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ABSTRACT 

Cardiovascular disease is the leading cause of death worldwide. Both aging and 

menopause, associated with the cessation of endogenous estrogen production, are key 

factors that contribute to the development of cardiovascular disease in women. Over the 

last few decades, an interest in alternatives to pharmaceutical interventions for 

promoting and/or rescuing cardiovascular health in postmenopausal women has 

emerged, where both exercise and phytoestrogen supplementation have been deemed 

effective candidates. However, due to the paucity of intervention studies in 

postmenopausal women, knowledge gaps remain in these strategies that need to be 

elucidated in the context of vascular health. This dissertation aims to answer three main 

questions that will refine the scientific community’s understanding of alternative 

interventions for vascular health in postmenopausal women: (1) Can exercise training 

work synergistically with in-vitro dual anti-platelet therapy to improve platelet function, 

as determined by basal platelet reactivity and prostacyclin sensitivity (Chapter 4)? (2) 

Does the timing of the initiation of exercise training after menopause affect the degree 

of vascular adaptations and thrombotic risk profile (Chapters 5 and 6)? (3) Can short-term 

supplementation with the novel phytoestrogen fermented red clover extract improve 

markers of vascular inflammation (Chapter 7)? 

Together, the findings from this dissertation highlight that exercise and fermented red 

clover extract are effective alternative strategies to improving vascular health in 

postmenopausal women. Specifically, exercise training improves platelet function and 



 
 

sensitivity and can work synergistically with in-vitro dual anti-platelet therapy (Chapter 

4). In addition, short-term supplementation with fermented red clover extract improves 

the vascular inflammatory profile in recently postmenopausal women (Chapter 7). 

However, the timing of exercise training after menopause may influence the magnitude 

of thrombogenic adaptations, as recently postmenopausal women experience more 

robust thrombogenic benefits than women who are a greater number of years 

postmenopausal (i.e., late postmenopausal women) (Chapter 5 and 6).  

Keywords: menopause, exercise, fermented red clover, vascular health, dual anti-platelet 

therapy 
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CHAPTER 1 GENERAL INTRODUCTION 

Two hundred and fifteen million liters. This is the average volume of blood pumped and 

distributed by the heart and vascular system over a lifetime (Pomeroy et al., 2020). This 

feat is vital for the delivery of oxygen and nutrients to all cells of the body (Pomeroy et 

al., 2020), and optimal function of this highly coordinated system is crucial for maximizing 

an individual’s health- and lifespan. Over the last 30 years, the global prevalence of 

cardiovascular disease has risen dramatically. In 2019, an estimated 17.9 million people 

died from cardiovascular disease worldwide, accounting for one-third of all deaths (Roth 

et al., 2020). Notably, compared to men, the absolute number of women living with and 

dying from cardiovascular disease is higher (Roger et al., 2011). Both aging and 

menopause, associated with the cessation of endogenous estrogen production, are key 

factors that contribute to the development of cardiovascular disease in women (Parker 

et al., 2010).  

Recently, there has been a movement away from relying solely on pharmacological 

interventions for disease prevention and treatment (Thompson et al., 2020). This 

movement is at least partially driven by a growing body of evidence highlighting adverse 

side effects, only short-term benefits, and the potential for drug-drug interactions that 

may limit the effectiveness of the treatment. Importantly, increasing age and sex are 

known factors that influence the likelihood of adverse drug reactions. Specifically, women 

are at a 1.5- to 1.7-fold greater risk of developing adverse drug reactions compared to 

males, which may be related to pharmaceutical drug use, pharmacokinetic differences, 
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and higher absolute doses (Rademaker, 2001). Accordingly, it has become imperative to 

find safe, effective, and long-lasting strategies to promote cardiovascular health in 

postmenopausal women.  

The purpose of this dissertation is to explore alternative strategies for improving vascular 

health in postmenopausal women, which may help promote a reduced reliance on drug-

related interventions. This dissertation will specifically focus on interventions utilizing 

regular physical activity or phytoestrogen supplementation. The research program 

consists of three separate research projects described in Chapters 4, 6, and 7 as well as a 

review paper described in Chapter 5. The aims of these projects are summarized in 

Chapter 3. Briefly, Chapter 4 examines the impact of exercise training on platelet 

reactivity and drug-responsiveness to dual anti-platelet therapy (DAPT). Chapter 5 

provides a commentary on and analysis of the impact of time/years after menopause on 

vascular health and adaptations to regular physical activity. Chapter 6 investigates the 

impact of time/years after menopause of vascular adaptations to exercise training. Lastly, 

Chapter 7 tests the impact of short-term fermented red clover extract supplementation 

on blood and skeletal muscle markers of vascular health. Together, the findings from this 

dissertation will use a combination of applied and mechanistic investigations to advance 

the scientific community’s understanding of the role of exercise training and fermented 

red clover supplementation on vascular health in postmenopausal women. These findings 

may hold societal relevance regarding recommendations for the promotion and initiation 

of exercise training in postmenopausal women. 
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CHAPTER 2 REVIEW OF THE LITERATURE 

The prevalence of cardiovascular disease is significantly lower in young women compared 

to age-matched men (Bittner, 2009). This is often attributed to the cardioprotective 

effects of estrogens (El Khoudary et al., 2020). Accordingly, after the menopausal 

transition, marked by the cessation of endogenous estrogen production, the incidence of 

cardiovascular disease in women matches or surpasses that of age-matched men (Bittner, 

2009; El Khoudary et al., 2020). This finding has initiated an ongoing pursuit of therapies 

that can attenuate the menopause-associated declines in cardiovascular health in 

women. Over the last few decades, the administration of exogenous hormones, termed 

estrogen and progestogen hormone replacement therapy (HRT), has been at the 

forefront of this venture (Grady et al., 1992; Hackley and Rousseau, 2004). However, HRT 

has recently been associated with the development of certain cancers and other adverse 

health outcomes (Nelson et al., 2002; Rossouw et al., 2002), sparking an urgent call for 

novel, safe, and effective alternatives for postmenopausal women. Thus, the focus of this 

literature review is to provide a brief overview of vascular biology as well as summarize 

the current knowledge on vascular health in postmenopausal women and how alternative 

interventions, such as exercise training and phytoestrogen supplementation, can benefit 

vascular health in this cohort. 

2.1  Cardiovascular System 

The cardiovascular system consists of the heart, the vasculature, and the blood, which are 

critical for the delivery of oxygen and nutrients as well as the removal of waste products 
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from all tissues (Pomeroy et al., 2020). The vasculature is comprised of arteries, arterioles, 

capillaries, veins, and venules, and is a hierarchical network based on vessel diameter that 

precisely regulates blood flow to tissues and organs as well as the return of blood to the 

heart (Yuan and Rigor, 2010). The blood is comprised of plasma, red blood cells, white 

blood cells, and platelets (Garraud and Tissot, 2018). Approximately 55% of blood is 

plasma, which is predominantly composed of water with proteins, ions, nutrients, and 

waste products. Red blood cells are critical for delivering oxygen and removing carbon 

dioxide from tissues, whereas white blood cells participate in immune function, and 

platelets play a critical role in blood clotting (Garraud and Tissot, 2018). This dissertation 

will focus on the vasculature and the blood, with a particular emphasis on platelets. 

2.1.1 Macrovasculature 

The macrovasculature is comprised of large elastic arteries (i.e., conduit arteries) and 

veins. The large conduit arteries are important for quickly delivering blood to tissues, 

whereas the veins are critical for returning blood to the heart (Yuan and Rigor, 2010). Due 

to their elastic nature, which allows for large changes in vessel diameter, conduit arteries 

play a minor role in the regulation of vascular resistance and blood flow under normal 

physiological conditions (Levick, 1991). 

2.1.2 Microvasculature 

The microvasculature is comprised of small vessels including arterioles, capillaries, and 

venules (Yuan and Rigor, 2010). These microvessels form a comprehensive network that 

regulates local blood perfusion and facilitates blood-tissue exchange (Levick, 1991). The 
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anatomical structure of resistance arterioles, consisting of a single layer of endothelial 

cells enveloped by a thick layer of smooth muscle cells, allows for strict control of local 

blood flow (Levick, 1991). Specifically, contraction and relaxation of the smooth muscle 

cells allows for rapid and dynamic control of vessel diameter, and subsequently blood 

flow (Levick, 1991).  

2.1.3 Capillary Network 

Capillaries are the smallest blood vessels and their primary role is to facilitate the delivery 

of oxygen and nutrients as well as the removal of waste products between the blood and 

tissues (Yuan and Rigor, 2010). Capillaries are thin-walled vessels composed of a single 

layer of endothelial cells surrounded by a basement membrane (Levick, 1991); these 

characteristics make them ideal candidates to optimally facilitate this exchange. 

Angiogenesis is a process that increases the number of capillaries in response to 

physiological stressors, such as exercise training and tumour growth (Wagner, 2011). 

Angiogenesis can increase the efficiency of oxygen and nutrient delivery as well as waste 

removal from a target tissue (Wagner, 2011) and is a fundamental process in health and 

disease. Notably, vascular endothelial growth factor (VEGF) is a potent angiogenic factor 

that facilitates capillary growth. 

2.1.4 Vascular Endothelium 

Endothelial cells line the luminal surface of all blood vessels and play key roles in the 

regulation and communication of the cardiovascular system (Levick, 1991). Endothelial 

cells produce and release a multitude of compounds that can communicate with the 
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surrounding smooth muscle and platelets. For example, nitric oxide (NO) and prostacyclin 

released from endothelial cells interact with the surrounding smooth muscle cells to 

potently promote vasodilation (Hamilos et al., 2018), while also playing roles in the 

inhibition of platelet activation in the blood (Wang et al., 1998). Conversely, endothelial 

cells also release endothelin-1 and inflammatory markers (e.g., tumour necrosis factor α), 

which promote vasoconstriction of the surrounding smooth muscle cells (Westby et al., 

2011) and platelet activation in the blood (Pignatelli et al., 2005), respectively. 

NO is ubiquitously expressed, and its production is facilitated by isoforms of nitric oxide 

synthase (NOS) (Jones and Bolli, 2006). Specifically, endothelial NO is produced by 

endothelial nitric oxide synthase (eNOS) (Förstermann and Münzel, 2006), which is 

activated by muscarinic, purinergic, and mechanoreceptors (Fleming, 2010). Various 

stimuli (e.g., acetylcholine (ACh), adenosine triphosphate (ATP), adenosine, and stretch 

or shear stress) activate these receptors, which increases intracellular calcium [Ca2+]i and 

results in calmodulin binding to eNOS (Fleming, 2010). This triggers the phosphorylation 

of eNOS on several activation sites (e.g., serine-1177 and serine-635) (Fleming, 2010). 

Activated eNOS forms dimers, which bind to the coenzyme tetrahydro-L-biopterin (BH4). 

This allows eNOS to convert L-arginine, oxygen, and nicotinamide adenine dinucleotide 

phosphate (NADPH) into NO and L-citrulline (Fleming, 2010) (Figure 2-1). 

Akin to NO, prostacyclin is formed in response to elevated [Ca2+]i. This leads to the 

liberation of arachidonic acid and activation of prostacyclin synthase (Whorton et al., 

1984), an enzyme critical for prostacyclin formation. Specifically, prostacyclin is 

synthesized by a two-step conversion (Whorton et al., 1984). First, arachidonic acid is 
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converted to prostaglandin H2 via the enzyme cyclooxygenase-1. Second, prostaglandin 

H2 is converted to prostacyclin via the enzyme prostacyclin synthase (Whorton et al., 

1984) (Figure 2-1). 

2.1.5 Platelets 

Platelets, otherwise known as thrombocytes, are small anucleate blood cells (0.3 µm by 

0.5 µm) derived from megakaryocytes in the bone marrow (Batty and Smith, 2010). Due 

to their shape and small size, platelets are pushed to the edges of blood vessels, allowing 

them to have close interactions with endothelial cells (Batty and Smith, 2010). This is 

crucial, as platelets are primarily involved in facilitating blood clot formation at sites of 

vascular injury, which occur on the basement membrane of endothelial cells (Periayah et 

al., 2017). Platelets have several membrane-bound receptors that are critical for platelet 

Figure 2-1: Endothelial cell production of nitric oxide (NO) and prostacyclin (PGI2).  

The interaction of ligands with receptors for bradykinin (BK), adenosine (ADO), adenosine triphosphate 
(ATP), acetylcholine (ACh), and by shear stress to increase intracellular calcium ([Ca2+]i). This activates 
endothelial nitric oxide synthase (eNOS) to produce nitric oxide (NO) and cyclooxygenase-1 (COX1) to 
produce the downstream target prostacyclin (PGI2). In vascular smooth muscle cells, NO stimulates soluble 
guanylyl cyclase (sGC) to increase cycling guanosine monophosphate (cGMP) and PGI2 stimulates adenylyl 
cyclase (AC) to increase cyclic adenosine monophosphate (cAMP). Both cGMP and cAMP [Ca2+]i in the 
smooth muscle cells, resulting in relaxation. O2; oxygen, BH4; tetrahydro-L-biopterin, AA; arachidonic acid, 
PGH2; prostaglandin H2, PGI2S; prostacyclin synthase (Wickham, unpublished). 
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activation and the clotting process (Periayah et al., 2017). Moreover, platelets house 

various storage granules that are important for regulating platelet function and blood clot 

formation. The α-granules contain coagulation factors (fibrinogen, Factor V, Factor VIII, 

von Willebrand factor (vWF)) and membrane proteins (αIIbβ3 and P-selectin) critical for 

blood clotting, as well as fibrinolytic inhibitors that prevent clot dissolution (plasminogen, 

PAI-1, and α2-antiplasmin) (White, 1998). Conversely, the dense granules store Ca2+ ions 

and small organic molecules (such as adenosine 5’-diphosphate (ADP) and serotonin) 

(Hanby et al., 2017) (Figure 2-2). A single platelet contains ~50 to 80 α-granules (Yun et 

al., 2016) and ~3 to 8 dense granules (White, 1998). A normal platelet count ranges from 

150 to 400 x 109 platelets∙L-1 (Batty and Smith, 2010). The role of platelets in primary 

hemostasis will be discussed in detail in the next section.  

Figure 2-2: Basic schematic of a platelet.  

The schematic includes the major storage molecules (α-granules and dense granules) as well as platelet 
membrane receptors and agonists. vWF; von Willebrand factor, AA; arachidonic acid, COX-1; 
cyclooxygenase-1, PGH2; prostaglandin H2, TXA2; thromboxane A2, ADP; adenosine 5’-diphosphate; Ca2+; 
calcium, GPVI; glycoprotein VI (Wickham, unpublished). 
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2.1.6 Cardiovascular Disease 

Cardiovascular disease is divided into four major categories: coronary artery disease, 

cerebrovascular disease, peripheral artery disease, and aortic atherosclerosis (Olvera 

Lopez et al., 2022). Atherosclerosis, a chronic lipid-driven inflammatory disease of the 

arteries, is a common denominator in the development of all major categories of 

cardiovascular disease (Olvera Lopez et al., 2022). Initially, atherosclerosis is 

characterized by a chronic inflammatory state that impairs blood vessel function. Over 

time this progresses to advanced atherosclerosis, which results in structural changes to 

the vasculature, such as stiffening and narrowing of the arteries (Alfarisi et al., 2020). This 

reduces and potentially occludes blood flow through the artery, which can trigger 

cardiovascular events, such as myocardial infarctions or stroke (Alfarisi et al., 2020). 

Critically, 90% of the risk of having a first myocardial infarction can be attributed to nine 

modifiable, and deeply interconnected, risk factors: smoking, dyslipidemia, hypertension, 

diabetes, abdominal obesity, psychosocial factors, poor fruit and vegetable consumption, 

regular alcohol consumption, and physical inactivity (Yusuf et al., 2004). 

2.2  Hemostasis  

When a blood vessel is injured, hemostasis occurs to form a blood clot and ultimately stop 

bleeding at the site of injury (Batty and Smith, 2010). Hemostasis is a complex, stepwise 

process divided into primary and secondary hemostasis (Brass, 2003). There is substantial 

overlap between primary and secondary hemostasis as well as tight regulation of these 

processes to ensure that clot formation only occurs at the site of injury, and to prevent 

spontaneous thrombosis (Batty and Smith, 2010). 
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2.2.1 Primary Hemostasis 

Primary hemostasis begins rapidly upon blood vessel injury. The main outcomes of 

primary hemostasis are vasoconstriction, to limit blood flow to the affected area, and 

initiating the formation of the platelet plug (Hiller, 2007). Specifically, damage to the 

endothelial cells of the injured vessel triggers a switch from the release of vasodilatory 

compounds (e.g., NO and prostacyclin) to compounds that promote vasoconstriction 

(e.g., endothelin-1) (Hiller, 2007). This reduces blood flow to the site of injury and helps 

slow the rate of bleeding, ultimately ensuring that blood clotting is targeted to the site of 

vascular injury (Hiller, 2007). Moreover, intact endothelial cells release vWF and tissue 

factor, which facilitate platelet tethering and initiation of the coagulation cascade at the 

site of injury, respectively (Periayah et al., 2017).  

Initiation of the platelet plug occurs when vWF binds to subendothelial collagen, which is 

exposed following endothelial cell damage (Periayah et al., 2017). vWF is critical in 

scenarios of high shear stress, as it provides an initial tether for platelets that are quickly 

passing by the site of vessel injury (Sadler, 1998). Then, two platelet integrins (α2β1 and 

αIIbβ3) are rapidly activated by the platelet immunoglobulin receptor GPVI, which is 

activated by collagen (Lecut et al., 2004). This allows the platelets to form stable 

interactions directly with the exposed subendothelial collagen (Yun et al., 2016), which is 

strengthened by interactions with P-selectin (Merten et al., 2000, 1999). This interaction 

triggers platelet activation resulting in a conformational change (i.e., from a round shape 

to a star-like shape), increasing the surface area of the platelet and further strengthening 

the interaction between the platelet and the subendothelial surface (Yun et al., 2016). 
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Moreover, this conformational change can trigger the release of the granular content 

from the platelets including strong and weak platelet agonists (e.g., thrombin, 

thromboxane A2 and ADP) that further encourage platelet activation (Yun et al., 2016) 

(Figure 2-3). These platelet agonists and their corresponding receptors will be discussed 

in detail in a subsequent section. Additionally, platelets are capable of capturing and 

storing circulating serotonin, which is released with its conformational change (Mercado 

and Kilic, 2010). Serotonin has been shown to play a role in vasoconstriction at the site of 

injury and can further promote platelet aggregation by providing a positive feedback loop 

on the release of platelet granular content (Mercado and Kilic, 2010).  

Extension of the platelet plug occurs when activated platelets begin to aggregate on top 

of the initial monolayer of platelets bound to collagen. Platelet surface receptors and the 

accumulation of platelet agonists are critical to this response. Additionally, activation of 

the integrin αIIbβ3 is required to create stable fibrinogen and vWF-mediated bridges 

between platelets. Importantly, platelet activation results in phosphatidylserine moving 

from the inner platelet membrane to the outer membrane, which promotes the binding 

of coagulation factors, a step that is critical for strengthening the forming blood clot (Batty 

and Smith, 2010). 
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2.2.2 Secondary Hemostasis 

Secondary hemostasis is characterized by the activation of coagulation factors as well as 

formation and stabilization of the fibrin network (Gale, 2011). The coagulation cascade, 

first described in the 1960s, highlights the sequential conversion of each coagulation 

factor to an active form, which results in the formation of a stable fibrin clot (Davie and 

Ratnoff, 1964; Macfarlane, 1964). The coagulation cascade is often subdivided into an 

intrinsic system, involving elements only found in blood, and an extrinsic system that 

relies on a tissue factor for activation (Gale, 2011) (Figure 2-4).  

2.2.2.1 Intrinsic Pathway 

The intrinsic pathway is activated when Factor XII binds to a negatively charged surface 

(e.g., exposed collagen in the subendothelium). Factor XII undergoes a conformational 

change that makes it highly susceptible to proteolytic cleavage by plasma kallikrein, a 

potent protease (Schmaier, 2008). Once proteolyzed, Factor XII becomes Factor XIIa, 

which facilitates the proteolysis of Factor XI to Factor XIa (Palta et al., 2014). Then, Factor 

Figure 2-3: Simplified schematic depicting the steps in primary hemostasis.  

Platelets adhere to the damaged basement membrane via interactions with von Willebrand factor 
(vWF). In addition, platelets are activated, release their granular content, and additional platelets are 
recruited to the site of vascular injury (Wickham, unpublished). 
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XIa triggers the proteolysis of Factor IX to Factor IXa, which acts with Ca2+, Factor VIII, and 

platelet phospholipid 3 to convert Factor X into Factor Xa. Notably, this is where the 

common pathway between intrinsic and extrinsic coagulation begins. Factor Xa, Ca2+, 

platelet phospholipid, and Factor V convert Factor II (i.e., prothrombin) into thrombin, 

which is the enzyme responsible for converting Factor I (i.e., fibrinogen) into fibrin. 

Stabilization of these monomers occurs via the formation of covalent bonds, termed 

crosslinks, between fibrin monomers (Palta et al., 2014). Activated Factor XIII is the 

enzyme responsible for this interaction and is activated by thrombin and Ca2+ (Figure 2-

4). Thrombin release results in a positive feedback loop that causes further activation of 

Factors V and XIII as well as platelets (Palta et al., 2014).  

2.2.2.2 Extrinsic Pathway 

A critical component for activation of the extrinsic pathway of blood coagulation is tissue 

factor, which is a transmembrane receptor for Factor VII/VIIa. Under normal conditions, 

tissue factor is a surface protein found on cells surrounding blood vessels and is physically 

separated from Factor VII/VIIa via the endothelium (Mackman, 2009). However, once 

damage or trauma occurs to the endothelial barrier, tissue factor is exposed to Factor 

VII/VIIa and they form a complex which interacts with Ca2+ and platelet phospholipids to 

activate Factor X (Palta et al., 2014) (Figure 2-4). Then, the common coagulation cascade 

occurs.  
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2.2.3 Platelet Agonists and Platelet Receptors 

Platelet function is driven by the interaction of physiological agonists with receptors on 

the platelet membrane (Phillips, 1985). Platelet agonists are often classified by their 

strength of action, as strong (e.g., collagen, thrombin, thromboxane A2) and weak (e.g., 

ADP, epinephrine) agonists. Strong platelet agonists promote the conformational change 

and aggregation of platelets as well as the secretion of the storage granules. Conversely, 

weak platelet agonists only trigger the conformational change and subsequent platelet 

aggregation (Phillips, 1985). Key mediators of platelet aggregation in human physiology 

are discussed below. 

2.2.3.1 Collagen 

Platelets express a variety of collagen receptors. As discussed previously, the integrins 

α2β1 and αIIbβ3 are important for platelet adhesion to exposed subendothelial collagen 

Figure 2-4: The coagulation cascade. 

