats. Additionally, the first set of studies
included measurements of 2-AR and estrogen receptor GPR 30 expressions in the left ventricle
and SA node. Beyond cardiac function, the third study focused on assessing skeletal muscle
vasculature responses to f-ARs stimulation in young male and female rats by employing the
pressure myography method on the femoral artery. This comprehensive approach contributes to a
deeper understanding of both cardiac and skeletal muscle vascular responses to f-ARs stimulation
in various physiological conditions.

Our investigation into cardiac responses to P2-AR stimulation delineated sex-based
differences and the regulatory influence of estrogen in both young and old rats. In young female
rats, a diminished HR response compared to males was observed. Expression of $2-AR in the left
ventricle and SA node showed no sex difference in young rats. The secondary messenger system,
cAMP, likely contributes to the blunted HR responses in young females, characterized by lower
basal cAMP levels in female rat cardiomyocytes. However, the presence of estrogen eliminated
this sex difference, underscoring its pivotal role in 2 stimulation responses. The shared signaling
pathway involving 2-AR and GPR30, mediated by cAMP, suggests a mechanism through which

estrogen restores HR in female rat hearts. Additionally, GPR30 expression significantly
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upregulated in the left ventricle of aged rat hearts prompts questions about its implications for
aging cardiac tissue and its role in modulating cardiac responses.

In contrast, no sex difference was found in old male and female rats, regardless of estrogen
presence, with aging associated with a blunted HR response to f2-AR stimulation, consistent with
previous studies. Proposed mechanisms for reduced B-ARs responsiveness in older animals
included age-related decreases in $2-AR and GPR30 expression and increased G; activity. Notably,
GPR30 expression exhibited significant upregulation in the left ventricle of aged rat hearts,
prompting further questions about its role in aging cardiac tissue. The study also highlighted an
age-associated increase in GAPDH expression, suggesting an enhanced reliance on glycolysis as
a crucial energy source for the aging heart.

To evaluate the heart failure effects on cardiac function to f2-AR stimulation, TAC rat
model was utilized. The study found a consistent response to f2-AR stimulation and a comparable
expression profile of f2-AR and GPR30 receptors in the left ventricle across TAC and SHAM,
male and female rat groups. Despite albuterol inducing a increase in HR across all groups, no
discernible distinction in the response to f2-AR stimulation was observed between hearts with HF
and healthy hearts. This contradicts previous research suggesting a reduction in B-ARs expression
and desensitization in failing hearts. The study also explored the potential inhibitory influence of
the B2-AR/G; pathway in the context of HF, suggesting that altered signaling pathways may
contribute to the observed HR responses. There is no discernible difference in cardiac function
between TAC and SHAM rats, indicates that the TAC model utilized in this study may not
represent the HF phenotypes.

This study utilized a pressure myography model to examine the femoral artery vascular

function, aiming to enhance our comprehension of sex differences in response to (2-AR
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stimulation and the role of estrogen. Consistent with prior research, estrogen demonstrated a
vasodilatory effect, indicating its acute impact on various blood vessels. We discovered that young
and middle-aged male rats exhibited reduced femoral artery vasodilation in response to estrogen
stimulation compared to their female counterparts. The study emphasized the acute presence of
estrogen and its crucial role in vasodilation. Confirming the vasodilatory effect of B2-AR
stimulation in both young male and female rats, the study highlighted the unclear predominant role
of B1-AR or $2-AR in arteries, necessitating further investigation. Furthermore, the interaction
between B2-AR and the GPR30 signaling pathway was explored. In the presence of estrogen,
young female rat femoral arteries exhibited increased vasodilation in response to acute f2-AR
stimulation compared to middle-aged females, suggesting an enhancement of the acute
vasodilatory effect of B2 stimulation by estrogen. This result is attributed to shared non-genomic
signaling pathways between estrogen's membrane receptor GPR30 and 2-AR, activating the
cAMP/PKA pathway. Supporting evidence from prior research indicated greater f-ARs agonist-
induced vasodilation in women using oral contraceptives with normal estrogen levels compared to
those with low estrogen levels, emphasizing estrogen's role in augmenting vascular responses to
B-ARs stimulation. Importantly, this sex-specific effect was not observed in middle-aged rats,
highlighting the acute impact of estrogen on young females and its potential influence on age-
related changes in 2-AR stimulation. Furthermore, the study explored the concentration effect of
estrogen on acute B-ARs stimulation, revealing that the enhanced vasodilatory effect of estrogen
diminished in young male rats. This diminishing effect is attributed to sex-related difference in
estrogen levels. In summary, these findings underscore the interplay between estrogen, 2-AR

stimulation, and age-related vascular changes, underscoring the imperative for further research to
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elucidate the specific roles of estrogen receptors and hormonal influences on acute vascular

responsces.

Future Directions

Building upon the insights gained from this dissertation, future research directions should
address several key avenues to deepen our understanding of cardiac responses to [-ARs
stimulation and the interaction with sex, age, and heart failure. Firstly, extending the investigation
into cardiac responses to f2-AR stimulation, a more granular exploration of the cAMP signaling
pathway is warranted, particularly in the SA node. The observed blunted HR response suggests a
nuanced role of cAMP in mediating sex-related variations, necessitating detailed mechanistic
studies. Additionally, further exploration of GPR30 upregulation in the left ventricle of aged rat
hearts is essential. Understanding its implications for aging cardiac tissue and its role in modulating
cardiac responses could unveil potential therapeutic targets for age-related cardiovascular issues.

In the context of heart failure, despite a consistent response to f2-AR stimulation and
comparable receptor expression profiles, the unexpected lack of distinction in HR responses
between HF and healthy hearts prompts further investigation into altered signaling pathways.
Exploring the B2-AR/G; pathway in heart failure heart SA node could elucidate the underlying
mechanisms contributing to the observed responses. Moreover, given the therapeutic potential of
estrogen-induced coronary vasodilation, a more comprehensive examination of GPR30 role and
downstream signaling pathways in HF conditions would be valuable. This could pave the way for
targeted interventions aimed at leveraging estrogen's beneficial effects in mitigating heart failure.

Expanding the focus to femoral artery vascular function, the unresolved question of the
predominant role between 1-AR and 2-AR in arteries should be addressed through systematic

studies. Moreover, considering the potential role of the GPR30 receptor in mediating estrogen-
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induced vasodilation, exploring the downstream signaling pathways in detail could provide
valuable insights for therapeutic interventions targeting vascular health. This study exclusively
examines the acute impact of estrogen on cardiac and skeletal muscle vascular responses to 3-ARs
stimulation. Consequently, there is a compelling need for subsequent research endeavors aimed at
assessing the chronic effects of estrogen on f-ARs stimulation in both the cardiac and vascular
systems. Such investigations would provide a more comprehensive understanding of the prolonged
influences of estrogen on adrenergic responsiveness, offering valuable insights into the sustained
physiological implications and potential implications for therapeutic interventions.

In conclusion, future research endeavors should delve deeper into the molecular
mechanisms governing cardiac and vascular responses to B-ARs stimulation, with a particular
emphasis on elucidating sex-specific nuances, unraveling the complexities of heart failure
conditions, and addressing unresolved questions regarding the roles of estrogen receptors. These
endeavors hold promise for advancing our understanding of cardiovascular physiology and guiding

the development of targeted therapeutic interventions in the realm of cardiac health and disease.
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