This cascade consists of an intrinsic pathway initiated by factors in the blood and an extrinsic pathway 
activated by tissue factor (TF) (Wickham, unpublished). 
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(Periayah et al., 2017). Additionally, glycoprotein VI (GPVI) is a receptor required for 

collagen-induced platelet activation, as it is involved in signalling cascades that increase 

[Ca2+]i, which promotes platelet activation by inducing a conformational change and 

granule secretion (Brass, 2003). There are redundancies in platelet [Ca2+] signalling, as 

[Ca2+]i increases in response to several platelet agonists. 

2.2.3.2 Thrombin 

Thrombin is a byproduct of the coagulation cascade and contributes to a positive 

feedback loop promoting further platelet activation (Brass, 2003). Thrombin activates 

protease-activated receptors (PAR) located on the platelet membrane (e.g., PAR-1 and 

PAR-4), ultimately initiating signalling cascades that increase [Ca2+]i and inhibit cyclic 

adenosine monophosphate (cAMP) formation. The inhibition of cAMP removes the 

inhibition of platelet activation (Brass, 2003). There are redundancies in platelet cAMP 

signalling, as it is inhibited by several platelet agonists. 

2.2.3.3 Thromboxane A2 

Thromboxane A2 is formed within the platelet via the conversion of arachidonic acid to 

prostaglandin H2 via cyclooxygenase-1. Then, prostaglandin H2 is converted to 

thromboxane A2 via thromboxane A2 synthase (Hecker and Ullrich, 1989). Released 

thromboxane A2 can bind to platelet surface thromboxane A2 receptors. Like thrombin 

and PAR activation, thromboxane A2-induced platelet activation results in increased 

[Ca2+]i and inhibited cAMP formation (Z. Li et al., 2010). 
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2.2.3.4 Adenosine 5’-Diphosphate 

ADP is released from within platelets as well as from the damaged endothelial cells 

(Woulfe et al., 2001). ADP initiates platelet aggregation via P2Y12 and P2Y1 membrane-

bound receptors (Woulfe et al., 2001). Activation of the P2Y1 receptor both increases 

[Ca2+]i and inhibits cAMP formation (Jin et al., 1998). Conversely, activation of the P2Y12 

receptor only inhibits cAMP formation (Dorsam and Kunapuli, 2004). 

2.2.3.5 Epinephrine 

Epinephrine is released into the circulation from the adrenal glands and can bind to α2-

adrenoreceptors located on the platelet membrane (Hoffman et al., 1982). Epinephrine 

has been shown to reduce cAMP levels, which promotes platelet activation (Spalding et 

al., 1998). 

2.2.4 Fibrinolysis 

Fibrinolysis is the process of converting plasminogen to plasmin, which can bind to and 

dissolve fibrin blood clots (Chapin and Hajjar, 2015). Specifically, plasminogen activator 

mediates this conversion, and is produced in endothelial cells and then released into the 

circulation, where it is immediately bound to a plasminogen activator inhibitor (Troy, 

1988). Plasminogen activator only becomes activated once it is bound to the fibrin 

network of a blood clot, and the plasminogen activator inhibitor is released back to the 

circulation (Troy, 1988). Therefore, the conversion of plasminogen to plasmin occurs 

locally on the fibrin network of the blood clot (Troy, 1988). Additionally, although to a 

lesser extent, Factor XIIa and kallikrein can also covert plasminogen to plasmin.  
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Plasmin directly targets fibrinogen to release several fibropeptides, eventually forming 

two small fragments called “D” and “E” that have anti-coagulant and anti-platelet effects 

(Weisel and Litvinov, 2017). Plasmin can also target fibrin to degrade clots. All degradation 

products are removed from the circulation by the liver (Troy, 1988). Once the clot is 

degraded, plasmin is released back into the circulation and immediately inactivated by 

interactions with plasmin inhibitors (e.g., α2-antiplasmin and α2-macroglobulin) 

(Rosenberg and Rosenberg, 1984). 

The long-term solution for chronic vascular inflammation and injury is to recruit 

fibroblasts to the damaged area, which produce and release collagen, to create a strong 

repair at the damaged site (Li and Wang, 2011). This process, termed fibrosis, progresses 

from an initially reversible state to permanent changes in the structure (e.g., arterial 

stiffening) and function (e.g., endothelial function) of the vasculature, ultimately 

contributing to the development of cardiovascular disease (Huveneers et al., 2015). 

2.2.5 Arterial Thrombosis 

If an imbalance between clot formation and degradation occurs, large blood clots that are 

not sufficiently degraded may trigger severe thrombotic events including arterial 

thrombosis, a principal cause of heart attack and stroke (Wilkerson and Sane, 2002). As 

described previously, platelet activation is a critical factor in the initiation of arterial blood 

clot formation (Periayah et al., 2017) and platelets and fibrin are the main constituents of 

the clot (Gale, 2011). Notably, the risk of arterial thrombosis is significantly increased in 

scenarios where the arteries are narrowed and endothelial function is impaired, such as 

fibrosis or atherosclerosis (Olvera Lopez et al., 2022). 
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2.3  Sex Hormones in Women 

Briefly, the endocrine system plays a role in controlling reproductive hormone 

production, and the regulation of reproductive hormones begins in the brain (Marrocco 

and McEwen, 2016). Specifically, the hypothalamus is responsible for producing 

gonadotropin-releasing hormone, which stimulates the pituitary gland to release 

gonadotropins (Harris, 1948). In women, the gonadotropins (i.e., luteinizing hormone and 

follicle-stimulating hormone) are found in the ovaries and facilitate the production of 

estrogens, progestogens, and testosterone (Marrocco and McEwen, 2016). These 

hormones are fundamental to reproductive development (Ojeda et al., 2003) and 

function as well as acting as signalling molecules in other tissues of the body (Fuentes and 

Silveyra, 2019). This dissertation will focus on the role of estrogens with regards to 

vascular health. 
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2.3.1 Estrogens 

Estrogens are steroid sex hormones produced predominantly in the ovaries of women 

(Hamilton et al., 2017). Estrogens are found in three physiological forms: estradiol, 

estrone, and estriol (Lievertz, 1987). Notably, estradiol is the most potent and abundant 

form of circulating estrogen. In young, healthy women estradiol levels fluctuate 

throughout the menstrual cycle, where the highest levels of estradiol occur near ovulation 

in the late follicular phase (Reed and Carr, 2018). Circulating estradiol levels are also 

affected by life stage, where estradiol levels rise through adolescence, peaking in 

adulthood, and with a gradual decline until the menopausal transition, which is associated 

with a cessation of endogenous production of estradiol (Horstman et al., 2012) (Figure 2-

5). Estrogens, particularly estradiol, are known to play key roles in regulating physiological 

processes (Fuentes and Silveyra, 2019), and its pivotal role in the cardiovascular system 

is addressed in the next section.  

Figure 2-5: Endogenous estrogen levels throughout the lifespan in women. Notably, estrogen 
primarily refers to estradiol (Wickham, unpublished). 
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2.3.2 Progestogens 

Progestogens are another steroid sex hormone produced predominantly in the ovaries of 

women (Prior, 2020). Progesterone is the main progestogen in women (Prior, 2020). 

Progesterone levels fluctuate throughout the menstrual cycle in young, healthy 

eumenorrheic women, where progesterone levels are highest after ovulation in the mid-

luteal phase (Reed and Carr, 2018). Aging is associated with a decline in endogenous 

progesterone, and menopause results in a withdrawal of endogenous progesterone 

production (Welt et al., 1999). However, little is known regarding the physiological impact 

of the loss of progesterone in aging women.  

2.3.3 Androgens 

In women, androgens are primarily synthesized in the adrenal glands and the ovaries 

(Burger, 2002). Testosterone is the predominant androgen in both men and women 

(Burger, 2002). In women, circulating testosterone levels gradually decline with age and 

menopause (Brzozowska and Lewiński, 2020). Interestingly, around menopause, the 

androgen:estrogen ratio significantly increases, as the ovaries are still able to produce 

androgens for up to 10 years after menopause whereas estrogen production ceases 

(Fogle et al., 2007; Markopoulos et al., 2015). However, it is unclear how the 

androgen:estrogen relationship impacts the physiological consequences of menopause. 

2.4  Estrogen Receptor Interactions and the Cardiovascular System 

Healthy women in their reproductive years are at a significantly lower risk of developing 

cardiovascular disease than healthy age-matched men (Bittner, 2009). A statistic that is 
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often attributed to the cardioprotective effects of estradiol (El Khoudary et al., 2020), 

which are achieved through a complex array of signalling pathways and biochemical 

reactions that alleviate oxidative stress (Miller and Duckles, 2008). This is critical as 

oxidative stress can damage tissues of the body and is considered a key mechanism in 

vascular aging (Izzo et al., 2021; Liguori et al., 2018). This section will briefly highlight the 

roles and mechanisms of estrogens in mitigating oxidative stress.  

2.4.1 Genomic Estrogen Receptor Signalling 

In the circulation, estrogens are bound to estrogen binding proteins. Since estrogens are 

lipid soluble molecules, they can freely cross the plasma membrane of cells and bind to 

estrogen receptors (i.e., estrogen receptor α (ERα) and estrogen receptor β (ERβ)). 

Although estrogens typically interacts with cytosolic estrogen receptors, 5-10% of 

estrogen receptors are located on the plasma membrane (Levin, 2009). Notably, 17β-

estradiol has an equal binding affinity for both ERα and ERβ (Kuiper et al., 1997). The 

binding of estrogens to their receptor stimulates dimerization of two estrogen-receptor 

complexes, and translocation of the complexes to the nucleus of the cell, where the 

complex activates estrogen response elements (ERE) (Nadal et al., 2001). This ultimately 

triggers the upregulation or downregulation of protein expression (McDonnell and Norris, 

2002) (Figure 2-6). Critical to vascular health, estrogens can increase eNOS, VEGF, and 

superoxide dismutase 2 (SOD2) protein expression, which help combat oxidative stress 

(Miller and Duckles, 2008). 

Orphan estrogen-related receptors (ERR) are nuclear receptors that possess chemical 

structures similar to the estrogen receptors (Liu et al., 2003). The ERR family is comprised 
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of ERRα, ERRβ, and ERRγ (Xia et al., 2019). Interestingly, ERR are considered “orphan” 

receptors because they currently do not have an identified endogenous ligand (Tripathi 

et al., 2020). Therefore, despite their similarity to estrogen receptors, ERR are not 

activated by estrogens or estrogen-like molecules (Villena and Kralli, 2008). This 

dissertation will focus on the importance of ERRα, which plays key roles in metabolically 

active tissues, such as skeletal muscle (Villena and Kralli, 2008). ERRα is activated by 

interactions with peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

(PGC-1α), often termed the master regulator of mitochondrial biogenesis (Laganière et 

al., 2004), and has been identified as a primary regulator of the expression of proteins 

related to mitochondrial energy production (Schreiber et al., 2004; Tripathi et al., 2020). 

Importantly, ERRα may play important roles in promoting cardiovascular health, 

particularly in the context of the mechanisms underpinning cardiovascular adaptations to 

exercise training. This will be discussed in detail in a subsequent section. 

2.4.2 Non-Genomic Estrogen Receptor Signalling 

Estrogens can also bind to the plasma membrane-bound G protein-coupled estrogen 

receptor (GPER), which when activated can post-translationally modify target proteins 

(Prossnitz and Barton, 2011). For example, GPER activation can facilitate eNOS activation 

and NO production via increased [Ca2+]i (Fredette et al., 2018) (Figure 2-6).  
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2.4.3 Structural Significance of Estrogens 

The biochemical structure of estrogens can elicit cardioprotective effects beyond the 

classical estrogen-mediated and estrogen-related receptor pathways. Specifically, 

estrogens have antioxidant properties due to its chemical structure, which features an 

aromatic ring with a free phenolic hydroxyl group. Importantly, the hydrogen ion from 

the hydroxyl group can be donated to scavenge free radicals (Badeau et al., 2005).  

Figure 2-6: Genomic and non-genomic estrogen receptor pathways.  

Genomic signalling pathways affect protein expression by altering the transcription of proteins (e.g., ERα) 
and non-genomic pathways induce post-translational modifications to alter protein activity (e.g., GPER). 
ERα; estrogen receptor alpha, ERE; estrogen response element, GPER; G protein-coupled estrogen receptor, 
cAMP; cyclic adenosine monophosphate, eNOS; endothelial nitric oxide synthase, NO; nitric oxide.  
Note: Although not depicted in this schematic, estrogen binding to estrogen receptor β (ERβ) follows the 
same pathway (Wickham, unpublished). 
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2.4.4 Ratio of ERα to ERβ 

ERα is predominantly responsible for exerting the anti-inflammatory effects, while ERβ 

has been suggested to be related to a pro-inflammatory profile (Koenig et al., 2017; 

Novella et al., 2012). The loss of estrogen associated with the menopausal transition has 

been suggested to result in a reduction in ERα protein expression, decreasing the ratio of 

ERα:ERβ, and ultimately favouring a pro-inflammatory phenotype (Novensà et al., 2011; 

Park et al., 2017). 

2.5  Aging, Menopause, and Vascular Health 

The complex interplay between, and relative contribution of, aging and menopause on 

cardiovascular disease risk has been debated for more than 30 years (Bittner, 2009). Aging 

and menopause occur concurrently and are intimately linked processes, which makes 

teasing apart their contributions to cardiovascular disease risk complicated and 

challenging (Bittner, 2009).  

2.5.1 Aging 

Under healthy conditions, the tissues of the body are constantly undergoing a balance of 

damage and repair processes (Yousefzadeh et al., 2021). However, it is generally accepted 

that the ultimate cause of aging is inadequately combatted damage to the body’s 

macromolecules (Yousefzadeh et al., 2021). Specifically, if cellular damage is not 

sufficiently repaired, it will accumulate and lead to physiological consequences (e.g., 

oxidation of deoxyribonucleic acid (DNA)). Cellular damage is largely attributed to the 

generation of reactive oxygen species, which react with DNA, proteins, and other 
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macromolecules in the body (Liguori et al., 2018). Accordingly, the ability to attenuate 

damage and the efficacy of the repair processes is critical in determining the rate of 

physiological aging (van Beek et al., 2016). However, changes in protein structure and 

other molecular interactions with proteins can also induce cellular damage (van Beek et 

al., 2016), and other biological processes contribute to aging (e.g., telomere shortening) 

(van Beek et al., 2016). 

Notably, aging is linked to impairments in skeletal muscle strength and endurance 

(Izquierdo et al., 2001) as well as an increased susceptibility to disease development and 

progression (Franceschi et al., 2018). These factors can significantly compromise an 

individual’s quality of life as well as health- and lifespan. 

2.5.2 Healthy Human Aging 

Human evolution highlights that the ‘default’ for health is to be physically active (Harridge 

and Lazarus, 2017). However, today, our society is facing a global health pandemic of 

physical inactivity (Kohl et al., 2012). Like a poor diet or smoking, physical inactivity poses 

significant negative physiological consequences that confound healthy human aging 

(Harridge and Lazarus, 2017). Importantly, sedentary behavior increases with advancing 

age (Kim and Lee, 2019). Therefore, it may be erroneous to study physically inactive older 

adults to understand the true physiological effects of aging. Instead, it has been suggested 

that studies should investigate physically active older adults, who are often devoid of 

other complicating health factors (e.g., obesity, diabetes, or other lifestyle-related 

diseases), to determine the inherent physiological impact of aging (Harridge and Lazarus, 

2017). Findings from master athletes (i.e., competitive older adult athletes) demonstrate 
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that, despite maintaining good physical fitness, there is still a gradual linear decline in 

health and cardiorespiratory fitness until the eighth decade of life. Thereafter, health and 

performance decrements occur at an accelerated rate (Harridge and Lazarus, 2017). 

Accordingly, it has been proposed that a certain threshold of regular physical activity is 

required for optimal aging and to maximize an individual’s health span (e.g., physical 

function and independence) (Lazarus and Harridge, 2017). 

2.5.3 Vascular Consequences of Aging 

Aging is an established risk factor for the development of cardiovascular disease, primarily 

attributed to vascular oxidative stress and subsequent vascular endothelial dysfunction 

(Seals et al., 2011). For example, peak forearm blood flow stimulated by the endothelium-

dependent vasodilator acetylcholine declines progressively with increasing age (DeSouza 

et al., 2000). Similarly, brachial artery flow-mediated dilation (FMD), a gold standard 

evaluation of conduit artery function, is impaired with age (Celermajer et al., 1994). 

Moreover, there has been interest in the differences between conduit artery function in 

the arm versus the leg. This is attributed to differences in the orthostatic challenges on 

the vasculature, where the legs may be protected to a greater extent due to increased 

shear stress from walking. However, it has been shown in healthy older adults that leg 

FMD is also impaired with age (Nishiyama et al., 2008). 

Interestingly, individuals who are classified as lifelong physically active have been shown 

to have a lower risk of developing cardiovascular disease (Maessen et al., 2016). This may 

be attributed an attenuation of age-related declines in cardiovascular function with 

lifelong exercise training compared to physically inactive or low activity individuals 
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(Ozemek et al., 2018). Notably, lifelong participation in exercise has been linked to 

reduced arterial stiffness (Shibata et al., 2018) and enhanced NO bioavailability (Nyberg 

et al., 2012) compared to physically inactive controls. Unfortunately, comprehensive 

longitudinal studies on vascular health and function in lifelong active individuals are 

lacking, making it difficult to comment directly on the age-specific impact, as lifelong 

physically active individuals may also be less likely to have poor lifestyle habits (e.g., diet, 

smoking, etc.) compared to physically inactive individuals. 

2.5.4 Menopause and the Hormonal Milieu 

On average women enter menopause at the age of ~50 years old, with most women 

experiencing menopause between the ages of 45 and 55 (Hinchliff, 2019). Therefore, 

amidst increasing life expectancies worldwide, the average woman will live 30 to 40% of 

their life postmenopausal. 

The menopausal transition denotes a break in the regular menstrual rhythm, triggered by 

a diminishing oocyte supply (Santoro and Randolph, 2011). The menopausal transition is 

defined by two stages, early and late. The early phase of the menopausal transition is 

characterized by skipped menstrual cycles or irregularities in cycle duration (>6 days) 

(Harlow et al., 2008). The early menopausal transition is terminated, and the late 

menopausal transition stage begins, when the oocyte supply reaches critically low levels, 

and a woman has been amenorrheic for >60 days (Harlow et al., 2008). Menopause is 

defined as ≥12 months without menstrual bleeding (Wallace et al., 1979). The 

menopausal transition and first few years of menopause are accompanied by several 

symptoms including, but not limited to, hot flashes, insomnia, joint pain, and fatigue 
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(Santoro et al., 2015). These symptoms are attributed to drastic changes in the hormonal 

milieu throughout the menopausal transition and, more than 85% of women will 

experience at least one of these menopausal symptoms (Kalhan et al., 2020).  

There are several key blood markers of the menopausal transition including follicle-

stimulating hormone (Randolph et al., 2011), anti-Mullerian hormone (Sowers et al., 

2008), inhibin B (Danforth et al., 1998), and estradiol (Finkelstein et al., 2008). Notably, 

anti-Mullerian hormone and inhibin B are produced by early ovarian follicles, making 

them direct reflections of the ovarian follicular pool. Specifically, as the number of ovarian 

follicles declines with age, anti-Mullerian hormone and inhibin B levels also decline 

(Danforth et al., 1998; Sowers et al., 2008). However, due to its widespread availability 

and low cost of analysis, follicle-stimulating hormone is the most common marker of the 

menopausal transition (Santoro and Randolph, 2011). Follicle-stimulating hormone is 

produced by the hypothalamus in the brain and is typically responsible for stimulating 

ovulation. However, with increasing age and a shift towards the menopausal transition, 

the ovaries no longer respond to normal follicle-stimulating hormone levels. Therefore, 

more follicle-stimulating hormone is released in an attempt to trigger ovulation. This rise 

in follicle-stimulating hormone is a hallmark of the menopausal transition (≥30 IU·L-1), 

which remains elevated in menopause (Randolph et al., 2011). Lastly, in premenopausal 

women estradiol levels range between 30 to 4000 pg·mL-1 and are largely maintained 

throughout the early menopausal transition (Su and Freeman, 2009). However, after 

menopause, estradiol levels decrease dramatically to <30 pg·mL-1 (Finkelstein et al., 

2008). Importantly, it is typically the decline in endogenous estradiol levels that is 
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associated with adverse health outcomes in postmenopausal women (Iqbal and Zaidi, 

2009). 

2.5.5 Vascular Consequences of Menopause 

Men demonstrate a relatively steady rise in arterial blood pressure with age. Conversely, 

women have largely unaltered blood pressure until menopause, thereafter a relatively 

rapid rise is observed (Barton and Meyer, 2009; Staessen et al., 1997). Similarly, in both 

men and women there is a gradual decline in vascular function with aging, however in 

women this decline is significantly more pronounced after menopause (Holder et al., 

2019), suggesting that these impairments are linked to the loss of endogenous estrogen 

associated with menopause. Accordingly, an interest has been sparked in understanding 

the accelerated vascular aging that occurs with the loss of endogenous estrogen at 

menopause. 

An intriguing prospective study by Matthews et al., (2009) followed 1054 late 

premenopausal women for one year before their last menstrual bleeding as well as for 

the year after their last menstrual bleeding. They found that total cholesterol, low density 

lipoproteins, and apolipoprotein B (i.e., blood lipids) were substantially elevated within 

the year after their last menstrual bleeding (Matthews et al., 2009). This study provided 

preliminary evidence that even the menopausal transition can elicit significant effects on 

factors that influence cardiovascular health. In recent years, researchers have continued 

to elucidate the contribution of menopause to cardiovascular disease risk by comparing 

late premenopausal women and recently postmenopausal women, two cohorts that only 

differ marginally in age (e.g., <5 years). Notably, recently postmenopausal women display 
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characteristics of impaired cardiovascular health including elevated diastolic blood 

pressure, markers of vascular inflammation, thromboxane A2 synthase (important for 

vasoconstriction and platelet aggregation) (Nyberg et al., 2014), total cholesterol 

(Mandrup et al., 2017), and basal platelet reactivity (Lundberg Slingsby et al., 2017) 

compared to late premenopausal women. Together, this evidence suggests that the first 

few years of menopause pose a significant threat to cardiovascular health. 

2.6  Menopause and Hormone Replacement Therapy  

Hormone replacement therapy (HRT) involves administering exogenous sex hormones to 

postmenopausal women to relieve symptoms of menopause as well as mitigate disease 

risk associated with menopause (Harper-Harrison and Shanahan, 2022). The first HRT 

treatments utilizing estrogen replacement only were produced as early as the 1900s, but 

only became an established treatment option for postmenopausal women in the 1940s. 

Estrogen-only HRT first gained widespread popularity during the feminist movement of 

the 1960s, and combined estrogen and progestogen HRT gained substantial popularity in 

the 1980s and 1990s (Rosano et al., 2009). Accordingly, the first clinical trials on combined 

estrogen and progestogen HRT were conducted in the United States in the early 1990s 

(Nelson et al., 2002; Rossouw et al., 2002). 

2.6.1 Administration of Hormone Replacement Therapy 

There are a wide variety of HRT strategies featuring different hormonal combinations and 

administration strategies. Most women using HRT will take a combination of estrogen and 

progestogen. However, in women who have had a hysterectomy (i.e., surgical removal of 
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the uterus), which artificially induces menopause, estrogen-only therapy can be 

prescribed (Haney and Wild, 2007). Exogenous estrogens can be administered orally, 

transdermally via patches, gels, sprays, or subcutaneous implants, vaginally, or by 

injection (Harper-Harrison and Shanahan, 2022). Alternatively, progestogens can only be 

administered orally or transdermally (Harper-Harrison and Shanahan, 2022). Therefore, 

combined HRT is delivered either orally or transdermally. HRT can be taken daily or used 

in cycles (Harper-Harrison and Shanahan, 2022). 

2.6.2 Proposed Benefits of Hormone Replacement Therapy 

In the 1990s and early 2000s, several studies emerged showing that HRT could alleviate 

menopausal symptoms and improve the health and lifespan of postmenopausal women 

(Hackley and Rousseau, 2004). For example, HRT has been shown to significantly reduce 

the severity of hot flashes (Greendale et al., 1998), insomnia (Polo-Kantola et al., 1999), 

and genitourinary symptoms (Willhite and O’Connell, 2001). Notably, women with a 

history of estrogen therapy (Henderson et al., 1991) and combined HRT (Grodstein et al., 

1997) use had lower all-cause mortality than non-users. Other studies have demonstrated 

a reduced risk of developing colorectal cancer (Chlebowski et al., 2004), dementia (Yaffe 

et al., 1998), cardiovascular disease (Grady et al., 1992), and bone fractures (Cauley et al., 

2003) among HRT users. 

2.6.3 Adverse Effects Associated with Hormone Replacement Therapy 

Despite the initial glowing reviews of HRT, over the last few decades HRT has become one 

of the most controversial topics related to women’s health, as a mounting body of 

evidence points towards a multitude of adverse side effects associated with HRT. Initial 
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concerns arose in 1975 when evidence began to show that estrogen-only HRT was 

associated with an increased risk of developing endometrial cancer (Smith et al., 1975; 

Ziel and Finkle, 1975). Approximately a decade later, the initial unease subsided, and the 

popularity of HRT skyrocketed once the United States Food and Drug Administration 

approved the use of combined estrogen and progestogen HRT in 1988 (Cagnacci and 

Venier, 2019). However, additional concerns quickly arose from the first clinical trial titled 

the Women’s Health Initiative conducted in the United States in 2002. The HRT arm of 

the study was terminated prematurely due to safety issues including the development of 

various types of cancer as well as cardiovascular disease (Nelson et al., 2002; Rossouw et 

al., 2002). Supporting these findings, a recent meta-analysis showed that postmenopausal 

women using HRT are at an increased risk of developing ovarian cancer compared to 

untreated postmenopausal women (Liu et al., 2019). Moreover, evidence from large-scale 

randomized HRT trials showed that long-term use (i.e., >5 years) increased the risk of 

developing breast cancer (Kerlikowske et al., 2003; Li et al., 2003; Marsden, 2002). 

Interestingly, this risk declines following the cessation of HRT treatment, suggesting a 

tumour growth promoting effect of HRT (Fournier et al., 2014). 

It appears that there is a ‘timing effect’ and ‘health status effect’ when considering the 

impact of HRT on cardiovascular disease risk in postmenopausal women. First, HRT is 

associated with significantly greater adverse cardiovascular health effects if initiated late 

after the beginning of menopause (i.e., >10 years) (Goldman, 2004; Rossouw et al., 2007). 

This evidence stems from a revisit to The Women’s Health Initiative data, which unveiled 

that HRT was only beneficial for postmenopausal women <10 years into menopause, 
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whereas increased health risks were observed in the postmenopausal women initiating 

HRT more than 10 years after the start of menopause (Hsia et al., 2006; Rossouw et al., 

2007). Additional follow up studies have narrowed this window by showing HRT-induced 

improvements in blood pressure, plasma catecholamine, and cholesterol levels in women 

<5 years after menopause, whereas there was no benefit in the women ≥5 years after 

menopause (Brownley et al., 2004). Second, HRT should only be initiated in healthy 

postmenopausal women, as some evidence suggests that women with increased 

cardiovascular disease risk experienced an increased number of cardiovascular events 

during the first year of HRT despite positive effects on markers of cardiovascular health 

including lowered total cholesterol, elevated high-density lipoproteins, improved 

vasodilation, and reduced inflammation (Joswig et al., 2000). Alternatively, a series of 

studies have reported no beneficial effect of HRT on the occurrence of cardiovascular 

events in postmenopausal women with existing cardiovascular disease (Cho and 

Mukherjee, 2005). 

2.7 Dual Anti-Platelet Therapy (DAPT) and Thrombotic Risk 

Acute coronary syndrome, characterized by sudden reduced blood flow to the heart, is 

typically triggered by an atherosclerotic plaque rupture and subsequent thrombosis, 

whereby a blood clot obstructs flow through a vessel (Alkarithi et al., 2021). Following a 

non-fatal acute coronary syndrome, patients are prescribed dual anti-platelet therapy 

(DAPT) for 12 months (Collet et al., 2021) to reduce platelet hyperreactivity and the 

formation of harmful blood clots by dramatically increasing the anti-platelet effects of NO 

and prostacyclin (Chan et al., 2016; Collet et al., 2021; Kirkby et al., 2013; Warner et al., 
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2016). DAPT is a daily medication consisting of aspirin and a P2Y12 receptor antagonist 

(e.g., ticagrelor or clopidogrel), which synergistically inhibit platelet activation (Manolis et 

al., 2013). 

2.7.1 Aspirin 

Aspirin, also known as acetylsalicylic acid, inhibits platelet aggregation by irreversibly 

inhibiting cyclooxygenase-1, an enzyme that is important for the conversion of 

arachidonic acid to prostaglandin H2 and ultimately thromboxane A2 production via 

thromboxane A2 synthase (Warner et al., 2011) (Figure 2-7). However, prostaglandin H2 

is a crucial control point in platelet metabolism as it can also be converted to prostacyclin, 

an inhibitor of platelet aggregation, via prostacyclin synthase. Accordingly, via 

cyclooxygenase-1, it is impossible to inhibit thromboxane A2 production without 

simultaneously affecting prostacyclin production. Therefore, it has been important to find 

the optimal dosing regimen to maximize the inhibition of thromboxane A2, while 

minimizing the impact on prostacyclin. Recent evidence suggests that low doses of aspirin 

(i.e., <80 mg∙day-1; equivalent to one tablet of baby aspirin) elicit an optimal anti-platelet 

response (i.e., ≥95% inhibition of platelet thromboxane A2 production) (Parker et al., 

2019), while prostacyclin production is affected to a lesser extent (FitzGerald et al., 1983; 

Thorp et al., 1988). 

2.7.2 P2Y12 Receptor Antagonists 

The most common P2Y12 receptor antagonists include clopidogrel (2nd generation), 

prasurgrel (3rd generation), and ticagrelor (4th generation) (Warlo et al., 2019). Clopidogrel 

is a member of the thienopyridine family, which require metabolic activation by the liver 
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to provide anti-platelet effects. Clopidogrel elicits its anti-platelet effects through direct 

and irreversible binding to the ADP binding site on platelets (Savi et al., 1998). Prasurgrel 

is also a member of the thienopyridine family and affects platelet aggregation in the same 

way as clopidogrel, however the anti-platelet effects of prasurgrel are ~10-fold more 

potent (Norgard and Abu-Fadel, 2009). Conversely, ticagrelor belongs to the 

cyclopentyltriazolopyrimidine family and works by reversibly and non-competitively 

binding to the P2Y12 receptor at a site that is distinct from the endogenous ADP binding 

site (Dobesh and Oestreich, 2014) (Figure 2-7). Ticagrelor has been associated with the 

best cardiovascular outcomes in patients with acute coronary syndrome (Briasoulis et al., 

2016). Typically, ticagrelor is administered as 90 mg taken twice daily (Fuller and Chavez, 

2012). 

Figure 2-7:Dual anti-platelet therapy (DAPT) and platelet function. 

Inhibition of platelet activation by treatment with dual anti-platelet therapy (DAPT) consisting of aspirin 
and a P2Y12 receptor antagonist, such as Ticagrelor. AA; arachidonic acid, COX-1; cyclooxygenase-1, PGH2; 
prostaglandin H2, TXA2; thromboxane A2, ADP; adenosine 5’-diphosphate; Ca2+; calcium, GPVI; 
glycoprotein VI (Wickham, unpublished). 
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2.7.3 Efficacy of Dual Anti-Platelet Therapy (DAPT) 

Since the 1950s, aspirin has been known to have anti-thrombotic effects (Miner and 

Hoffhines, 2007). However, it was not until the late 1980s and early 1990s that P2Y12 

receptor antagonists were first utilized for anti-platelet effects (Balsano et al., 1990; Gent 

et al., 1989; Hass et al., 1989). Accordingly, the first DAPT studies and clinical trials 

assessing recurrence of thrombotic events only emerged in the mid-to-late-1990s 

(Bertrand et al., 2000; Bossavy et al., 1998; Gregorini and Marco, 1997; Lablanche et al., 

1996). Since then, numerous studies have confirmed the potent anti-platelet effects of 

DAPT and the prevention of thrombotic events (Elmariah et al., 2015; Lee et al., 2020; Xu 

et al., 2021), and recent investigations have attempted to optimize the dosing strategies 

and time course of treatment (Breet et al., 2011; Briasoulis et al., 2016; Mallidi and Lata, 

2019; Trifan et al., 2021; Verdoia et al., 2021). 

A recent meta-analysis showed that DAPT consisting of clopidogrel and aspirin, compared 

to aspirin alone, resulted in a reduction in recurrent vascular events 3 months after an 

initial stroke (Lee et al., 2020). Moreover, another meta-analysis highlighted that 

compared with monotherapy (i.e., one of either aspirin or a P2Y12 receptor inhibitor), 

DAPT significantly reduced the risk of recurrent stroke, but significantly increased the risk 

of major bleeding (Trifan et al., 2021). However, when DAPT was administered as aspirin 

plus ticagrelor, the risk of major bleeding was comparable to monotherapy (Trifan et al., 

2021). Together, these findings support the notion that DAPT is more effective than 

monotherapy, and DAPT consisting of aspirin and ticagrelor is the safest and most 

effective treatment strategy following acute coronary syndrome. 



41 
 

A previous study tested the efficacy of DAPT treatment for 12 vs. 30 months (Mauri et al., 

2014). Although DAPT treatment for 30 months resulted in further reductions in rates of 

thrombosis and other cardiovascular events, the rate of all-cause mortality was 2.0% 

higher than the group that only received 12 months of treatment (Mauri et al., 2014). 

These findings have helped shape the guidelines promoting DAPT utilization for 12 

months following an acute coronary syndrome. However, there are many inter-individual 

considerations determining the efficacy and length of DAPT treatment. For example, a 

recent meta-analysis suggests that very short-term DAPT followed by P2Y12 receptor 

antagonist monotherapy may also be beneficial solution for patients with an increased 

risk of major bleeding (Xu et al., 2021; Zhong et al., 2021).  

Taken together, both HRT and DAPT may prove beneficial as short-term interventions for 

reducing an individual’s cardiovascular risk. However, when applied for longer durations 

they may be associated with adverse health outcomes, supporting the notion that safe 

and sustainable alternative therapies are required for the long-term maintenance of 

vascular health in postmenopausal women. 

2.8  Menopause, Exercise Training, and Vascular Health 

For the last few decades, exercise has been at the forefront of alternative therapies for 

attenuating age- and disease-related health decrements (Reuter, 2012). Exercise provides 

a potent physiological stress that activates signalling cascades which promote beneficial 

adaptations to exercise training (Reuter, 2012).  
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2.8.1 Exercise is Medicine 

The Exercise is Medicine initiative was founded in 2007 by the American College of Sports 

Medicine, with the aim of making regular physical activity a known health promoting 

intervention (Thompson et al., 2020). Exercise is a “medicine” that can be used in the 

treatment and prevention of age-related health impairments and chronic disease, and 

there is a large body of evidence supporting that those who “take it” live longer and higher 

quality lives (Thompson et al., 2020). Moreover, it has been shown that physical activity 

can be as effective as pharmaceutical interventions in the secondary prevention of 

cardiovascular disease and diabetes (Naci and Ioannidis, 2013). Therefore, exercise 

provides a sustainable, cost-effective, and long-term alternative to promote 

cardiovascular health in all cohorts.  

2.8.2 Exercise Training and Menopause 

Exercise poses numerous health benefits for postmenopausal women including 

prevention of cardiovascular and metabolic syndromes, strengthening bones, increasing 

muscle mass, and reducing symptoms of menopause (Grindler and Santoro, 2015). 

Moreover, regular physical activity dramatically reduces all-cause mortality in 

postmenopausal women compared to sedentary postmenopausal women (Grindler and 

Santoro, 2015). These findings are relatively new, as the study of exercise training in 

postmenopausal women has only gained significant traction over the last two decades, 

despite knowing that exercise training is beneficial for cardiovascular health in older men 

for over 60 years (Brown et al., 1957).  
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This dissertation will focus on the vascular benefits of exercise training in postmenopausal 

women. Previous evidence suggests that exercise elicits cardioprotective effects in 

postmenopausal women, as those who participated in <1 hour of moderate-to-vigorous 

activity per week had a 58% greater risk of developing cardiovascular disease compared 

to women who exercised >3.5 hours per week (Li et al., 2006). The cardioprotective 

effects of exercise occur through several mechanisms. For example, regular exercise has 

been shown to improve the plasma lipid profile via reductions in triglyceride, low density 

lipoprotein, and very low density lipoprotein levels while increasing high density 

lipoprotein (HDL) levels (Muscella et al., 2020). Thus, decreasing the risk of atherogenesis 

(Muscella et al., 2020). Additionally, the shear stress from regular exercise has been 

shown to increase the bioavailability of NO, which significantly enhances vascular 

vasodilatory capacity and reduces arterial blood pressure (Green et al., 2004). Lastly, 

regular exercise has been shown to enhance the activity of endogenous antioxidant 

defense systems as well as reduce free radical generation (Tofas et al., 2020). 

Recently, a few studies have compared the effects of exercise training in late 

premenopausal women and recently postmenopausal women to determine if the 

menopausal transition affects the efficacy of exercise training adaptations. Exercise 

training improves fitness (Seidelin et al., 2017), reduces body mass and increases lean 

mass and bone mineral density (Mandrup et al., 2017; Seidelin et al., 2017), improves 

cardiovascular function via reduced diastolic blood pressure (Nyberg et al., 2014), and 

increased heart volume and strain (Egelund et al., 2017) to an equal extent between late 

premenopausal and recently postmenopausal women. However, in a study by Lundberg 
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Slingsby et al. (2017) basal platelet reactivity was only improved in late premenopausal 

women, with no effect of training in recently postmenopausal women. Together, these 

findings suggest that cardiovascular adaptations can be achieved if exercise training is 

initiated shortly before or after menopause, although the benefits of exercise training 

may be maximized before the menopausal transition. Recently, the scientific community 

has started to expand on this question by asking whether the number of years after 

menopause could significantly impact the adaptations to exercise training. 

2.8.3 The Timing of Exercise Training in Menopause 

Although regular exercise training provides significant cardiovascular adaptations in men 

of all ages, the effects in older women are less consistent. In line with the evidence for 

the efficacy of HRT, the exercise timing hypothesis suggests that exercise training may be 

more effective for inducing cardiovascular benefits in recently compared to late 

postmenopausal women (Gliemann and Hellsten, 2019). Recently postmenopausal 

women are typically defined as being ≤5 years after the menopausal transition, whereas 

late postmenopausal women are ≥10 years postmenopausal. The exercise timing 

hypothesis is supported by a small but growing body of evidence highlighting no 

improvement in cardiovascular function after training in late postmenopausal women or 

groups of postmenopausal women with a diverse age range (Moreau et al., 2013; Pierce 

et al., 2011; Spina et al., 1993). However, significant cardiovascular improvements are 

seen in recently postmenopausal women (Egelund et al., 2017; Nyberg et al., 2016, 2014).  

Several potential mechanisms have been proposed to explain the exercise timing 

hypothesis: (1) changes in estrogen receptor and ERRα signalling, (2) the initial degree of 
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vascular impairment, as well as (3) imbalances in antioxidant defense systems (Gliemann 

and Hellsten, 2019). First, regular physical activity can mimic some of the effects of 

endogenous estrogens through the activation of ERRα, via skeletal muscle contractions, 

promoting the production of key proteins related to vascular health (e.g., eNOS, SOD2, 

and mitochondrial biogenesis) (Craige et al., 2016; Perry et al., 2014) (Figure 2-8). 

Therefore, before menopause estrogenic effects can be achieved by both endogenous 

estrogens and regular physical activity. However, the menopausal transition results in the 

loss of ERE activation via estrogens binding to estrogen receptors, thereby reducing the 

potential for cardiovascular adaptations to exercise training. Intriguingly, ERRα may 

attempt to compensate for the menopause-related loss of ERE activation, as ERRα protein 

content increased significantly in postmenopausal women following a period of exercise 

training, an effect that was not observed in premenopausal women (Nyberg et al., 2014).  

Importantly, in postmenopausal women, there may be an optimal window for 

contraction-mediated training adaptations, as ERRα protein content is negatively 

correlated with years after menopause in sedentary women, suggesting that the 

opportunity for accruing beneficial cardiovascular adaptations to exercise training may 

decrease with increasing time after menopause (Gliemann and Hellsten, 2019). Second, 

atherosclerotic plaque development begins when endothelial cells are repeatedly 

exposed to a suboptimal environment (e.g., poor lipid profile, hypertension, free radicals). 

The progression of atherosclerosis begins with functional impairments to resistance 

vessels and moves to structural alterations, such as arterial stiffening (Francis and Pierce, 

2011). It is more difficult to reverse long-lasting structural changes to the vasculature as 
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opposed to circulating biomarkers that trigger functional impairments to the vessel 

(Francis and Pierce, 2011). Third, aging and menopause are associated with increased 

reactive oxygen species production and concomitant impairments to the endogenous 

antioxidant defense system, resulting in increased oxidative stress (van Beek et al., 2016). 

Exercise acutely increases skeletal muscle reactive oxygen species production, an effect 

that is critical for exercise training adaptations. In young, healthy individuals, the 

endogenous antioxidant systems can combat this acute rise in reactive oxygen species. 

However, with aging and menopause it is possible that ROS formation exceeds the 

capacity of the antioxidant systems, thereby blunting the potential for beneficial 

adaptations to exercise training. 
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2.9  Menopause, Phytoestrogens, and Vascular Health 

Recently, a growing interest in the role of phytoestrogens as a natural means to promote 

vascular health has emerged. Phytoestrogens are non-steroidal compounds derived from 

plants or plant precursors, and belong to one of three classes: isoflavones, lignans, or 

coumestans (Bedell et al., 2014). A particular focus has been placed on isoflavones, such 

as soybeans and red clover, due to their potent estrogenic activity, relative to other 

phytoestrogens (Vitale et al., 2013).  

Figure 2-8: Estrogen-related receptor α (ERRα) and exercise. 

ERRα can be activated by exercise and has been shown to regulate many of the same signalling pathways 
as endogenous estrogen. MAPK; mitogen-activated protein kinase, ERα; estrogen receptor alpha, ERE; 
estrogen response element, GPER; G protein-coupled estrogen receptor, cAMP; cyclic adenosine 
monophosphate, eNOS; endothelial nitric oxide synthase, NO; nitric oxide (Wickham, unpublished). 
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2.9.1 Isoflavones and Vascular Health 

Following consumption, isoflavones are enzymatically converted to aglycones (e.g., 

genistein and daidzein) in the gut and released into the circulation (Bedell et al., 2014). 

The chemical composition of aglycones contains a phenolic ring (Rahman et al., 2022), 

which can mimic the roles of endogenous estrogens by binding to both estrogen receptor 

alpha (ERα) and estrogen receptor beta (ERβ) (Pfitscher et al., 2008; Pilšáková et al., 

2010). Compared to endogenous estrogens, phytoestrogens have weak estrogenic 

activity (Viggiani et al., 2019) and although endogenous estrogens binds with equal 

affinity to ERα and ERβ (Couse et al., 1997), phytoestrogens appear to have a higher 

affinity for ERβ (Pfitscher et al., 2008). Previous research has shown that women ingesting 

large quantities of phytoestrogens (e.g., through diet or supplementation) are less likely 

to develop cardiovascular disease as well as breast and uterine cancer (Horn-Ross et al., 

2003; Sathyapalan et al., 2018). Long-term (≥6 weeks) soy isoflavone supplementation 

studies have shown that this may be attributed to greater NO bioavailability (Squadrito 

et al., 2002) and prostacyclin release (García-Martínez et al., 2003) as well as reduced 

endothelin-1 levels (Squadrito et al., 2002) in postmenopausal women. Moreover, long-

term soy isoflavone supplementation can improve markers of vascular inflammation in 

postmenopausal women (Colacurci et al., 2005; Hall et al., 2005; Lebon et al., 2014). 

Importantly, these positive changes in vascular biomarkers with soy isoflavone 

supplementation may contribute to an improvement in vascular function (S.-H. Li et al., 

2010). 
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2.9.2 Fermented Red Clover Extract and Vascular Health 

Red clover (trifolium pratense), a plant known for its high phytoestrogen content, is a 

novel therapeutic intervention for postmenopausal women. This is attributed to its high 

isoflavone content, particularly biochanin A and formononetin (metabolites of genistein 

and daidzein) (Lemežienė et al., 2015). Though limited, previous research has shown that 

4 to 5 weeks of supplementation with red clover extract can confer positive effects on 

vascular function in postmenopausal women (Howes et al., 2003; Nestel et al., 1999). 

However, the findings regarding blood markers of cardiovascular health are currently 

unclear. Some evidence suggests improvements in antioxidant and vasorelaxant 

properties (Kim et al., 2020) as well as atherogenic adhesion molecules (Simoncini et al., 

2008), while other studies show no effect of red clover extract on inflammation (Thorup 

et al., 2015) or coagulation (Mainini et al., 2013). Notably, recent advances in food science 

and nutraceutical biochemistry have used the fermentation process, converting 

glycosides to aglycones (Thorup et al., 2015), to significantly improve the bioavailability 

and therapeutic potential of red clover isoflavones (Ting et al., 2014). Therefore, although 

the research is in its infancy, fermented red clover extract (RC) may be a safe, easily 

accessible, and highly efficacious therapeutic intervention to promote vascular health in 

postmenopausal women. 

2.10  Gaps in the Literature 

Over the last 10 years, there has been a growing emphasis on the underrepresentation of 

women in human physiology research (Costello et al., 2014; Ribeiro et al., 2022; Smith et 

al., 2022). Although leaps and bounds have been made to encourage female-specific 
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inclusion, this work has tended to focus on the inclusion of young, healthy women. Ribeiro 

et al. (2022) published a review article summarizing the findings regarding the benefits of 

physical exercise in postmenopausal women, where only five research articles were 

included between 2014 and 2018, highlighting the scarcity of this research. Moreover, a 

recent study reported that women are underrepresented in human cardiovascular clinical 

trials aimed at verifying the efficacy of common therapeutics. Specifically, women 

comprised only 24% of participants in ischemic heart disease and heart failure trials, 

which are the most common cardiovascular conditions affecting women (Pilote and 

Raparelli, 2018). Another study highlighted that older women are often excluded from 

clinical trials studying ischemic heart disease, even though the disease is more prevalent 

in older populations (Bourgeois et al., 2017). Together, major gaps clearly remain in our 

fundamental understanding of the physiological consequences of menopause as they 

relate to drug interventions and alternative therapies, such as exercise and phytoestrogen 

supplementation (Figure 2-9).  

This dissertation aims to help bridge those gaps by contributing novel and comprehensive 

insights into the impact of exercise training and phytoestrogen supplementation on 

vascular health in postmenopausal women. The first project explores the synergy 

between exercise training and cardiovascular medications. The review and second project 

investigate the efficacy of the initiation of exercise training relative to the time after 

menopause. Finally, the third project investigates the short-term effects of a novel 

phytoestrogen supplement on vascular health outcomes. 
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Figure 2-9: Overview of the knowledge gap that the dissertation aims to address (Wickham, unpublished). 
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CHAPTER 3 OBJECTIVES & HYPOTHESES 

To explore the impact of exercise training and phytoestrogen supplementation on 

vascular health in postmenopausal women, three unique studies were designed. These 

projects are outlined in Chapters 4, 6, and 7. A review article is presented in Chapter 5, 

which provides the groundwork for Chapter 6 and highlights key aspects that bridge the 

three research studies. The project-specific objectives and hypotheses are summarized 

below. 

3.1 Study I – Objective & Hypothesis (Chapter 4) 

Objective: To examine the effects of 8 weeks of high-intensity exercise training on platelet 

reactivity and prostacyclin sensitivity at rest and in response to in-vitro treatment with 

dual anti-platelet therapy (DAPT) in postmenopausal women. 

Hypothesis: Exercise training would improve resting platelet prostacyclin sensitivity and 

potentiate the effects of DAPT on platelet aggregation in postmenopausal women.  

3.2 Review I – Objective & Hypothesis (Chapter 5) 

Objective: To discuss the current literature investigating the effects of aging and 

menopause on vascular health and to highlight the importance of timing of exercise 

training in aging women. 

3.3 Study II – Objective & Hypothesis (Chapter 6) 

Objective: To determine the impact of time after menopause on vascular adaptations to 

an 8-week high-intensity exercise training program. 
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Hypothesis: Recently postmenopausal women (≤5 years after menopause) would have 

more significant vascular adaptations to the exercise program compared to late 

postmenopausal women (≥10 years after menopause). 

3.4 Study III – Objective & Hypothesis (Chapter 7) 

Objective: To explore the effects of 2 weeks of fermented red clover extract 

supplementation on vascular health in recently postmenopausal women. 

Hypothesis: Short-term supplementation with fermented red clover extract would 

significantly improve markers of vascular health in the blood and skeletal muscle of 

recently postmenopausal women. 
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CHAPTER 4  

Study I – High-intensity exercise training improves basal platelet 
prostacyclin sensitivity and potentiates the response to dual anti-platelet 
therapy in postmenopausal women 

As published in Biomolecules (doi: 10.3390/biom12101501) (IF: 6.06) 

Wickham, K.A.1,2, Nørregaard, L.B.1, Lundberg Slingsby, M.H.1, Cheung, S.S.2, and 

Hellsten, Y.1* 

 

1August Krogh Section for Human Physiology, Department of Nutrition, Exercise and 

Sports, University of Copenhagen, Denmark 

2Environmental Ergonomics Lab, Department of Kinesiology, Brock University, St. 

Catharines, Ontario, Canada 

 

Figure 4-1: Study I graphical abstract. 

8 weeks of high-intensity exercise training significantly improves basal platelet prostacyclin 
sensitivity and in response to dual anti-platelet therapy consisting of aspirin and ticagrelor. 
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4.1 Abstract 

The risk of thrombotic events dramatically increases with age and may be accelerated in 

women by the cessation of endogenous estrogen production at menopause. Patients at 

risk of thrombosis are prescribed dual anti-platelet therapy (DAPT; aspirin and a P2Y12 

antagonist) and are encouraged to participate in regular physical activity, as these 

modalities improve nitric oxide and prostacyclin-mediated inhibition of platelet 

aggregation.  

Methods: We assessed prostacyclin sensitivity as well as basal platelet reactivity with and 

without in-vitro DAPT before and after an 8-week high-intensity exercise training program 

in 13 healthy, sedentary postmenopausal women. The training intervention consisted of 

three 1-hour sessions per week. Isolated platelets were analyzed for thromboxane A2 

receptor, thromboxane A2 synthase, cyclooxygenase-1, and prostacyclin receptor protein 

expression. Additionally, plasma 6-keto prostaglandin F1α and thromboxane B2 levels 

were determined.  

Results: Exercise training made platelets more sensitive to the inhibitory effects of 

prostacyclin on thromboxane-, collagen-, and adenosine 5’-diphosphate (ADP)-induced 

aggregation, as well as thrombin-receptor activator peptide 6- and ADP-induced 

aggregation with DAPT. However, there was no change in protein expression from 

isolated platelets or plasma thromboxane B2 and prostacyclin levels following training.  
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Conclusion: Together, these findings emphasize the importance of promoting physical 

activity as a tool for reducing thrombotic risk in postmenopausal women and suggest that 

training status should be considered when prescribing DAPT in this cohort. 

4.2 Introduction 

Thrombotic events are a leading cause of death, affecting one in four people worldwide 

[1], and the risk of thrombosis dramatically increases after the age of 60 [2]. In healthy 

individuals, circulating platelets are activated in response to vascular injury to promote 

platelet aggregation and subsequent thrombus formation [3]. However, aging is 

associated with an increase in circulating factors that promote platelet activation without 

a proportional increase in factors that prevent platelet activation, contributing to an 

increased thrombotic risk [4–6]. In a large cohort study of men and women, each 

successive decade of life was linked to an ~8% increase in platelet aggregability [7]. 

Notably, compared to men, women may have an exaggerated increase in platelet 

hyperreactivity and thrombotic risk with age due to menopause, and the concomitant loss 

of endogenous estrogen [8–10]. Estrogen inhibits platelet reactivity by stimulating the 

production of key endothelial-derived platelet inhibitors including nitric oxide (NO) [11] 

and prostacyclin [12]. Therefore, in menopause, when estrogen levels are very low, the 

balance is shifted in favour of platelet activation over inactivation, and thus blood clot 

formation, which contributes to the elevated risk of thrombosis in this cohort [8,10].  

Patients who have experienced a thrombotic event, or who are deemed at risk of 

thrombosis, are typically prescribed dual anti-platelet therapy (DAPT) for 12 months [13] 
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to reduce platelet hyperreactivity and the formation of harmful blood clots. DAPT also 

dramatically increases the anti-platelet effects of NO and prostacyclin [14–16]. DAPT 

consists of aspirin, which inhibits platelet production of thromboxane A2 and a P2Y12 

receptor antagonist (e.g., ticagrelor, prasugrel, or clopidogrel), which inhibits the 

activation of platelet adenosine 5’-diphosphate (ADP) P2Y12 receptors. In addition to 

DAPT, the patients are encouraged to participate in regular physical activity, due to its 

established array of beneficial effects on vascular health [13,17,18]. Importantly, in 

postmenopausal women, regular exercise mimics many of the same cardioprotective 

effects as endogenous estrogen, and the reductions in platelet hyperreactivity are at least 

partially attributed to exercise-induced improvements in NO and prostacyclin 

bioavailability [19–21] and platelet prostacyclin sensitivity [9]. Taken together, regular 

exercise and DAPT both elicit anti-platelet effects via NO and prostacyclin-mediated 

pathways, highlighting the potential for a synergistic effect.  

Previous research from our laboratory has shown that well-trained middle-aged men are 

more sensitive to DAPT (aspirin and ticagrelor) than age-matched untrained individuals 

[22]. This demonstrates that in men, training status should be considered when 

prescribing DAPT. However, given that current health guidelines recommend 

concomitant DAPT and regular physical activity interventions [13], which both provide 

potent anti-platelet effects, it is critical to evaluate the direct impact of an exercise 

training program on the efficacy of DAPT in previously sedentary individuals. Moreover, 

several reviews have recently drawn attention to the severe underrepresentation of 

women in DAPT research initiatives [23,24], as well as preliminary evidence for lower 
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DAPT efficacy in women compared to men [25,26]. Therefore, the purpose of this study 

is to assess the impact of an 8-week high-intensity exercise training program on: (1) 

prostacyclin sensitivity with and without in-vitro DAPT, (2) basal platelet reactivity with 

and without in-vitro DAPT, (3) isolated platelet protein expression, and (4) circulating 

levels of platelet activators and inhibitors in postmenopausal women. We hypothesized 

that 8 weeks of high-intensity exercise training would improve platelet prostacyclin 

sensitivity with and without in-vitro DAPT, which would be mediated by increases in 

platelet prostacyclin receptor expression and circulating prostacyclin. 

4.3 Methods 

The experimental protocol was approved by the ethics committee of Copenhagen (H-

20037633). All participants provided written informed consent and experiments were 

conducted in accordance with the Declaration of Helsinki. 

4.3.1 Recruitment of Subjects 

Sixteen participants were recruited for an 8-week exercise training intervention via an 

online participant database and newspaper advertisements. The inclusion criteria were 

sedentary (no regular physical activity in >2 years) but otherwise healthy, 

postmenopausal women (>12 months since last menstrual bleeding, confirmed by blood 

hormone levels; Figure 4-2), 50 to 70 years old, body mass index (BMI) <30 kg·m-2, and 

normotensive (blood pressure <130/90 mmHg). Participants were excluded if they 

smoked in the last 10 years or had excessive alcohol intake (>14 units per week as well as 

blood alanine transferase and aspartate aminotransferase levels). Other exclusion criteria 
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were the use of regular medication, hormone replacement therapy, or phytoestrogen 

supplements (e.g., soybean or red clover products).  

4.3.2 Study Design 

The study design consisted of a health screening day, two body composition days (pre- 

and post-training), two experimental days (pre- and post-training), and 8 weeks of high-

intensity exercise training. For all laboratory visits, participants were instructed to avoid 

caffeine for 24 hours, strenuous exercise for 48 hours, and non-steroidal anti-

inflammatory drugs for at least 7 days prior to participation. 

4.3.3 Health Screening Day 

All participants underwent an examination to ascertain their health status, eligibility to 

participate in exercise training, and that all inclusion criteria were met. The health 

examination included: a 10-point resting electrocardiogram (ECG), blood samples for 

hematological markers, sex hormones, and cholesterol (analyzed within 2 hours at 

Rigshospitalet in Copenhagen, Denmark) (Figures 4-2 and 4-3). Participants also 

completed the short version of the International Physical Activity Questionnaire (IPAQ) to 

quantify their self-reported physical activity habits. 

4.3.4 Exercise Training 

The participants underwent 8 weeks of high-intensity exercise training, which involved 1 

hour of training performed 3 times per week. The training program was accepted as 

completed when participants performed a minimum of 20 sessions, and training was 

terminated at a maximum of 26 sessions over the 8-week period. The training included a 
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combination of small-sided floorball matches and interval-based cycle training (spinning). 

This mixed modality, high-intensity training program was selected to maintain participant 

motivation and to avoid overuse injuries. Participants were required to participate in at 

least one session of floorball and one session of spinning per week with the option to 

select the third session based on preference. Each training session was monitored by 

members of the research team and encouragement was provided to facilitate high-

intensity exercise. Additionally, heart rate (HR) was monitored continuously (POLAR 

TEAM Pro, Polar Electro Oy, Finland) throughout the exercise sessions to quantitatively 

ensure a high exercise intensity was maintained (average HR of the entire session >75% 

HRmax). HR data was quantified using time spent in HR zones, where Zone 1 was ≤60% 

HRmax, Zone 2 was 61 to 70% HRmax, Zone 3 was 71 to 80% HRmax, Zone 4 was 81 to 

90% HRmax, Zone 5 was ≥91% HRmax, as defined by POLAR TEAM Pro (Polar Electro Oy, 

Finland). 

4.3.5 Body Composition Days 

Before and after the training intervention, participants arrived at the laboratory in a 

fasted state and rested in a supine position for 15 minutes before a dual energy x-ray 

absorptiometry (DXA) scan was performed to assess body composition. 

4.3.6 Experimental Days 

Experimental days were performed pre- and post-training. The participants arrived at the 

laboratory in a semi-fasted state (≥2 hours since last meal) and were instructed to repeat 

their diet for the post-training experimental day. A diet record was utilized to ensure 

successful repetition. Then, resting blood samples were drawn into 3.2% sodium citrate 
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tubes (454332, Greiner Bio-One, Austria) for basal and prostacyclin sensitivity platelet 

reactivity assays (~34 mL) and CTAD tubes (~18 mL; 454064, Greiner Bio-One, Austria) for 

platelet isolation. Participants then performed a maximal oxygen uptake (V̇O2max) test on 

a cycle ergometer for determination of fitness status. The test consisted of a 5 min warm-

up at 50 Watts (W) followed by 25 W·min-1 increases until volitional exhaustion. 

Participants then rested for 10 min before completing a V̇O2max verification at 110% Wmax 

until volitional exhaustion.  

4.3.7 Basal Platelet Reactivity Assay 

The primary outcomes of this assay were to: (1) determine the effects of exercise training 

on platelet aggregation and (2) evaluate the anti-aggregatory effects of DAPT pre- and 

post-training. To perform this assay, 18 mL of blood were drawn into 3.2% sodium citrate 

tubes. The blood was immediately analyzed for mean platelet count, red blood cells (RBC), 

and white blood cells (WBC) using a hematology analyzer (Sysmex XN-2100, Sysmex, 

Japan). Blood samples were then centrifuged at 180 g for 10 min at 20°C to obtain platelet 

rich plasma (PRP). The PRP was pipetted into two 2 mL aliquots for treatment with vehicle 

or DAPT. The remaining blood was centrifuged further at 15000 g for 2 min at 20°C to 

obtain platelet poor plasma (PPP). One 2 mL aliquot of PRP was treated with vehicle 

consisting of 0.5% DMSO and 0.03% ethanol in 1x phosphate buffered saline (PBS, Gibco 

PBS (10X), pH 7.2, Fisher Scientific, USA). The second 2 mL aliquot of PRP was treated with 

DAPT consisting of the reversible purinergic P2Y12 receptor antagonist Ticagrelor (1 µM; 

15425, Cayman Chemical, USA) and aspirin (acetyl-salicylic acid, 100 µM; 5376, Sigma-

Aldrich, USA) [22,27] at concentrations that reflect in-vivo platelet reactivity in the 
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presence of DAPT [28,29]. The PRP aliquots were incubated for 30 min at 37°C in a water 

bath. The PRP and PPP were then pipetted into a 96-well round bottom plate (650101, 

Greiner Bio-One, Austria) and, as per our previous studies [9,22], 40 µL was subsequently 

added via multi-channel pipette to a 96-well half-area plate (675161, Greiner Bio-One, 

Austria) pre-coated with known concentrations of platelet agonists: collagen [0.0156 – 16 

µg·mL-1; 1130630, Takeda, Japan], thrombin receptor activator peptide 6 [0.11 – 40 µM; 

TRAP-6, 4017752, Bachem, Switzerland], epinephrine [0.001 – 10 µM; E4375, Sigma-

Aldrich, USA], ADP [0.08 – 80 µM; A2754, Sigma-Aldrich, USA], and thromboxane A2 

mimetic U46619 [0.02 – 40 µM; 16450, Cayman Chemical Company, USA]. The 96-well 

half-area plate was covered with Parafilm and put on an orbital plate shaker 

(Thermomixer C, Eppendorf, Germany) for 5 min at 37°C and 1200 rpm to allow 

aggregation to occur. The 96-well half-area plate was immediately analyzed using a plate 

reader (Emax, Molecular Devices, USA), where absorbance was measured at 595 nm and 

platelet aggregation (%) was calculated: 

𝑷𝒍𝒂𝒕𝒆𝒍𝒆𝒕 𝒂𝒈𝒈𝒓𝒆𝒈𝒂𝒕𝒊𝒐𝒏 (%) = 1 − (
𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑃𝑃𝑃

𝑃𝑅𝑃 − 𝑃𝑃𝑃
)  𝑥 100% 

4.3.8 Prostacyclin Sensitivity Assay 

The primary outcomes of this assay were to: (1) determine the effects of exercise training 

on the anti-aggregatory action of prostacyclin and (2) evaluate the combined anti-

aggregatory effects of prostacyclin and DAPT pre- and post-training. To perform this 

assay, 16 mL of blood drawn into 3.2% sodium citrate tubes was used. The centrifugation 

steps and treatment with vehicle or DAPT was the same was the basal platelet reactivity 



90 
 

assay. The PRP was then pipetted into aliquots on a 96-well round bottom plate (650101, 

Greiner Bio-One, Austria) and, to mimic a physiological milieu, was treated with low 

concentrations of prostacyclin [1 – 300 nM; epoprostenol 2989, R&D Systems, USA] [22] 

for 1 min at room temperature before 40 µL of this treated PRP was added via multi-

channel pipette to a 96-well half-area plate (675161, Greiner Bio-One, Austria) pre-coated 

with known concentrations of platelet agonists: collagen [10 µg·mL-1], TRAP-6 [10 µM], 

ADP [20 µM], and U46619 [10 µM]. The 96-well half-area plate was covered with Parafilm 

and underwent the same shaking and absorbance measurement as previously described. 

All assays were completed within 2 hours of drawing the blood. 

4.3.9 Platelet Isolation 

Blood drawn into CTAD tubes (18 mL) was centrifuged for 10 min at 180 g and 20°C to 

obtain PRP, which was transferred to a 15 mL tube then treated with 1 µL prostaglandin 

E1 (P5515, Sigma-Aldrich, USA) per 100 µL PRP to reversibly inhibit platelet activation. 

The PRP was centrifuged for 5 min at 5000 g and 20°C to form a platelet pellet. The 

supernatant was removed and platelet wash buffer (140 mM NaCl, 5 mM KCl, 12 mM 

sodium citrate, 10 mM glucose, 12.5 mM sucrose, pH 6.0) was added in equal volumes to 

the initial volume of PRP. The pellet and wash buffer were centrifuged for 5 min at 5000 

g and 20°C. The supernatant was removed, and the platelet pellet was resuspended in 

400 µL of platelet resuspension buffer (10 mM HEPES, 140 mM NaCl, 3 mM KCl, 0.5 mM 

MgCl2, 5 mM NaHCO3, 10 mM glucose, pH 7.4). The platelet count was obtained (Sysmex 

XN-2100, Sysmex, Japan), then an equal volume of 0.5% Triton X-100 (T8787, Sigma-

Aldrich, USA) in 1x phosphate-buffered saline (PBS) was added to the resuspended 
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platelets to ensure lysis prior to storage at -80°C. Platelet isolation was initiated within 3 

hours of drawing the blood. 

4.3.10 Western Blotting of Isolated Platelets 

Platelet cell lysates were prepared for western blot analysis by adding concentrated 

sample buffer (0.5 M Tris-base, DTT, SDS, glycerol, and bromophenol blue) and heated for 

3 min at 96°C prior to loading. Approximately 1.9x106 platelets were loaded per well using 

pre-cast Criterion TGX stain-free gels (4-15%) (Bio-Rad, USA). Stain-free (TGX) images of 

the gels were obtained as a loading control. Then, proteins were semi-dry transferred to 

a polyvinylidene difluoride membrane (Immobilon Transfer Membrane, Millipore, USA). 

The membranes were incubated overnight at 4°C with primary antibodies diluted in either 

5% milk (thromboxane A2 receptor; ab233288, 1:1000 and cyclooxygenase-1; ab133319, 

1:2000) or 3% BSA (thromboxane A2 synthase; ab39362, 1:1000 and prostacyclin 

receptor; ab196653, 1:1000). Next, the membranes were washed for 5 min with TBST 

before adding anti-rabbit secondary horseradish peroxidase conjugated antibody (111-

035-144, Jackson Immunoresearch, USA) for 1 hour. Bands were visualized with Luminata 

Forte (Merck Millipore, Germany). The images were digitized on a ChemiDoc MP system 

(Bio-Rad, USA). All proteins were expressed in arbitrary units normalized to the average 

of all samples loaded on the gel.  

4.3.11 Plasma Thromboxane B2 and 6-Keto Prostaglandin F1α Assays 

Three mL of blood was collected in an EDTA-coated tube and was immediately centrifuged 

at 4000 rpm for 5 min at 5°C. Plasma was stored at -80°C until future analysis. Plasma 

concentrations of prostacyclin and thromboxane A2 were determined via their 
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breakdown products, 6-keto prostaglandin F1α (6-keto PGF1α) and thromboxane B2, 

respectively. The thromboxane B2 (KGE011, R&D Systems, USA) and 6-keto PGF1α 

(515211, Cayman Chemical, USA) assays were performed according to the manufacturer’s 

instructions. 

4.3.12 Statistical Analyses 

The sample size of 15 participants was determined by performing a power calculation 

with an α level of 0.05 and a power level of 0.8 for a 50% increase in platelet sensitivity 

to the inhibitory effects of prostacyclin, based on previous reports [9,22,30]. We recruited 

16 participants, and the final data set includes 13 participants due to 3 dropouts (COVID-

19, injury, and inability to commit to the training program). Statistical analyses were 

performed using R-studio (Version 4.1.2, R Foundation for Statistical Computing, Austria). 

Figures were created using GraphPad Prism (GraphPad Software, Version 9.3.1, USA). 

Basal platelet reactivity and prostacyclin sensitivity were performed using linear mixed 

models with a Tukey post-hoc test. The half maximal effective concentration (EC50) was 

determined as the concentration of agonist required to elicit half of the maximal platelet 

aggregation. The half maximal inhibitory concentration (IC50) was determined as the 

concentration of prostacyclin required to elicit half of the maximal inhibition of platelet 

aggregation. The effects of exercise training on health parameters, EC50, IC50, platelet 

western blots, and ELISA parameters were analyzed using a paired two-tailed t-test. 

Normality of the data was confirmed using Q-Q plots. Statistical significance was accept-

ed at p ≤ 0.05. Data are reported as mean ± standard deviation (SD). The final number of 

replicates is indicated in each figure legend. 
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4.4 Results 

4.4.1 Participant Characteristics 

Thirteen healthy, but sedentary, postmenopausal women completed the 8-week high-

intensity training intervention. A summary of the participant characteristics can be 

found in Figure 4-2.  

 

Figure 4-2: Baseline characteristics of the study participants (n=13). 
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There was no statistically significant increase in absolute (mL O2·min-1; p = 0.15) or 

relative (mL O2·kg-1·min-1; p = 0.14) V̇O2max. However, after the training period, the 

participants showed a significant increase in lean body mass (LBM; p = 0.01), in addition 

to a significant reduction in relative fat mass (p = 0.02) and an increase in relative lean 

mass (p = 0.02). An overview of the body composition, hematological, as well as health 

and fitness parameters pre- and post-training is provided in Figure 4-3. 

 

 

 

 

 

Figure 4-3: Body composition, hematological, and fitness adaptations to 8 weeks of high-intensity exercise 
training in postmenopausal women (n=13). 
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4.4.2 Exercise Training 

 The participants completed a total of 23 ± 2 training sessions over the 8-week period, of 

which 9 ± 3 sessions were spinning, and 13 ± 3 sessions were floorball training. The 

average training session was 53 min 56 sec ± 1 min 5 sec. Time spent in the different HR 

zones over the exercise sessions is depicted in Figure 4-4.   

4.4.3 Exercise Training and Basal Platelet Reactivity 

Basal platelet reactivity was evaluated as the aggregation (%) to a known concentration 

of platelet agonist as well as the concentration of agonist required to elicit half of the 

maximal platelet aggregation (EC50). There was a main effect of concentration, whereby 

increasing concentrations of collagen, TRAP6, ADP, U46619, and epinephrine resulted in 

higher levels of platelet aggregation (p < 0.0001 for all agonists). The exercise intervention 

increased platelet aggregation by ~28% to U46619 [1.98 µM], a thromboxane receptor 

analogue (65.8 ± 24.9 vs. 84.5 ± 7.6% aggregation; p = 0.0002) (Figures 4-5C, 4-5D) (lower 

Figure 4-4: Average time spent in each training zone (%) over the 8-week high-intensity exercise training 
period (n=13).  

The training zones were pre-defined by POLAR TEAM Pro. Zone 1 was ≤60% HRmax, Zone 2 was 61 to 70% 
HRmax, Zone 3 was 71 to 80% HRmax, Zone 4 was 81 to 90% HRmax, and Zone 5 was ≥91% HRmax (Polar Electro 
Oy, Finland).  
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EC50; p = 0.04; Figure 4-6E). However, the training intervention did not affect platelet 

aggregation or the EC50 to collagen, TRAP6, ADP, or epinephrine (Figures 4-5 and 4-6).  
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Figure 4-5: Basal platelet reactivity. 

Basal platelet reactivity (expressed as platelet aggregation (%)) to 6 concentrations of the platelet agonists 
before and after 8 weeks of exercise training with and without dual anti-platelet therapy (DAPT). (A) 
collagen, (B) thrombin receptor activator peptide 6 (TRAP6), (C) U46619 (U4), (D) U46619-induced 
aggregation at [1.98 µM], (E) adenosine 5’-diphosphate (ADP), (F) epinephrine. *, indicates a statistically 
significant increase compared to pre-training (n=13 for all agonists). 
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Figure 4-6: Half maximal effective concentration (EC50) for platelet aggregation.  

The half maximal effective concentration (EC50) for platelet aggregation with (B, D, F, H) or without (A, C, E, 
G, I) dual anti-platelet therapy (DAPT). (A) collagen, (B) collagen with DAPT, (C) thrombin receptor activator 
peptide 6 (TRAP6), (D) TRAP6 with DAPT, (E) U46619, (F) U46619 with DAPT, (G) ADP, (H) ADP with DAPT, 
and (I) epinephrine. *, indicates a statistically significant decrease with training (n=13 for all agonists). 
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4.4.4 Exercise Training, Dual Anti-Platelet Therapy, and Basal Platelet Reactivity 

There was a main effect of condition, whereby DAPT significantly inhibited collagen-, 

TRAP6-, ADP-, U46619-, and epinephrine-induced platelet aggregation (p < 0.0001 for all 

agonists). However, 8 weeks of exercise training did not influence the basal platelet 

reactivity response or EC50 to collagen, TRAP6, ADP, U46619, or epinephrine in the 

presence of DAPT (Figures 4-5 and 4-6). An EC50 for epinephrine-induced platelet 

aggregation in the presence of DAPT could not be generated. 

4.4.5 Exercise Training and Basal Platelet Prostacyclin Sensitivity 

 Prostacyclin sensitivity was evaluated as the inhibition of aggregation to a known 

concentration of platelet agonist as well as the concentration of prostacyclin required to 

elicit half of the maximal inhibition of platelet aggregation (IC50). Maximal platelet 

aggregation in the presence of vehicle treatment was not different for any agonist pre- 

versus post-training. Increasing concentrations of prostacyclin resulted in greater 

inhibition of platelet aggregation (p < 0.0001 for all agonists). Prostacyclin sensitivity was 

improved after training, as evidenced by a ~29% greater inhibition of collagen-induced 

platelet aggregation (10 µg·mL-1) in the presence of 10 nM prostacyclin (40.9 ± 23.5 vs. 

52.9 ± 13.5% inhibition of aggregation; p = 0.01) after, compared to before, training 

(Figure 4-7A) (no change IC50; p = 0.27; Figure 4-8A). Thromboxane A2 mimetic U46619 

[10 µM]-induced platelet aggregation was inhibited to a greater extent (~99%) after 

training in the presence of [1 nM] prostacyclin (24.7 ± 18.1 vs. 49.1 ± 11.5% inhibition of 

aggregation; p < 0.0001) compared to before training (Figure 4-7C) (lower IC50; p = 0.01; 

Figure 4-8E). Lastly, training led to a further inhibition (~44%) of [20 µM] ADP-induced 
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platelet aggregation in the presence of [30 nM] prostacyclin after training (27.5 ± 15.3 vs. 

39.6 ± 15.9% inhibition of aggregation; p = 0.002) compared to before training (Figure 4-

7D) (lower IC50; p = 0.001; Figure 4-8G). Exercise training did not significantly alter the 

inhibitory effects of prostacyclin on TRAP6-induced platelet aggregation (lower IC50; p = 

0.03; Figure 4-8C).  

Figure 4-7: Platelet sensitivity to the anti-aggregatory effects of prostacyclin [1 – 300 nM], with and 
without dual anti-platelet therapy (DAPT).  

Agonist-induced platelet aggregation to (A) 10 µg∙mL-1 collagen (n=12), (B) 10 µM thrombin receptor 
activator peptide 6 (TRAP6) (n=13), (C) 10 µM U46619 (n=12), and (D) 20 µM adenosine 5’-diphosphate 
(ADP). *, indicates a statistically significant decrease with training with the control treatment. #, indicates 
a statistically significant decrease with training with the DAPT treatment. 
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Figure 4-8: Half maximal inhibitory concentration (IC50) for inhibition of platelet aggregation by prostacyclin. 

The half maximal inhibitory concentration (IC50) for inhibition of platelet aggregation by prostacyclin [1 – 300 
nM] with (B, D, F, H) or without (A, C, E, G) dual anti-platelet therapy (DAPT). (A) collagen (n=12), (B) collagen 
with DAPT (n=12), (C) thrombin receptor activator peptide 6 (TRAP6; n=13), (D) TRAP6 with DAPT (n=13), (E) 
U46619 (n=12), (F) U46619 with DAPT (n=12), (G) adenosine 5’-diphosphate (ADP) (n=12), and (H) ADP with 
DAPT (n=12). *, indicates a statistically significant decrease with training. $, indicates a trend for a decrease with 
training. 
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4.4.6 Exercise Training and Prostacyclin Sensitivity in the Presence of DAPT 

Maximal platelet aggregation in the presence of DAPT treatment was not different for any 

agonist pre- versus post-training. DAPT elicited a main effect of condition by further 

facilitating prostacyclin-induced inhibited of collagen-, TRAP6-, ADP-, U46619-, and 

epinephrine-induced platelet aggregation (p < 0.0001 for all agonists). The exercise 

training program potentiated the inhibitory effects of DAPT in the context of prostacyclin 

sensitivity; after training, [10 µM] TRAP6-induced platelet aggregation was inhibited to a 

greater extent (~113%) in the presence of [1 nM] prostacyclin (11.3 ± 7.1 vs. 24.1 ± 15.9% 

inhibition of aggregation; p = 0.01) compared to before training (Figure 4-7B) (lower IC50; 

p = 0.04; Figure 4-8D). Moreover, the training program resulted in [20 µM] ADP-induced 

platelet aggregation being further inhibited (~120%) by [1 nM] prostacyclin (6.6 ± 5.0 vs. 

14.5 ± 12.2% inhibition of aggregation; p = 0.05) compared to before training (Figure 4-

7D) (trend for lower IC50; p = 0.07; Figure 4-8H). There was no effect of training on the 

inhibition of platelet aggregation to collagen (Figures 4-7A and 4-8B) or U46619 (Figures 

4-7C and 4-8F) in the presence of DAPT.  

4.4.7 Protein Expression in Isolated Platelets 

The exercise training program did not affect the protein expression of thromboxane A2 

receptor (p = 0.83; Figure 4-9A), thromboxane A2 synthase (p = 0.67; Figure 4-9B), 

cyclooxygenase-1 (p = 0.52; Figure 4-9C), or prostacyclin receptor (p = 0.30; Figure 4-9D) 

in isolated platelets. Representative blots are shown (Figure 4-9E). 
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Figure 4-9: Western blots on platelets isolated from whole blood (n=10 for all proteins).  

(A) Thromboxane A2 Synthase (p = 0.829), (B) Thromboxane A2 Receptor (p = 0.686), (C) Cyclooxygenase-1 (p = 
0.844). (D) Prostacyclin Receptor (p = 0.04), and (E) Representative western blots and TGX Stain-Free image. 
Protein content is expressed in arbitrary units (AU). 
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4.4.8 Plasma 6-keto PGF1α and Thromboxane B2 Levels  

Circulating resting 6-keto PGF1α levels were unaltered by 8 weeks of exercise training 

(73.3 ± 37.5 pg·mL-1) compared to pre-training (71.5 ± 29.1 pg·mL-1) (p = 0.90; Figure 4-

10A). Similarly, circulating resting thromboxane B2 levels were unchanged after the 

training intervention (4.62 ± 9.11 ng·mL-1) compared to pre-training (4.74 ± 9.11 ng·mL-1) 

(p = 0.58; Figure 4-10B). Lastly, there was no difference in the resting plasma 6-keto PGF1α 

to thromboxane B2 ratio before (0.06 ± 0.06 pg·mL-1) and after (0.05 ± 0.03 pg·mL-1) the 

training intervention (p = 0.47). 

Figure 4-10:  Plasma levels of (A) 6-keto prostaglandin F1α (6-keto PGF1α) (p = 0.895) and (B) thromboxane 
B2 (p = 0.579) measured pre- and post-training (n=13). 
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4.5 Discussion 

The primary findings in this study were that 8 weeks of high-intensity exercise training: 

(1) increased platelet sensitivity to the inhibitory effects of prostacyclin to collagen-, 

U46619-, and ADP-induced aggregation; (2) potentiated the effect of DAPT on 

prostacyclin sensitivity to TRAP6- and ADP-induced aggregation; and (3) did not influence 

platelet protein expression of thromboxane A2 receptor, thromboxane A2 synthase, 

cyclooxygenase-1, or prostacyclin receptor. 

4.5.1 Exercise Training Improves Basal Prostacyclin Sensitivity 

Prostacyclin is a potent inhibitor of platelet aggregation, but only a paucity of studies have 

examined the role of exercise training on platelet prostacyclin sensitivity and only one 

study has examined it in postmenopausal women [9]. Our findings are in agreement with 

previous evidence, while significantly expanding the depth of the literature regarding the 

underlying mechanisms of action. Similar to Lundberg Slingsby et al. [9], we showed an 

improved platelet prostacyclin sensitivity to collagen-induced aggregation following 8 

weeks of high-intensity training in postmenopausal women (Figure 4-7A). Interestingly, 

the participants in the previous investigation were ~3 years postmenopausal, whereas the 

women in this study were, on average, ~10 years postmenopausal, and a growing body 

of evidence suggests that cardiovascular adaptations to exercise training may be more 

difficult to accrue with an increasing number of years after menopause [31]. Accordingly, 

our novel findings are valuable, because we demonstrate that prostacyclin sensitivity can 

still be augmented by as little as 8 weeks of exercise training in women that are ~10 years 

postmenopausal, despite noted difficulty in obtaining other cardiovascular adaptations. 
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Furthering this point, we expanded on the existing evidence by also showing 

improvements in platelet prostacyclin sensitivity to TRAP6-, and ADP-induced aggregation 

after training in postmenopausal women (Figures 4-7C, 4-7D). Moreover, we demonstrate 

that, after training, lower concentrations of prostacyclin are required to elicit 50% 

inhibition of maximal platelet aggregation in response to TRAP6 (Figure 4-8C), U46619 

(Figure 4-8E), and ADP (Figure 4-8G), providing compelling support that prostacyclin 

sensitivity is improved via multiple platelet pathways following exercise training. To 

explore the possible mechanism underpinning the improved sensitivity, we determined 

the protein expression of the prostacyclin receptor in isolated platelets. Exercise training 

did not change the receptor expression (Figure 4-9D), suggesting that the improvement 

in prostacyclin sensitivity was mediated by an improvement in receptor sensitivity or 

downstream signalling pathways (e.g., adenylate cyclase or cyclic adenosine 

monophosphate), rather than receptor quantity.  

To understand if training also influenced circulating levels of prostacyclin in the women, 

we assessed the stable prostacyclin biomarker 6-keto PGF1α before and after the training 

intervention. In contrast to our initial hypothesis and previous observations [32,33], 

resting plasma prostacyclin levels were similar before and after training (Figure 4-10A). 

However, the previous training intervention showing an increase in systemic plasma 

prostacyclin levels was in young healthy individuals and 6 months in duration [33]. 

Therefore, it is plausible that a longer intervention is required to elicit this systemic 

elevation, particularly in postmenopausal women. In line with this notion, Gliemann et al. 
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[32] only showed increased local prostacyclin release with acetylcholine infusion with 3 

months of training in postmenopausal women.  

4.5.2 Exercise Training Potentiates the Effects of DAPT on Prostacyclin Sensitivity 

A main goal of this study was to assess the potential synergism between exercise training 

and DAPT on prostacyclin sensitivity. Previous evidence suggests that the efficacy of 

DAPT, and specifically P2Y12 inhibitors, is highly inter-individualized [34]. However, there 

is a significant positive association between an individual’s vascular health and the 

efficacy of DAPT treatment, whereby individuals with greater vascular health are more 

sensitive to DAPT, since P2Y12 inhibitors potentiate the anti-platelet effects of prostacyclin 

and NO [14–16]. This led us to hypothesize that exercise training, which has been shown 

to increase NO [19–21] and prostacyclin [32,33] bioavailability as well as prostacyclin 

sensitivity [9,22], could enhance the inhibitory effects of prostacyclin in the presence of 

DAPT. 

In line with our initial hypothesis, we observed that as little as 8 weeks of exercise training 

significantly potentiated the response to DAPT in the context of prostacyclin sensitivity. 

Specifically, we found that after training, the inhibitory effects of DAPT on TRAP6 and 

ADP-induced platelet aggregation were enhanced when exposed to low concentrations 

of prostacyclin, an endogenous platelet inhibitor (Figures 4-7B, 4-7D). Additionally, after 

training, we observed a significant lowering of the IC50 for prostacyclin-induced inhibition 

of platelet aggregation to TRAP6 (Figure 4-8D) as well as a trend for a lowering of the IC50 

for prostacyclin-induced inhibition of platelet aggregation to ADP (Figure 4-8H). These 

findings are the first in women, but are in line with those of a cross-sectional study in men 
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of differing lifelong physical activity levels [22]. These findings, in conjunction with the 

previous observation of DAPT (specifically P2Y12 receptor antagonists) enhancing 

prostacyclin sensitivity [35] and our current observation of no change in prostacyclin 

receptor protein expression (Figure 4-9D), suggest that exercise training may enhance the 

efficacy of DAPT on prostacyclin receptor function or downstream signalling pathways 

(e.g., adenylate cyclase or cyclic adenosine monophosphate).  

Taken together, these findings provide novel evidence that postmenopausal women who 

perform regular exercise training may have greater prostacyclin sensitivity with and 

without DAPT compared to sedentary postmenopausal women. Accordingly, less DAPT 

medication may be required for these individuals and personalized dosing schemes could 

be considered to minimize the problematic side effects of these drugs in terms of bleeding 

risk [22,23]. Moreover, this data supports the notion that regular physical activity is an 

important tool for promoting anti-thrombotic protection in previously sedentary post-

menopausal women.  

4.5.3 Exercise Training Increases Basal Platelet Sensitivity to Thromboxane-Induced 

Aggregation 

A scarcity of data exists regarding the effects of exercise training on basal platelet 

responses in postmenopausal women [9,36]. These authors showed a reduction in 

platelet reactivity and a concomitant rightward shift in the platelet aggregation curve to 

several platelet agonists, including thromboxane, in exercise trained individuals [9,22]. 

Collectively, these findings reflect reduced platelet sensitivity, and accordingly our 

contrasting findings were unexpected, as exercise training increased basal platelet 
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aggregation in response to the thromboxane receptor analogue U46619 (Figures 4-5C, 4-

5D). Specifically, the increased platelet reactivity to the same concentration of U46619 

([1.98 µM]) after training may suggest increased sensitivity to this thromboxane receptor 

analogue. In conjunction with this observation, we report a significant lowering of the 

EC50 (Figure 4-6E), further demonstrating a sensitization of the platelet aggregation curve 

to U46619 following 8 weeks of training. Combined, these findings suggest that less 

thromboxane is required to elicit platelet aggregation following exercise training. 

However, it is worthwhile to consider that previous findings were in healthy men [22] and 

premenopausal women [9], and it is possible that the adaptations to exercise training are 

divergent in postmenopausal women lacking endogenous estrogen. Notably, Lundberg 

Slingsby et al. [9] reported no effect of 12 weeks of aerobic exercise training on basal 

platelet reactivity in early postmenopausal women. Although, the parameter(s) driving 

these divergent findings is currently unclear and warrants future investigations, it is 

possible that menopause and the time after menopause influences the platelet 

adaptations to exercise training. This may further explain the divergence between our 

findings in women ~10 years postmenopausal and in the previous study where the 

women were ~3 years postmenopausal [9]. Moreover, it is important to consider this 

finding in conjunction with the observed increase in inhibition of U46619-induced 

aggregation in the presence of prostacyclin following exercise training, where the total 

in-vivo platelet response may favour inhibition of aggregation due to the continuous 

release of prostacyclin from the endothelium. Nevertheless, to understand the 

mechanism(s) underpinning the increased sensitivity observed in this study, we explored 
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various components of the thromboxane pathway for platelet activation. However, we 

did not observe any significant changes in the parameters we measured. Specifically, 

there were no changes in protein expression of the thromboxane A2 receptor in isolated 

platelets following exercise training, suggesting that increased platelet reactivity was not 

due to an increase in thromboxane receptor content (Figure 4-9A). Moreover, we did not 

observe a change in resting plasma thromboxane B2 levels (Figure 4-10B), or in platelet 

protein expression of cyclooxygenase-1 or thromboxane A2 synthase, enzymes critical for 

platelet production of thromboxane A2 (Figures 4-9B, 4-9C). Interestingly, previous 

investigations have demonstrated significant reductions in plasma thromboxane B2 levels 

following 16 weeks [33] or 6 months [37] of exercise training, indicating a longer 

intervention may be necessary for this adaptation.  

4.5.4 Exercise Training Does Not Influence Basal Platelet Reactivity with DAPT 

Contrary to our initial hypothesis, we did not show any changes in the basal platelet 

reactivity response to DAPT following the training period (Figures 4-5 and 4-6). Our 

hypothesis was based on the findings from a previous cross-sectional study [22], which 

showed that lifelong trained middle-aged men present greater basal sensitivity to 

pharmacological inhibition by DAPT compared to untrained and moderately trained men. 

However, a lifetime of exercise training elicits numerous cardioprotective effects, making 

it difficult to compare to 8 weeks of training in previously sedentary postmenopausal 

women. Accordingly, future studies with longer interventions are required to verify 

whether exercise training can act synergistically with DAPT on basal platelet reactivity in 

postmenopausal women. Moreover, this study should be performed in previously 
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sedentary older men to determine the reversibility of inactive aging on platelet function 

and the responses to DAPT in this cohort. 

4.5.5 Study Limitations 

DAPT is not a conventional anti-thrombotic therapy for postmenopausal women and is 

normally only prescribed to prevent further cardiovascular events. Notably, individuals 

that receive DAPT tend to have additional comorbidities, such as arterial hypertension, 

diabetes, or obesity. It is therefore important to point out that this study was performed 

in healthy but sedentary postmenopausal women and additional studies are required to 

elucidate the effects in postmenopausal women at risk of cardiovascular events. DAPT 

treatment was administered acutely in-vitro, which may produce divergent results than 

in-vivo oral administration due to different pharmacokinetic profiles. Furthermore, the 

women who participated in this study were on average ~10 years postmenopausal. 

Recent evidence suggests that cardiovascular adaptations to exercise training may be 

more difficult to achieve in this cohort, which may explain our lack of improvement in 

V̇O2max [31]. Moreover, and perhaps more importantly, a longer training intervention may 

have produced more dramatic effects on the platelet responses. Accordingly, a greater 

depth of research is required to determine the optimal training modality and duration for 

improving platelet function in postmenopausal women as well as whether the number of 

years after menopause influences the platelet adaptive response to exercise training. 
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4.6 Conclusions 

This study demonstrates that a rather brief period (8 weeks) of high-intensity exercise 

training is sufficient to induce significant improvements in platelet sensitivity to 

prostacyclin with and without DAPT in previously sedentary postmenopausal women. 

This effect may be mediated by improvements in platelet prostacyclin receptor function 

or downstream signalling pathways (e.g., adenylate cyclase or cyclic adenosine 

monophosphate), as we did not observe training-induced changes in prostacyclin 

receptor protein expression or systemic plasma 6-keto PGF1α. These findings emphasize 

the importance of promoting physical activity as a tool for reducing thrombotic risk in 

postmenopausal women and given the enhanced prostacyclin sensitivity and DAPT 

enhanced prostacyclin sensitivity after training, healthcare providers may consider 

training status when prescribing DAPT to this cohort.  

4.6.1 Perspectives 

There has been increasing awareness around the underrepresentation of women in 

pharmaceutical research and the notion that the responses to therapeutic interventions 

are divergent between men and women [38]. Accordingly, there has been a recent and 

critical push for the expansion of female inclusion in clinical decision making to maximize 

the efficacy and safety of pharmaceutical treatments across the sexes [39]. Notably, this 

gap extends to DAPT research initiatives [23,24]. The existing literature suggests that after 

aspirin therapy, women maintain higher platelet reactivity, highlighting a lesser benefit 

of the treatment [25]. Similar findings have been reported for the P2Y12 inhibitor 

clopidogrel [26]. These data highlight the importance of including postmenopausal 
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women in DAPT research, and this study has taken a step in the right direction for 

promoting exercise as an additional beneficial therapy for improving platelet function in 

this cohort. However, the call for inclusion of women in pharmacological and exercise 

therapy studies persists and a greater depth of research is required to provide the best 

individualized care for patients.  



114 
 

4.7 References 

1.  Alkarithi, G.; Duval, C.; Shi, Y.; Macrae, F.L.; Ariëns, R.A.S. Thrombus Structural 
Composition in Cardiovascular Disease. Arteriosclerosis, Thrombosis, and Vascular 
Biology 2021, 41, 2370–2383, doi:10.1161/ATVBAHA.120.315754. 

2.  Engbers, M.J.; Van Hylckama Vlieg, A.; Rosendaal, F.R. Venous Thrombosis in the 
Elderly: Incidence, Risk Factors and Risk Groups. Journal of Thrombosis and Haemostasis 
2010, 8, 2105–2112, doi:10.1111/j.1538-7836.2010.03986.x. 

3.  Troy, G.C. An Overview of Hemostasis. Veterinary Clinics of North America: Small 
Animal Practice 1988, 18, 5–20, doi:10.1016/S0195-5616(88)50003-7. 

4.  Bucciarelli, P.; Mannucci, P.M. The Hemostatic System through Aging and 
Menopause. Climacteric 2009, 12 Suppl 1, 47–51, doi:10.1080/13697130903006365. 

5.  Kurachi, K.; Kurachi, S. Genetic Mechanisms of Age Regulation of Blood 
Coagulation. Arteriosclerosis, Thrombosis, and Vascular Biology 2000, 20, 902–906, 
doi:10.1161/01.ATV.20.4.902. 

6.  Le Blanc, J.; Lordkipanidzé, M. Platelet Function in Aging. Front Cardiovasc Med 
2019, 6, 109, doi:10.3389/fcvm.2019.00109. 

7.  Meade, T.W.; Vickers, M.V.; Thompson, S.G.; Stirling, Y.; Haines, A.P.; Miller, G.J. 
Epidemiological Characteristics of Platelet Aggregability. Br Med J (Clin Res Ed) 1985, 290, 
428–432, doi:10.1136/bmj.290.6466.428. 

8.  Butkiewicz, A.M.; Kemona, H.; Dymicka-Piekarska, V.; Matowicka-Karna, J. [Does 
menopause affect thrombocytopoiesis and platelet activation?]. Przegl Lek 2006, 63, 
1291–1293. 

9.  Lundberg Slingsby, M.H.; Nyberg, M.; Egelund, J.; Mandrup, C.M.; Frikke-Schmidt, 
R.; Kirkby, N.S.; Hellsten, Y. Aerobic Exercise Training Lowers Platelet Reactivity and 
Improves Platelet Sensitivity to Prostacyclin in Pre- and Postmenopausal Women. J 
Thromb Haemost 2017, 15, 2419–2431, doi:10.1111/jth.13866. 

10.  Roshan, T.M.; Normah, J.; Rehman, A.; Naing, L. Effect of Menopause on Platelet 
Activation Markers Determined by Flow Cytometry. American Journal of Hematology 
2005, 80, 257–261, doi:10.1002/ajh.20472. 

11.  Nakano, Y.; Oshima, T.; Matsuura, H.; Kajiyama, G.; Kambe, M. Effect of 17β-
Estradiol on Inhibition of Platelet Aggregation In Vitro Is Mediated by an Increase in NO 
Synthesis. Arteriosclerosis, Thrombosis, and Vascular Biology 1998, 18, 961–967, 
doi:10.1161/01.ATV.18.6.961. 

12.  Sobrino, A.; Oviedo, P.J.; Novella, S.; Laguna-Fernandez, A.; Bueno, C.; García-
Pérez, M.A.; Tarín, J.J.; Cano, A.; Hermenegildo, C. Estradiol Selectively Stimulates 



115 
 

Endothelial Prostacyclin Production through Estrogen Receptor-α. Journal of Molecular 
Endocrinology 2010, 44, 237–246, doi:10.1677/JME-09-0112. 

13.  Collet, J.-P.; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; 
Dendale, P.; Dorobantu, M.; Edvardsen, T.; Folliguet, T.; et al. 2020 ESC Guidelines for the 
Management of Acute Coronary Syndromes in Patients Presenting without Persistent ST-
Segment Elevation. European Heart Journal 2021, 42, 1289–1367, 
doi:10.1093/eurheartj/ehaa575. 

14.  Chan, M.V.; Knowles, R.B.M.; Lundberg, M.H.; Tucker, A.T.; Mohamed, N.A.; 
Kirkby, N.S.; Armstrong, P.C.J.; Mitchell, J.A.; Warner, T.D. P2Y12 Receptor Blockade 
Synergizes Strongly with Nitric Oxide and Prostacyclin to Inhibit Platelet Activation. Br J 
Clin Pharmacol 2016, 81, 621–633, doi:10.1111/bcp.12826. 

15.  Kirkby, N.S.; Lundberg, M.H.; Chan, M.V.; Vojnovic, I.; Solomon, A.B.; Emerson, M.; 
Mitchell, J.A.; Warner, T.D. Blockade of the Purinergic P2Y12 Receptor Greatly Increases 
the Platelet Inhibitory Actions of Nitric Oxide. Proc Natl Acad Sci U S A 2013, 110, 15782–
15787, doi:10.1073/pnas.1218880110. 

16.  Warner, T.D.; Armstrong, P.C.; Chan, M.V.; Knowles, R.B. The Importance of 
Endothelium-Derived Mediators to the Efficacy of Dual Anti-Platelet Therapy. Expert Rev 
Hematol 2016, 9, 223–225, doi:10.1586/17474086.2016.1140035. 

17.  Candelaria, D.; Randall, S.; Ladak, L.; Gallagher, R. Health-Related Quality of Life 
and Exercise-Based Cardiac Rehabilitation in Contemporary Acute Coronary Syndrome 
Patients: A Systematic Review and Meta-Analysis. Qual Life Res 2020, 29, 579–592, 
doi:10.1007/s11136-019-02338-y. 

18.  Green, D.J.; Smith, K.J. Effects of Exercise on Vascular Function, Structure, and 
Health in Humans. Cold Spring Harb Perspect Med 2018, 8, a029819, 
doi:10.1101/cshperspect.a029819. 

19.  Braga, V.A.V.N.; Couto, G.K.; Lazzarin, M.C.; Rossoni, L.V.; Medeiros, A. Aerobic 
Exercise Training Prevents the Onset of Endothelial Dysfunction via Increased Nitric Oxide 
Bioavailability and Reduced Reactive Oxygen Species in an Experimental Model of 
Menopause. PLoS One 2015, 10, e0125388, doi:10.1371/journal.pone.0125388. 

20.  Seals, D.R.; Nagy, E.E.; Moreau, K.L. Aerobic Exercise Training and Vascular 
Function with Ageing in Healthy Men and Women. The Journal of Physiology 2019, 597, 
4901–4914, doi:10.1113/JP277764. 

21.  Zaros, P.R.; Pires, C.E.R.; Bacci, M.; Moraes, C.; Zanesco, A. Effect of 6-Months of 
Physical Exercise on the Nitrate/Nitrite Levels in Hypertensive Postmenopausal Women. 
BMC Women’s Health 2009, 9, 17, doi:10.1186/1472-6874-9-17. 

22.  Lundberg Slingsby, M.H.; Gliemann, L.; Thrane, M.; Rytter, N.; Egelund, J.; Chan, 
M.V.; Armstrong, P.C.; Warner, T.D.; Hellsten, Y. Platelet Responses to Pharmacological 



116 
 

and Physiological Interventions in Middle-Aged Men with Different Habitual Physical 
Activity Levels. Acta Physiol 2018, 223, e13028, doi:10.1111/apha.13028. 

23.  Pelliccia, F.; Gragnano, F.; Pasceri, V.; Marazzi, G.; Cacciotti, L.; Placanica, A.; 
Niccoli, G.; Palmerini, T.; Speciale, G.; Granatelli, A.; et al. Gender-Related Differences in 
Changes of Estimated Bleeding Risk in Patients on Dual Antiplatelet Therapy: The RE-
SCORE Multicenter Prospective Registry. Platelets 2022, 0, 1–9, 
doi:10.1080/09537104.2022.2102602. 

24.  Pradhan, A.; Vishwakarma, P.; Sethi, R. Changing Scenario in Management of 
Acute Coronary Syndromes in Females—Evidence from Recent Studies. Indian J 
Cardiovasc Dis Women WINCARS 2018, 03, 245–250, doi:10.1055/s-0039-1683942. 

25.  Becker, D.M.; Segal, J.; Vaidya, D.; Yanek, L.R.; Herrera-Galeano, J.E.; Bray, P.F.; 
Moy, T.F.; Becker, L.C.; Faraday, N. Sex Differences in Platelet Reactivity and Response to 
Low-Dose Aspirin Therapy. JAMA 2006, 295, 1420–1427, doi:10.1001/jama.295.12.1420. 

26.  Ranucci, M.; Aloisio, T.; Di Dedda, U.; Menicanti, L.; de Vincentiis, C.; Baryshnikova, 
E. Gender-Based Differences in Platelet Function and Platelet Reactivity to P2Y12 
Inhibitors. PLoS One 2019, 14, e0225771, doi:10.1371/journal.pone.0225771. 

27.  Lordkipanidzé, M.; Lowe, G.C.; Kirkby, N.S.; Chan, M.V.; Lundberg, M.H.; Morgan, 
N.V.; Bem, D.; Nisar, S.P.; Leo, V.C.; Jones, M.L.; et al. Characterization of Multiple Platelet 
Activation Pathways in Patients with Bleeding as a High-Throughput Screening Option: 
Use of 96-Well Optimul Assay. Blood 2014, 123, e11–e22, doi:10.1182/blood-2013-08-
520387. 

28.  Leadbeater, P.D.M.; Kirkby, N.S.; Thomas, S.; Dhanji, A.-R.; TUCKER, A.T.; Milne, 
G.L.; Mitchell, J.A.; Warner, T.D. Aspirin Has Little Additional Anti-Platelet Effect in Healthy 
Volunteers Receiving Prasugrel. J Thromb Haemost 2011, 9, 2050–2056, 
doi:10.1111/j.1538-7836.2011.04450.x. 

29.  Winter, M.; Schneeweiss, T.; Cremer, R.; Biesinger, B.; Hengstenberg, C.; Prüller, 
F.; Wallner, M.; Kolesnik, E.; von Lewinski, D.; Lang, I.M.; et al. Platelet Reactivity Patterns 
in Patients Treated with Dual Antiplatelet Therapy. Eur J Clin Invest 2019, 49, e13102, 
doi:10.1111/eci.13102. 

30.  Russo, I.; Traversa, M.; Bonomo, K.; De Salve, A.; Mattiello, L.; Del Mese, P.; 
Doronzo, G.; Cavalot, F.; Trovati, M.; Anfossi, G. In Central Obesity, Weight Loss Restores 
Platelet Sensitivity to Nitric Oxide and Prostacyclin. Obesity (Silver Spring) 2010, 18, 788–
797, doi:10.1038/oby.2009.302. 

31.  Gliemann, L.; Hellsten, Y. The Exercise Timing Hypothesis: Can Exercise Training 
Compensate for the Reduction in Blood Vessel Function after Menopause If Timed Right? 
The Journal of Physiology 2019, 597, 4915–4925, doi:10.1113/JP277056. 

32.  Gliemann, L.; Tamariz-Ellemann, A.; Baasch-Skytte, T.; Ehlers, T.S.; Gunnarsson, 
T.P. Increased Prostacyclin Formation after High-Intensity Interval Training in Late 



117 
 

Postmenopausal Women. Eur J Appl Physiol 2020, 120, 1711–1720, doi:10.1007/s00421-
020-04405-6. 

33.  Hansen, A.H.; Nyberg, M.; Bangsbo, J.; Saltin, B.; Hellsten, Y. Exercise Training 
Alters the Balance between Vasoactive Compounds in Skeletal Muscle of Individuals with 
Essential Hypertension. Hypertension 2011, 58, 943–949, 
doi:10.1161/HYPERTENSIONAHA.111.176529. 

34.  Gan, X.-D.; Wei, B.-Z.; Fang, D.; Fang, Q.; Li, K.-Y.; Ding, S.-L.-Y.; Peng, S.; Wan, J. 
Efficacy and Safety Analysis of New P2Y12 Inhibitors versus Clopidogrel in Patients with 
Percutaneous Coronary Intervention: A Meta-Analysis. Current Medical Research and 
Opinion 2015, 31, 2313–2323, doi:10.1185/03007995.2015.1098600. 

35.  Cattaneo, M.; Lecchi, A. Inhibition of the Platelet P2Y12 Receptor for Adenosine 
Diphosphate Potentiates the Antiplatelet Effect of Prostacyclin. J Thromb Haemost 2007, 
5, 577–582, doi:10.1111/j.1538-7836.2007.02356.x. 

36.  Singla, A.; Bliden, K.P.; Jeong, Y.-H.; Abadilla, K.; Antonino, M.J.; Muse, W.C.; 
Mathew, D.P.; Bailon, O.; Tantry, U.S.; Gurbel, P.A. Platelet Reactivity and 
Thrombogenicity in Postmenopausal Women. Menopause 2013, 20, 57–63, 
doi:10.1097/gme.0b013e31825ebafd. 

37.  Medvedev, I.N.; Karpov, V.Y.; Eremin, M.V.; Boldov, A.S.; Shalupin, V.I.; Voronova, 
N.N.; Malyshev, A.V. The Functional Characteristics of the Organism of Physically Inactive 
Students Who Have Started Regular Physical Training. J Biochem Technol 2021, 12, 33–
37, doi:10.51847/LdHG6l2l5q. 

38.  Madla, C.M.; Gavins, F.K.H.; Merchant, H.A.; Orlu, M.; Murdan, S.; Basit, A.W. Let’s 
Talk about Sex: Differences in Drug Therapy in Males and Females. Advanced Drug 
Delivery Reviews 2021, 175, 113804, doi:10.1016/j.addr.2021.05.014. 

39.  Liu, K.A.; Mager, N.A.D. Women’s Involvement in Clinical Trials: Historical 
Perspective and Future Implications. Pharm Pract (Granada) 2016, 14, 708, 
doi:10.18549/PharmPract.2016.01.708. 

  



118 
 

4.8 Research Program Progression 

In Chapter 4, we confirmed that high-intensity exercise training is a valuable tool for 

improving vascular health in postmenopausal women. Specifically, we revealed that 8 

weeks of high-intensity exercise training can improve basal platelet function via enhanced 

prostacyclin sensitivity and potentiation of the inhibitory response to DAPT. This evidence 

suggests that exercise training status may be important to consider when prescribing 

DAPT, and less medication may be required to elicit the same effects. Therefore, regular 

physical activity is a valuable modifiable lifestyle factor that can impact vascular health 

and drug responsiveness. However, it remained unclear whether this response would be 

observed across all postmenopausal women. Specifically, we were interested in 

ascertaining whether the years after menopause impacted the vascular adaptations to an 

exercise training program. Accordingly, in Chapter 5, we reviewed the existing literature 

exploring the effects of exercise training on vascular health in postmenopausal women, 

with an emphasis on the exercise timing hypothesis. 
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CHAPTER 5  

Review I – The time is now: Regular exercise maintains vascular health in 

aging women 

As published in Journal of Physiology (doi: https://doi.org/10.1113/JP282896) (IF: 6.23) 
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Figure 5-1: Review I graphical abstract. 

Compared to a physically inactive lifestyle, lifelong participation in physical activity protects against the 
development of vascular disease. However, aging and menopause, irrespective of physical activity status, 
have inevitable, negative effects on vascular health. Importantly, if regular exercise is initiated around the 
menopausal transition, the vascular consequences of aging and menopause can be, at least partially, 
mitigated. 
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5.1 Abstract 

Although ageing impairs cardiovascular health in both men and women, the timeline is 

different between the sexes. This is at least partially attributed to the loss of oestrogen in 

women at midlife, in connection with menopause. Oestrogen has protective effects on 

the cardiovascular system, and menopause consequently leads to a rapid and significant 

decline in cardiovascular health. Notably, oestrogen interacts with its nuclear and 

membrane receptors leading to changes in proteins of importance for cardiovascular 

health. Skeletal muscle activity, which affects the expression of many of the same proteins 

as oestrogen, could potentially counteract the loss of oestrogen at menopause. The 

hypothesis that exercise can counteract the loss of oestrogen has been explored in several 

recent studies. It has been found that regular physical activity opposes the detrimental 

effects not only of ageing, but also of the menopausal transition, on cardiovascular health. 

Although, vascular benefits can be gained at all ages, initiating physical activity at or soon 

after menopause may be more effective than at a later time point in life. Intuitively, it is 

easier to prevent decrements than attempting to regain lost vascular health. This idea is 

supported by evidence at the molecular level, suggesting that exercise-induced activation 

of the oestrogen-related receptor-α pathway is more effective soon after menopause 

compared to later. Together, although a decline in cardiovascular health due to 

chronological ageing cannot be completely prevented, a physically active lifestyle 

mitigates age-related cardiovascular impairments. Importantly, regular physical activity 

through life should always be addressed as the biological norm. 
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5.2 Introduction 

The female sex hormone oestrogen exerts a myriad of positive effects on the vascular 

system, which can explain the lower vascular disease risk in premenopausal women 

compared to age-matched men (Parker et al., 2010). However, with menopause and the 

cessation of oestrogen production, vascular function is impaired and the risk of 

developing vascular disease dramatically increases (Parker et al., 2010). Arterial blood 

pressure, which is a reliable functional marker of overall vascular health (Fuchs & 

Whelton, 2020), increases after menopause. Accordingly, the prevalence of hypertension 

is greater in post- compared to premenopausal women and increases with years/time 

after menopause (Lima et al., 2012). The rise in arterial blood pressure is the result of 

several changes in the vascular architecture as well as the regulation of vascular tone 

(Moreau et al., 2012; Nyberg et al., 2014). Structurally, larger arteries become 

atherosclerotic and less compliant whereas at the microvascular level, rarefaction may 

occur (Landers-Ramos & Prior, 2018). Functionally, the regulation of peripheral vascular 

resistance is impaired in part due to enhanced sympathetic vasoconstriction and 

enhanced levels of circulating vasoconstrictors, such as thromboxane A2, combined with 

reduced formation and/or efficiency of peripheral vasodilators (Hearon & Dinenno, 

2016). Although these changes occur with chronological age per se, it should be 

emphasized that they will occur to a markedly greater extent with physically inactive 

ageing, rather than physically active ageing, and that, biologically, being active through 

life is the norm for humans. In women, maximal oxygen uptake (V̇O2max) decreases 

significantly with advancing age, where we have observed a significant negative linear 
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relationship between V̇O2max and age (R2=0.60 and p-value≤0.0001). Interestingly, our 

findings also show that women with a lifelong active lifestyle break this relationship by, 

to some degree, maintaining V̇O2max despite advancing age (Figure 5-2). In line with this 

notion, countless studies have shown that regular physical activity retains vascular 

function throughout life and decreases the risk of vascular events in both men and women 

(Nystoriak & Bhatnagar, 2018; Seals et al., 2019). 

Figure 5-2: Relationship between age (years) and V̇O2max (mL O2∙min-1). 

Linear correlations between V̇O2max and age, in sedentary women before (closed circles, n=76, unpublished 
data, Nyberg et al., 2016; Gliemann et al., 2020a; Hoier et al., 2021) and after an exercise intervention (8-
12 weeks, open circles, n=52, Nyberg et al., 2016; Hoier et al., 2021) as well of a group of lifelong trained 
women (triangles, n=26, Gliemann et al., 2020a), both moderately and highly trained (moderately: 2-4 
hours of low to moderate intensity exercise and 1 h of high-intensity exercise per week, highly: more than 
4 hours of moderate- and high-intensity exercise per week). Significant relationship between V̇O2max and 
age in sedentary women (R2 = 0.6039 and p < 0.0001) and after the exercise intervention (R2=0.4339 and p 
< 0.0001). There was no linear relationship between V̇O2max and age in the lifelong trained group (R2 = 0.004 
and p = 0.764). The data is combined from unpublished data, and previous published data (see references). 
Women included in the 8-12 weeks training intervention were tested before and after the intervention and 
are therefore included in both the sedentary and exercise intervention group. 
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Nevertheless, there is a catch for ageing women. A series of studies have shown that 

menopause may reduce or even omit the positive effects of physical activity on vascular 

health (Moreau et al., 2013; Moreau & Hildreth, 2014; Santos-Parker et al., 2017). 

However, there are also studies showing that exercise training can induce positive 

adaptations in postmenopausal women (Nyberg et al., 2016; Lundberg Slingsby et al., 

2017). The studies reporting clear beneficial effects have involved women who are 

recently postmenopausal (i.e. <5 years since last menstrual bleeding) and/or have applied 

more vigorous training protocols. Based on the combined findings in previous studies, we 

propose in this symposium review that: (1) benefits from exercise may be more rapidly 

gained at or soon after the menopausal transition rather than later in menopause, at 

which time it may take longer to reach the same benefits; (2) higher intensity exercise 

may be more effective at compensating for the loss of oestrogen in menopause; and most 

importantly, (3) exercise has an array of beneficial effects on an individual's health and 

well-being and a physically active lifestyle should always be advised irrespective of age. 

This review discusses the current literature investigating the capacity for physical activity 

to improve vascular health before and at menopause as well as beyond. We highlight 

several aspects related to vascular health – blood pressure, regulation of vascular 

resistance, markers of blood clot formation and skeletal muscle angiogenesis – and 

propose a potential underlying molecular mechanism for the exercise timing aspect. Each 

section briefly discusses the effect of ageing, the effect of physical activity, differences 

between sexes, and what is known regarding the timing of exercise training in women. It 

should be noted that there are limited available data in postmenopausal women for some 
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of the adaptations included in this review, and conclusions in these areas should therefore 

be interpreted as preliminary. 

5.3 Oestrogen Receptors, Oestrogen-Related Receptor-α, Menopause, and 

Exercise Training 

Oestrogen elicits its protective effects on the vasculature via two main oestrogen 

receptor-mediated pathways in endothelial cells: (1) genomic regulation, involving the 

activation of oestrogen response elements (ERE) to alter protein expression, e.g. 

increased endothelial nitric oxide synthase (eNOS), vascular endothelial growth factor 

(VEGF), and superoxide dismutase 2 (SOD2), and (2) non-genomic regulation, through 

direct activation of signalling cascades, e.g. increased phosphorylation of eNOS on Ser-

1177 (Menazza & Murphy, 2016; Gliemann & Hellsten, 2019). Additionally, oestrogen can 

post-translationally modify proteins via G protein-coupled oestrogen receptor 1 (GPER) 

activation (Prossnitz & Barton, 2011). For example, GPER activation can turn on signalling 

cascades that promote eNOS activation (Fredette et al., 2018). The combined effects of 

oestrogen and its receptors enhance both eNOS activity and nitric oxide (NO) 

bioavailability, which is critical for vasodilatation and shear stress-induced angiogenesis 

but also for promoting an anti-inflammatory phenotype in the vasculature, by quenching 

circulating reactive oxygen species (ROS) and inhibiting leukocyte adhesion (Förstermann 

& Münzel, 2006). This, in combination with the antioxidant properties of oestrogen and 

its effect on upregulation of SOD2 and catalase, makes the role of oestrogen in limiting 

oxidative stress and inflammation substantial (Ighodaro & Akinloye, 2018; Ribon-Demars 

et al., 2019). Lastly, oestrogen may also modulate capillary growth in skeletal muscle by 
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its influence on NO bioavailability and VEGF expression (Hyder et al., 2000). Capillary 

growth in skeletal muscle has important implications for health, as capillaries facilitate 

the transport and delivery of oxygen and nutrients to target tissues and can ease the 

stress generated from hypoxic environments, as seen in disease states such as 

hypertension or diabetes (Kim & Byzova, 2014). Taken together, oestrogen-promoted 

proteins are clearly critical for the maintenance of endothelial health and vascular 

function (Figure 5-3). 

Figure 5-3: Outlined differences in vascular health with active aging versus inactive aging in women.  

Active aging is characterized by a conservation of vascular health both in the macrovasculature and 
microvasculature and subsequently a slowed deterioration when compared to the typical trajectory observed 
in sedentary aging women. Inactive aging in women is characterized by a rapid rise in arterial blood pressure 
following menopause as well as an increase in thrombotic risk, platelet reactivity, and inflammation. 
Concurrently, reactive oxygen species, specifically superoxide anions (O¬2•-), accumulate and lead to lower 
nitric oxide (NO) bioavailability, which can impair endothelial function. Moreover, inactive aging is 
characterized by low capillary density and capillary-to-fiber (C:F) ratio. Importantly, initiating an exercise 
intervention can restore vascular health, although timing of the initiation of the interventions are of great 
importance. 
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Interestingly, previous rodent (Novensà et al., 2011) and human (Novella et al., 2012b) 

studies have suggested that oestrogen has the potential to elicit both pro- and anti-

inflammatory responses in the vasculature, where the dominant phenotype is influenced 

by the number of years after menopause. Oestrogen receptor α (ERα) is purported to be 

predominantly responsible for exerting the anti-inflammatory effects, while oestrogen 

receptor β (ERβ) has been suggested to be related to a pro-inflammatory profile (Novella 

et al., 2012b). The loss of oestrogen associated with the menopausal transition has been 

proposed to decrease ERα protein expression, thereby increasing the ratio of ERβ:ERα, 

and potentially favouring a pro-inflammatory phenotype (Novensà et al., 2011; Park et 

al., 2017), although a greater depth of research unearthing the nuances of the 

relationship between ERα and ERβ, particularly in humans, is still warranted. 

Importantly, regular physical activity can mimic some of the effects of endogenous 

oestrogen by activating the orphan nuclear receptor oestrogen-related receptor α (ERRα). 

In vitro studies in skeletal muscle cell cultures have shown that muscle contraction 

activates ERE in the absence of oestrogen, and that the effect is mitogen-activated protein 

kinase-dependent, indicating activation via ERRα (Wiik et al., 2009). This, combined with 

observations that ERα protein expression decreases after menopause (Novensà et al., 

2011b; Park et al., 2017) and exercise training upregulates ERRα protein expression in 

recent postmenopausal but not premenopausal women (Nyberg et al., 2017), could 

suggest that after menopause exercise-induced signalling through the ERRα pathway may 

become more important. Notably, the ERRα pathway is coupled to the peroxisome 

proliferator-activated receptor γ coactivator 1α (PGC1α) pathway and promotes the 
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production of several of the same key proteins related to vascular health as oestrogen, 

e.g. eNOS and SOD2, as well as mitochondrial biogenesis (Perry et al., 2014; Craige et al., 

2016). Cumulatively, before menopause oestrogenic effects can be achieved by both 

endogenous oestrogen and regular physical activity, whereas after menopause only the 

ERRα pathway remains. The previously mentioned finding that ERRα protein content 

increased significantly in postmenopausal but not premenopausal women following a 

period of exercise training could suggest that ERRα compensates for the menopause-

related loss of ERE activation (Nyberg et al., 2017). Another potentially critical aspect is 

that this pathway may lose its efficacy with time, as ERRα protein content declines with 

years after menopause in sedentary women (Gliemann & Hellsten, 2019). Together, this 

evidence highlights the importance of exercise training, and the potential reliance on the 

ERRα pathway, in postmenopausal women for the preservation of vascular health 

(Gliemann and Hellsten (2019) (Figure 5-3).  

5.4 Arterial Blood Pressure 

Chronically elevated arterial pressure is a strong predictor of vascular disease and a major 

cause of mortality worldwide (Fuchs & Whelton, 2020). A sustained increase in blood 

pressure not only influences cardiac work, but also contributes to systemic vascular 

changes, which in turn may elevate blood pressure further and increase the risk of organ 

damage (Mennuni et al., 2014) and thrombosis (Faraco & Iadecola, 2013). In Europe, 

reports indicate that about 50% of men and 39% of women between 35 and 74 years of 

age have clinically elevated blood pressure (Wolf-Maier et al., 2003). Interestingly, men 

show a relatively steady rise in arterial pressure with age, whereas women have largely 



128 
 

unaltered blood pressure until menopause and then commonly present a rather rapid rise 

in arterial pressure (Staessen et al., 1997; Barton & Meyer, 2009). This accelerated rise is, 

at least in part, due to the hormonal changes occurring. Previous studies have suggested 

that the oestrogen receptor GPER is the main receptor responsible for the potent eNOS-

mediated vasodilatory effects of oestrogen, and although the evidence is limited, lower 

GPER protein content has been associated with hypertension in postmenopausal women 

(Liu et al., 2018). Yet, GPER expression does not appear to be directly related to the loss 

of oestrogen at menopause, as the same study reported similar GPER protein expression 

in pre- and postmenopausal women (Liu et al., 2018). However, there are several known 

causes of hypertension, and there are clearly multiple factors involved in the accelerated 

rise in blood pressure after menopause. 

As with most vascular changes, the rise in arterial pressure depends to a large extent on 

lifestyle, where an active lifestyle significantly attenuates the rise. Accordingly, a 

comparison of arterial blood pressure between endurance trained and sedentary 

postmenopausal women revealed that well-trained women had significantly lower 

systolic pressure than sedentary women (Santos-Parker et al., 2017). Another cross-

sectional study demonstrated that women with a lifelong moderately active lifestyle with 

∼2–4 h of low- to moderate-intensity exercise and ∼1 h high-intensity training per week 

had lower blood pressure levels than sedentary women (Gliemann et al., 2020a). These 

data suggest that a moderately active lifestyle is sufficient to oppose the age-induced 

increase in blood pressure. In fact, the mean arterial blood pressure in the moderately 

active group was not statistically different from that of a group of very active 
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postmenopausal women, who performed more than 4 h of moderate- to high-intensity 

exercise per week (Gliemann et al., 2020a). 

Several studies have also demonstrated that as little as 2–3 months of regular physical 

activity can lower arterial blood pressure in postmenopausal women. Some of these 

studies have utilized intense aerobic interval cycling (Nyberg et al., 2016; Hoier et al., 

2021) and others high-intensity running, e.g. floorball and interval running (Nyberg et al., 

2014; Gliemann et al., 2020b), and have found that these intensive exercise modalities 

produce beneficial reductions in arterial blood pressure (Figure 5-4). Conversely, findings 

with low- to moderate-intensity training (e.g. walking and Nordic walking) are somewhat 

more divergent, with some studies showing a lowering of blood pressure (di Blasio et al., 

2012; Cebula et al., 2020) and no effect in others (Pierce et al., 2011; Moreau et al., 2013). 

Combined, existing data from midlife and older women suggest that regular physical 

activity of moderate- to high-intensity is effective in opposing the age-related increase in 

arterial blood pressure in women, whereas low- to moderate-intensity exercise may be 

somewhat less effective. 
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5.5 Vascular Function 

5.5.1 Conduit Artery Function 

Flow-mediated dilatation (FMD) is a non-invasive method that measures changes in 

artery diameter with ultrasound Doppler in response to increased flow following reactive 

hyperaemia (Hoier et al., 2021). FMD is used as an indicator of overall vascular health, 

and epidemiological studies suggest a relationship between the brachial artery FMD 

response and the risk for vascular events (Green et al., 2011), proving its clear validity as 

a clinically relevant marker. However, it may be pointed out that FMD evaluates 

endothelial function of conduit arteries, which have no functional role in the regulation 

of blood flow or peripheral resistance.  

Figure 5-4: Reductions in clinical systolic and diastolic blood pressure by exercise intervention in sedentary 
postmenopausal women (floorball, n=18, Spinning, n=27).  

Data adapted and combined from: Nyberg et al., 2014, 2016; Gunnarsson et al., 2020; Hoier et al., 2021. 
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In both men and women there is a gradual decline in the brachial artery FMD response 

with ageing but in women there is a more prominent decline at midlife, specifically 

occurring after the menopausal transition (Holder et al., 2019). This suggests that the 

FMD response in women may be accelerated by the menopause-associated changes in 

sex hormone levels (Moreau et al., 2012). Sex-specific effects have been reported 

regarding the impact of physical activity on the FMD response in middle-aged men and 

postmenopausal women. Interestingly, both longitudinal and cross-sectional 

comparisons have shown no effect of moderate-intensity walking training on FMD in 

postmenopausal women, despite a significant improvement with similar training in age-

matched men (Pierce et al., 2011). In a follow-up study, the same research group 

observed that men and women only attained the same magnitude of improvement in 

FMD after training when postmenopausal women were provided a combination of 

walking training and oestrogen replacement therapy (Moreau et al., 2013).  

Traditionally, FMD is assessed in the brachial artery even when the exercise training 

modality involves predominantly lower body exercise (e.g. cycling). Thus, it could be 

argued that an improvement in FMD could be achieved more easily in the trained limbs 

of the women (e.g. the legs if performing cycling training). However, Hoier et al. (2021) 

showed no improvement in popliteal artery FMD after 8 weeks of aerobic cycle training 

in women more than 10 years after menopause. Thus, at least in late postmenopausal 

women, changes in FMD appear difficult to achieve, regardless of type of exercise and 

site of measurement, but evidence also suggests that regular exercise with a combination 
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of oestrogen supplementation (Moreau et al., 2013) can lead to an improved FMD 

response. 

5.5.2 Skeletal Muscle Microvascular Function  

Intra-arterial infusions of vasoactive substances are used to evaluate endothelial function 

in the smaller arterioles, which play an essential role in the regulation of peripheral 

resistance and therefore blood pressure and local blood flow. The method employs 

simultaneous measurements of blood flow by Doppler ultrasound technology and intra-

arterial blood pressure, enabling the calculation of vascular resistance or conductance. 

Although this method is useful for assessing microvascular function, the invasive nature 

of this method limits the use to smaller scale studies. Accordingly, non-invasive protocols, 

such as FMD, are preferably used for larger cohorts. 

Intra-arterial infusion of acetylcholine in combination with a smooth muscle stimulating 

vasodilators, such as sodium nitroprusside (NO donor) or the prostacyclin (PGI2) analogue 

epoprostenol, enables investigation of the ability of the endothelium in the smaller 

resistance arterioles to produce and secrete vasodilators and induce vasodilatation in the 

vascular smooth muscle cells (Nyberg et al., 2016). The vasodilator response to arterial 

infusion of acetylcholine decreases as a function of age with a negative linear correlation 

(R2 = 0.74) in healthy normotensive subjects (Taddei et al., 1995). Evidence of a decline in 

microvascular function with the menopausal transition has been provided by Nyberg and 

colleagues (2016), whereby a ∼14–41% lower response to acetylcholine and 

epoprostenol was observed in recent postmenopausal compared to late premenopausal 

women of similar age (age gap of ∼4 years). These findings suggest that the decline in 
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vascular function is already present in the early stages of menopause and continues with 

advancing age.  

Exercise training has consistently been shown to prevent and recover age-related declines 

in vascular function in older men (Desouza et al., 2000; Taddei et al., 2001). However, in 

older women, the exercise-induced improvements in vascular function are inconsistent 

and less convincing (Nyberg et al., 2016; Gliemann et al., 2020b). The opposing findings 

regarding the effect of exercise on microvascular function in older women have been 

suggested to be the result of discrepancies between age and/or postmenopausal stage 

and/or the exercise intervention. For example, in women just around the menopausal 

transition (∼50 years, <3 years after menopause), 8 or 12 weeks of aerobic cycle exercise 

has been shown to improve the vasodilator response to acetylcholine by as much as ∼20% 

(Nyberg et al., 2012, 2016). Conversely, in older women further from the menopausal 

transition (∼60 years of age, >5 years after menopause), the improvements in vascular 

function with a period of high-intensity floorball training were not statistically significant 

(Gliemann et al., 2020b). However, cross-sectional studies show that older women (∼60 

years of age) with a lifelong highly active lifestyle, exhibit a greater responsiveness in leg 

vascular conductance to intra-arterial infusions of acetylcholine, compared to sedentary 

and moderately active older women (Gliemann et al., 2020a). Enhanced activation of the 

ERRα–PGC1α pathway may underpin a potential mechanism for the increase in vascular 

function with physical activity (Gliemann & Hellsten, 2019). Notably, in the study by 

Nyberg et al. (2017), ERRα was upregulated by ~60% after a 12-week training 

intervention. This is further supported by the cross-sectional data from Gliemann (2020a), 
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where they found a significant, albeit limited, positive correlation between the skeletal 

muscle protein expression of ERRα and expression of eNOS, as well as between ERRα 

content in muscle samples and the vascular response to acetylcholine. 

In summary, women with a lifelong physically active lifestyle exhibit preserved 

microvascular function, compared to lifelong sedentary women, and the initiation of 

exercise after the menopausal transition has the potential to improve microvascular 

function, at least when initiated within the first years after the menopausal transition. 

5.6 Platelet Reactivity and Blood Clot Formation 

The human body is constantly forming and breaking down blood clots. However, when an 

imbalance between clot formation and degradation occurs, large blood clots that are not 

sufficiently degraded may trigger severe thrombotic events including arterial thrombosis. 

One in four people worldwide dies from a thrombotic event, and the risk of thrombosis 

dramatically increases after the age of 60 (Wendelboe & Raskob, 2016). Although men 

typically have a two-fold higher risk of thrombotic events compared to women (Roach et 

al., 2014), menopause significantly increases a woman’s risk of thrombosis (Canonico et 

al., 2014). Available data on indicators of thrombosis are discussed below in relation to 

menopause and exercise training. 

5.6.1 Platelet Reactivity 

Platelet reactivity, consisting of platelet activation, adhesion and aggregation, is critical 

for blood clot formation (Periayah et al., 2017). Platelet reactivity can be assessed by 

exposing platelet-rich plasma to known concentrations of platelet agonists. Although 
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premenopausal females have lower vascular disease risk than males (Parker et al., 2010), 

it is well-established that at all ages, females have higher platelet counts and are more 

responsive to agonist-induced aggregation than males (Sabetta et al., 2022). Moreover, a 

growing body of evidence demonstrates that even with healthy ageing, platelets become 

hyper-reactive and are less sensitive to inhibition, although the exact mechanisms remain 

to be elucidated (le Blanc & Lordkipanidzé, 2019). Interestingly, menopause poses an 

additional challenge to optimal platelet function, as oestrogen is an important positive 

regulator of the production of NO and PGI2, which are established inhibitors of platelet 

activation (Novella et al., 2012a). Consequently, it has been hypothesized that the loss of 

oestrogen associated with menopause may promote an imbalance in platelet reactivity, 

favouring platelet hyper-reactivity, which subsequently increases the risk of a thrombotic 

event (Bray, 2007). However, existing literature is both scarce and conflicting. A pilot 

study by Singla et al. (2013) showed no significant difference between late 

premenopausal and recent postmenopausal women in platelet reactivity induced by 

several agonists. Conversely, Slingsby et al. (2017) demonstrated higher resting platelet 

reactivity in response to the agonist thrombin receptor activator peptide 6 (TRAP-6) in 

early postmenopausal women compared to late premenopausal women, suggesting a 

basal state of platelet hyper-reactivity. Accordingly, the existing evidence is currently 

unclear regarding the impact of menopause on basal platelet reactivity. 

Recent evidence suggests that exercise training significantly improves platelet function, 

as well-trained men have significantly reduced basal platelet reactivity and improved 

platelet sensitivity to PGI2 compared to untrained and moderately trained men (Lundberg 
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Slingsby et al., 2018). Additionally, as mentioned above, regular physical activity, via ERRα 

and ERE activation, stimulates several of the same vascular protective pathways as 

oestrogen and may thus be an effective strategy to reduce platelet hyper-reactivity in 

postmenopausal women. Notably, exercise training has been shown to increase 

circulating NO (Zaros et al., 2009; Esmail et al., 2011) and PGI2 (Gliemann et al., 2020b) 

levels. Additionally, 3 months of high-intensity exercise training improved platelet PGI2 

sensitivity in both late pre- and early postmenopausal women (Lundberg Slingsby et al., 

2017). Though preliminary, these findings may suggest that exercise training can be 

beneficial for improving platelet function. However, more studies are clearly required to 

validate these findings. 

5.6.2 Blood Clot Microstructure 

The relatively novel application of rheometry allows for the generation of in vitro blood 

clots from whole blood (Kaibara, 1996). The gel point occurs when the blood transitions 

from a viscoelastic fluid to a viscoelastic solid, marking the formation of the incipient 

blood clot (Evans et al., 2008). Fractal dimension (df), which is a quantitative measure of 

the incipient clot microstructure (i.e. density and strength), provides a clinically relevant 

marker of thrombotic risk. A higher df signifies a stronger and denser blood clot that is 

more difficult to degrade via fibrinolysis (Evans et al., 2008).  

So far, fractal dimension has predominantly been utilized for investigating 

thrombogenicity in clinical populations (Lawrence et al., 2015), but this method is clearly 

useful for the assessment of changes in clot density and strength with healthy ageing and 

to elucidate whether exercise training can alter this parameter. Preliminary data from our 
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laboratory shows that df is markedly higher in healthy, postmenopausal women 

compared to young, healthy women (Figure 5-5). Importantly, very small changes in df 

reflect dramatic changes in normalized clot mass, whereby as little as a 0.02 increase in 

df signifies a ~25% increase in clot mass (Sabra et al., 2017). Although not evaluated in our 

analysis, an estimation based on the work by Sabra et al. (2017) suggests that healthy, 

postmenopausal women form blood clots that have between 25 and 75% more mass than 

their young, healthy counterparts. Healthy aging and menopause are associated with 

impairments to fibrinolysis as well as increases in platelet reactivity and plasma 

concentrations of coagulation factors (Bucciarelli & Mannucci, 2009). Moreover, the loss 

of estrogen with menopause may exacerbate these age-related hemostatic changes 

(Meilahn et al., 1992) and evidently, previous work using a different methodology has 

demonstrated that postmenopausal women form denser ex-vivo clots than 

premenopausal women (Piróg et al., 2016). Together, these findings may explain our 

observation of a higher df in postmenopausal women compared to young women.  
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5.7 Capillarization and Effect of Age and Menopause 

In skeletal muscle, capillarization is crucial for the delivery of oxygen and nutrients 

(Egginton, 2009) and holds important implications for health, especially regarding glucose 

tolerance and insulin sensitivity (Bonner et al., 2013; Akerstrom et al., 2014). It is well-

known that regular physical activity provides a potent stimulus that promotes an increase 

in skeletal muscle capillary growth in young, healthy individuals (Hoier et al., 2012). 

However, the influence of sex and ageing are less clearly understood. Studies 

investigating the impact of female hormones and menopause on skeletal muscle 

capillarization are rare, yet a recent meta-analysis showed clear sex-related differences 

in the capillary-to-fibre (C:F) ratio after a period of exercise training, whereby the increase 

Figure 5-5: Fractal dimension in young and postmenopausal women. 

Fractal dimension (df) analysis indicating increased strength and density of incipient blood clots in healthy 
postmenopausal women (n=27; age: 58 ± 5 years; 8 ± 5 years after menopause; VO2max: 27.6 ± 5.6 mL·kg-1·min-1) 
compared to young, healthy women (n=8; age: 28 ± 2 years; VO2max: 45.5 ± 2.4 mL·kg-1·min-1) (p = 0.005). All 
participants were fasted, avoided caffeine (24 hours), strenuous exercise (48 hours), and non-steroidal anti-
inflammatory drugs (7 days). After resting in a supine position for 15 min, blood samples were drawn into 
vacutainers with no additive. 
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in C:F ratio was 56% higher on average in males compared to females (Liu et al., 2022). 

Currently, the findings from studies on training-induced muscle capillary growth in 

postmenopausal women are inconsistent (Gavin et al., 2014; Gries et al., 2018; Olsen et 

al., 2020; Gliemann et al., 2021; Perez-Gomez et al., 2021). For example, Gavin et al. 

(2014) demonstrated a ~20-25% increase in capillarization after 8 weeks of moderate-

intensity training (heart rate equivalent to 65% of V̇O2max) in middle aged to older women 

but, Olsen et al. (2020) reported unaltered capillary growth after 8 weeks of high-intensity 

spinning training in women of similar age. Additionally, a cross-sectional study showed 

that lifelong exercise-trained older men and women had same amount of capillarization 

as young exercise trained men and women performing the same number of training hours 

per week. However, old sedentary men and women had 20–90% lower capillarization 

(Gries et al., 2018). In an attempt to identify the role of oestrogen versus ageing on muscle 

capillary adaptations to training, Peréz-Goméz et al. (2021) assessed capillarization in late 

pre- and recent postmenopausal women of similar age (49 vs. 53 years of age) before and 

after 12 weeks of high-intensity spinning training. Similar increases in C:F ratio and 

capillary density of ∼6–13% were found in the two groups after training, suggesting that 

the hormonal change around menopause did not significantly influence the capacity for 

training-induced capillarization (Perez-Gomez et al., 2021). To what extent time/years 

after menopause influences training-induced capillarization has not been directly 

determined, but data from our laboratory provide an indication of a negative correlation 

between age and C:F ratio (R2 = 0.12; p = 0.007) (Figure 5-6). Interestingly, this relationship 

does not apply to lifelong-trained women (Figure 5-6) (Gliemann et al., 2021). Although, 
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the sample size is small, this latter finding suggests that lifelong training can help to 

maintain skeletal muscle capillarization with age. This notion is supported by Gliemann et 

al. (2021), who showed that a very high activity level throughout life is required for higher 

levels of skeletal muscle capillarization.  

Figure 5-6: Relationship between age (years) and capillary-to-fiber (C:F) ratio. 

Linear correlations between capillary-to-fiber ratio (C:F ratio) and age, in sedentary women before (closed 
circles, n=61, (Olsen et al., 2020; Gliemann et al., 2021; Perez-Gomez et al., 2021)) and after an exercise 
intervention (8-12 weeks, open circles, n=59, (Olsen et al., 2020; Perez-Gomez et al., 2021)) as well of a 
group of lifelong trained women (triangles, n=29, (Gliemann et al., 2021)), both moderately and highly 
trained (moderately: 2-4 hours of low to moderate intensity exercise and 1 h of high-intensity exercise pr 
week, highly: more than 4 hours of moderate- and high-intensity exercise pr. week). Significant relationship 
between C:F ratio and age in sedentary women (R2 = 0.12 and p = 0.007) and after the exercise intervention 
(R2=0.09 and p = 0.03). No linear relationships between C:F ratio and age in the lifelong trained group 
(R2=0.06 and p = 0.204). Data is adapted and combined from previous published papers: Olsen et al., 2020; 
Gliemann et al., 2021; Perez-Gomez et al., 2021. 
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Taken together, although the data are somewhat sparse, it appears that capillary 

rarefaction occurs with age in sedentary postmenopausal women, but to a lesser extent 

in women who have conducted lifelong exercise training. A potential explanation for the 

more robust capillary rarefaction with sedentary ageing may be reduced endothelial cell 

proliferation as well as the level of VEGF (Olsen et al., 2020). However, VEGF increases 

after an 8-week training period in postmenopausal women (Olsen et al., 2020), and in the 

absence of estrogen, ERRα may play a role in mediating this exercise-induced 

upregulation (Stein et al., 2009). Thus, longer training periods might be needed to induce 

skeletal muscle capillarization in postmenopausal women.  

5.8 Perspective 

In this review, we emphasize that regular physical activity is essential for healthy human 

ageing. However, it is interesting to consider that countries around the world have 

extremely divergent habits for participation in and adherence to regular physical activity, 

which is likely attributed to a multitude of factors including lifestyle, values and 

accessibility. Importantly, many of the studies included in this review were conducted in 

Copenhagen, Denmark, a country that reports one of the highest levels of regular physical 

activity in the world. Conversely, only ∼40% of American adults and ∼10% of Japanese 

adults meet the physical activity recommendations (Sisson & Katzmarzyk, 2008). As 

highlighted in this review, a physically inactive lifestyle clearly contributes to what is 

commonly considered vascular ageing and accordingly, future studies should carefully 

consider the physical activity levels of participants when interpreting basal vascular data 

and the changes with ageing and physical activity. 
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5.9 Conclusion 

In conclusion, the time to begin regular physical activity is now. A physically active lifestyle 

is imperative for minimizing declines in vascular health across the lifespan, and lifelong 

physically active older women display the best trajectory for vascular health (Figure 5-3). 

However, if women have been sedentary until mid-life and onward, it is not too late to 

become active, although it appears that initiating regular and rigorous physical activity 

before the menopausal transition, rather than later in life, is likely more effective at 

mitigating the age-related impairments to vascular health.  
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5.11 Research Program Progression 

In Chapter 5, we synthesized and critically evaluated the existing literature on the vascular 

adaptations to exercise training in postmenopausal women. Although exercise training is 

generally beneficial for everyone, we observed a trend for greater improvements in 

vascular health with exercise training in recently (≤5 years) compared to late (≥10 years) 

postmenopausal women, which supports the exercise timing hypothesis. 

Accordingly, in Chapter 6, we wanted to experimentally validate the exercise timing 

hypothesis by exploring the efficacy of 8 weeks of high-intensity exercise training in 

recently and late postmenopausal women on a wide variety of markers of vascular health. 
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CHAPTER 6  

Exercise training induces thrombogenic benefits in recently but not late 

postmenopausal women  

Nørregaard, L.B.1 †, Wickham, K.A.1,2 †, Ehlers, T.1, Rocha, M.P.1, Fischer, M.1, Lundberg 

Slingsby, M.H.1, Cheung, S.S.2, Evans P.A.3,4, Bangsbo J.1, and Hellsten Y1 

As submitted to the American Journal of Physiology – Heart and Circulatory Physiology 

(IF: 5.13) 

6.1 Abstract 

For women, both aging and menopause are significant risk factors for thrombotic events. 

Regular physical activity has been established as an effective long-term strategy to 

improve cardiovascular health in postmenopausal women. However, it is currently 

unclear whether the time passed after menopause prior to the initiation of exercise 

training impacts the magnitude of improvements in markers of thrombotic risk and 

conduit artery function in previously sedentary women. We hypothesized that the 

exercise-induced vascular improvements would be more pronounced in recently 

Figure 6-1: Study II graphical abstract. 

Following 8 weeks of high-intensity exercise training, recently postmenopausal women obtain beneficial 

thrombogenic adaptations to the training period, whereas late postmenopausal women do not. 
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compared to late postmenopausal women. We recruited 30 healthy postmenopausal 

women (15 recently and 15 late) and evaluated several markers of thrombotic risk and 

vascular health before and after an 8-week high-intensity exercise training intervention 

consisting of floorball and spinning performed 3 times per week. During the exercise 

training period, thrombotic risk, evaluated by platelet reactivity and fractal dimension, 

was reduced in the recently but not the late postmenopausal women. However, there 

was no change in conduit artery function, as measured by brachial and popliteal artery 

flow mediated dilation. The divergent thrombogenic adaptations may be partially 

explained by training-induced accrual of low-grade inflammation in the late 

postmenopausal women, as only this group exhibited increased intracellular adhesion 

molecule-1 levels after training. Taken together, these findings suggest that 8 weeks of 

high-intensity exercise training significantly reduces thrombotic risk in recently, but not 

late postmenopausal women. Thus, regular physical activity initiated soon after 

menopause, compared to many years after menopause, may be more efficient for 

reducing the risk of blood clots. 

 

6.2 Introduction 

Thrombotic events are the leading cause of death worldwide (Wendelboe and Raskob, 

2016) and the risk of thrombosis is strongly linked to age, where the risk substantially 

increases after the age of 60 (Engbers et al., 2010). In women, the risk of thrombosis is 

further exacerbated by menopause and the concomitant cessation of estrogen 

production, which is known for its cardioprotective effects (Parker et al., 2010). It is well 



154 
 

established that estrogen has a robust capacity to mitigate oxidative stress via genomic 

and non-genomic estrogen receptor (ER) actions (Miller and Duckles, 2008). Together, 

these estrogenic effects can inhibit platelet activation and promote vasodilation, and may 

explain the lower incidence of cardiovascular disease in premenopausal women 

compared to age-matched men (Parker et al., 2010). Aging and menopause have been 

associated with a disproportional increase in the ratio of circulating factors that promote 

platelet activation compared to platelet inhibition (Le Blanc and Lordkipanidzé, 2019), an 

impaired capacity to degrade blood clots (Mari et al., 2008), and impaired vascular 

function (Seals et al., 2011). Notably, increased levels of oxidative stress as well as 

subsequent cellular damage and disturbance of function, are significant drivers of these 

menopause and aging-induced cardiovascular maladaptations (Xu et al., 2017). Due to the 

inevitable increase in the risk of cardiovascular events, both with age and menopause, it 

is critical to establish effective strategies to minimize this risk. 

It is well-known that regular exercise is an effective strategy for eliciting robust beneficial 

effects on cardiovascular health (Gliemann et al., 2020; Nyberg et al., 2016; Nystoriak and 

Bhatnagar, 2018; Pedersen et al., 2018), and studies have documented the positive 

effects of exercise training on thrombotic risk in men (Schmidt et al., 2014; Vorup et al., 

2017). However, data regarding how a brief period of exercise training influences the 

thrombogenic profile in postmenopausal women is limited and conflicting. Interestingly, 

when teased apart, it appears that studies showing a lack of improvements in vascular 

function with exercise training have typically included women that were a greater number 

of years postmenopausal (i.e., late postmenopausal) (Spina et al., 1993) or had a wide age 
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range of postmenopausal participants (Moreau et al., 2013; Pierce et al., 2011). 

Conversely, studies reporting substantial improvements in vascular function with exercise 

training have specifically recruited women who were recently postmenopausal (Egelund 

et al., 2017; Nyberg et al., 2016, 2014). The exercise timing hypothesis proposes that how 

soon exercise training is initiated after the onset of menopause may impact the 

magnitude of vascular adaptations (Gliemann and Hellsten, 2019). This notion is in line 

with evidence suggesting that hormone replacement therapy may only be effective at 

mitigating the development of cardiovascular disease if initiated soon after the onset of 

menopause (Miller et al., 2009). 

Several potential mechanisms have been proposed to explain the exercise timing 

hypothesis in postmenopausal women (Gliemann and Hellsten, 2019). First, following the 

cessation of endogenous estrogen production with menopause, estrogen response 

elements (ERE) can still be activated by estrogen-related receptor alpha (ERRα) via 

contraction-mediated pathways, ultimately leading to changes in proteins important for 

vascular health (Miller and Duckles, 2008). However, the expression of ERRα may be 

reduced as a function of time after menopause (Francis and Pierce, 2011; Gliemann and 

Hellsten, 2019), suggesting that the capacity for upregulation of key vascular proteins may 

be lower in late postmenopausal women compared to recently postmenopausal women. 

Second, the magnitude of vascular impairments in late postmenopausal women may 

exceed those of recently postmenopausal women, making the vascular damage more 

difficult to reverse (Francis and Pierce, 2011). Hereunder, it is plausible that more severe 

vascular impairments are associated with increased susceptibility of oxidative stress 
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(Dhalla et al., 2000) and low-grade inflammation (Ross, 1999). Exercise acutely increases 

skeletal muscle reactive oxygen species production, an effect that is critical for exercise 

training adaptations (He et al., 2016). In healthy individuals, the endogenous antioxidant 

systems combat this acute elevation in reactive oxygen species, however with aging and 

menopause it is possible that reactive oxygen species formation exceeds the capacity of 

the antioxidant systems (Bejma and Ji, 1999), which may blunt the beneficial adaptations 

to exercise training. 

To date, there is no experimental validation of the exercise timing hypothesis or the 

potential underlying mechanisms. Accordingly, the purpose of this study was to 

determine whether the timing of exercise training, as it relates to years after menopause, 

impacts the magnitude of improvements in markers of thrombotic risk and vascular 

function. We hypothesized that exercise-induced vascular improvements would be more 

pronounced in the recently compared to the late postmenopausal women, and that the 

underlying mechanism would be related to ERRα protein expression and/or inflammatory 

responses to exercise training. 

6.3 Materials and Methods 

The experimental protocol was approved by the ethics committee of Copenhagen (H-

20037633) and was registered with ClinicalTrials.gov (NCT04596501). All experimental 

procedures were explained both verbally and in writing. Prior to participation, written 

informed consent was obtained and all experiments were conducted in accordance with 

the Declaration of Helsinki. 
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6.3.1 Recruitment of Participants 

Participants were recruited via an online participant database and newspaper 

advertisements. Participants were included in the study if they were sedentary (no 

regular physical activity in >2 years and commuting <10 km daily by bicycle) but otherwise 

healthy postmenopausal women (>12 months since last menstrual bleeding, menopausal 

state was confirmed by blood hormone levels), 50 to 70 years old, body mass index (BMI) 

<30 kg·m-2, and normotensive (blood pressure <130/90 mmHg). The group of recently 

postmenopausal women were defined as >12 months since their last menstrual bleeding 

(i.e., menopausal) but ≤5 years postmenopausal. The group of late postmenopausal 

women were defined as ≥10 years postmenopausal. Accordingly, women that were >5 

years but <10 years postmenopausal were excluded from this study. Additionally, 

participants were excluded if they smoked in the last 10 years, had excessive alcohol 

intake (>14 units per week), used regular medication, hormone replacement therapy 

(confirmed by blood hormone levels), or phytoestrogen supplementation (e.g., soybean 

or red clover products). Participants were recruited in two rounds with a balanced 

distribution of recently postmenopausal women and late postmenopausal women in each 

round. The first round started in the spring of 2021 and the second in the fall of 2021. This 

was done to accommodate for any potential seasonal/yearly variations in dietary and 

exercise habits. 

6.3.2 Study Design 

The study design consisted of a health screening day, a fitness assessment day, an 

experimental day, and 8 weeks of high-intensity exercise training. The fitness assessment 
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day and experimental day were performed before and after the training intervention with 

at least 48 h between these two visits. For all laboratory visits, participants were 

instructed to avoid caffeine for 24 h, strenuous exercise for 48 h, and non-steroidal anti-

inflammatory drugs for at least 7 days prior to participation. Failure to comply with these 

guidelines resulted in rescheduling of the laboratory visit.  

6.3.3 Health Screening Day 

Prior to inclusion, the participants underwent a medical examination to determine their 

health status, eligibility to participate in exercise training, and to ensure that all inclusion 

criteria were met. The medical examination included a 10-point resting electrocardiogram 

(ECG), a medical interview and examination, as well as blood samples to ensure 

participants met the inclusion criteria. Participants also completed the short version of 

the International Physical Activity Questionnaire (IPAQ) to quantify their self-reported 

physical activity habits. During this visit, participants were familiarized with the 

incremental test that was performed on the fitness assessment day, described below. 

6.3.4 Exercise Training 

The participants completed 8 weeks of high-intensity exercise training, which involved 1 

h of training performed 3 times per week. The participants performed a minimum of 20 

sessions, and a maximum of 26 sessions over the 8-week period. The training included a 

combination of small-sided floorball matches (Pedersen et al., 2022, 2018) and interval-

based high-intensity cycle training (spinning). This mixed modality, high-intensity training 

program was chosen to avoid overuse injuries and to maintain high levels of motivation. 

Participants were required to participate in at least one session of floorball and one 
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session of spinning per week with the option to select the third session based on 

preference. Each training session was monitored by members of the research team and 

encouragement was provided to promote high-intensity exercise. Heart rate (HR) was 

monitored continuously (POLAR TEAM Pro, Polar Electro Oy, Finland) throughout the 

exercise sessions to ensure that a high exercise intensity was maintained (average HR of 

the entire session >75% of maximal HR (HRmax)). HR data was quantified using time spent 

in HR zones based on percent of HRmax assessed during the incremental test described 

below. Zone 1 was ≤60% HRmax, Zone 2 was 61 to 70% HRmax, Zone 3 was 71 to 80% HRmax, 

Zone 4 was 81 to 90% HRmax, Zone 5 was ≥91% HRmax. 

6.3.5 Fitness Assessment Days 

Before and after the exercise training intervention, participants completed a fitness 

assessment day. Before the first visit, the participants recorded their diet and arrived at 

the laboratory in a post-prandial state (≥2 h since last light meal). They were instructed 

to repeat their diet for the post-intervention fitness assessment day. The participants 

rested in a supine position for 15 min and then blood samples were drawn from the 

antecubital vein for the determination of circulating hormones (estrogen, progesterone, 

luteinizing hormone, follicle stimulating hormone, testosterone), coagulation factors, 

cholesterol, and hematological markers (Table 2). All blood samples were analyzed at a 

hospital (Rigshospitalet) in Copenhagen, Denmark within 2 h of collection. 

Thereafter, participants performed an incremental test on a cycle ergometer for 

determination of peak oxygen uptake (V̇O2peak). The test consisted of a 5 min warm-up at 

50 Watts (W) followed by 25 W·min-1 increases until exhaustion. Participants then rested 
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for 10 min before completing a V̇O2peak verification by cycling at 110% Wmax until 

exhaustion. V̇O2peak was accepted if participants had an end-exercise respiratory exchange 

ratio that exceeded 1.0 and an end-exercise heart rate (HR) that exceeded 220 minus the 

age of the participant. V̇O2peak was calculated as the highest consecutive 30 s average 

recorded during the step-test to exhaustion or the verification at 110% Wmax.  

6.3.6 Blood Pressure Monitoring at Home 

For the 3 days prior to each experimental day, participants were instructed to measure 

blood pressure at home. They monitored blood pressure in the supine position, in the 

morning upon waking up and in the evening prior to going to sleep. The participants were 

carefully educated on how to perform accurate blood pressure measurements by 

members of the research team. Three measurements of blood pressure were obtained 

and recorded at each time point. If the final blood pressure measurement was the lowest 

of the three measurements, the participants were instructed to perform an additional 

measurement, for a maximum of six measurements. Both before and after the 

intervention period, the average systolic blood pressure (SBP) and average diastolic blood 

pressure (DBP) of all home measurements were calculated. 

6.3.7 Experimental Day 

Before and after the intervention period, the participants completed an experimental 

day, where the participants arrived at the laboratory in a fasted state and underwent 

several tests including dual energy x-ray absorptiometry (DXA) scans, blood sampling, 
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flow-mediated dilation (FMD), and a biopsy was collected from m. vastus lateralis. The 

experimental procedures are described below. 

6.3.8 Body Composition 

The participants rested for 15 min in a supine position before a DXA scan was performed 

to assess body composition. The scan was performed with the participant wearing as little 

clothing as they felt comfortable, and this was replicated for the post-training scan. Then, 

the participants were escorted to another research laboratory for the remainder of the 

experimental protocol.  

6.3.9 Blood Sampling 

The participants rested in a dimly lit, temperate controlled (22-23°C) room in a supine 

position for 30 min before blood samples were collected from the antecubital vein for the 

following experimental procedures: 

6.3.9.1 Incipient Clot Microstructure – Fractal Dimension 

The density and strength of a blood clot is a valuable predictor of thrombotic risk and can 

be evaluated using rheometry (Lawrence et al., 2014). This novel method uses 

uncoagulated whole blood to form in-vitro blood clots. Fractal dimension is a quantitative 

measure of the incipient clot microstructure (i.e., density and mechanical strength), and 

is determined at the point where blood transitions from a viscoelastic fluid to a 

viscoelastic solid (gel point; GP) (Lawrence et al., 2014). To perform this measurement, a 

9 mL blood sample was drawn via a butterfly needle (BD Vacutainer Push Button Blood 

Collection Set, 367344, BD, USA) into a blood collection tube with no additive (455001, 
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Greiner Bio-One, Austria) and care was taken to ensure that the tourniquet was on for as 

short a time as possible to prevent shear stress-induced platelet activation (Magnette et 

al., 2016). Then, 7 mL was immediately loaded into a double-gap concentric cylinder 

measuring geometry of a controlled stress rheometer (AR-G2, TA Instruments, USA) at 

37°C. The blood was loaded by the same investigator using a reverse pipetting technique 

to avoid bubbles. Immediately after sample loading, small amplitude oscillatory shear 

measurements were performed at test frequencies: 2, 0.93, 0.43, and 0.2 Hz with a peak 

stress amplitude of 0.03 Pa to promote blood clot formation. The method determines the 

GP of the incipient blood clot, which acts as a template for ongoing clot development 

(Curtis et al., 2013, 2011). A detailed description of the physics and mathematical 

calculations behind the fractal dimension method can be found elsewhere (Lawrence et 

al., 2014).  

6.3.9.2 Platelet Reactivity 

Platelets and platelet aggregation are a critical component of blood clot formation and 

subsequent thrombosis (Periayah et al., 2017). To perform this assay, 12.5 mL of blood 

were drawn into 3.2% sodium-citrate blood collection tubes (454332, Greiner Bio-One, 

Austria) and immediately centrifuged at 180 g for 10 minutes at 20°C to obtain platelet 

rich plasma (PRP). The PRP was pipetted into a 96 well round bottom plate (650101, 

Greiner Bio-One, Austria), and 2 mL of the remaining blood was placed in an Eppendorf 

tube and centrifuged at 15000 g for 2 minutes at 20°C to obtain platelet poor plasma 

(PPP). The PPP was pipetted into the same 96 well round bottom plate. Then, as per our 

previous experiments (Lundberg Slingsby et al., 2018, 2017), 40 µL of PRP or PPP was 
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added via multi-channel pipette to a 96-well half-area plate (675161, Greiner Bio-One, 

Austria) pre-coated with known concentrations of the platelet agonists: thrombin 

receptor activator peptide 6 (TRAP6) [0.11 – 40 µM; TRAP6, 4017752, Bachem, 

Switzerland] and collagen [0.0156 – 16 µg·mL-1; 1130630, Takeda, Japan]. All agonists 

were run in triplicate. The 96-well half-area plate was covered with Parafilm and placed 

on an orbital plate shaker (Thermomixer C, Eppendorf, Germany) for 5 min at 37°C and 

1200 rpm to allow for optimal aggregation to occur. The 96-well half-area plate was 

immediately analyzed using a plate reader (Emax, Molecular Devices, USA), where 

absorbance was measured at 595 nm and platelet aggregation (%) was calculated: 

𝑷𝒍𝒂𝒕𝒆𝒍𝒆𝒕 𝒂𝒈𝒈𝒓𝒆𝒈𝒂𝒕𝒊𝒐𝒏 (%) = 1 − (
𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑃𝑃𝑃

𝑃𝑅𝑃 − 𝑃𝑃𝑃
)  𝑥 100% 

Platelet aggregation (%) was calculated for each concentration of agonist and the area 

under the curve (AUC) was calculated as the integral under the entire platelet reactivity 

curve for each agonist. 

6.3.9.3 Hematological Assessment and Plasma Storage 

The hematological assessment was performed using a hematology analyzer (Sysmex XN-

2100, Sysmex, Japan). A 3 mL blood sample was collected in an 

ethylenediaminetetraacetic acid (EDTA)-coated tube (454246, Greiner Bio-One, Austria) 

for determination of erythrocytes, white blood cells, hematocrit, hemoglobin, and 

immune cells. Platelet count was determined from a 3.5 mL blood sample collected in a 

3.2% sodium-citrate-coated tube (454332, Greiner Bio-One, Austria) (Dastjerdi et al., 

2006; Schuff-Werner et al., 2013). Following hematological assessment, the EDTA and 
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sodium-citrate tubes were centrifuged at 2880 g at 5°C for 5 minutes. Plasma was 

collected at stored at -80°C for future analysis. 

6.3.10 Flow-Mediated Dilation (FMD) 

After the blood sampling, the participant remained supine, resting quietly in the dark for 

an additional 20 min before undergoing the assessment of flow-mediated dilation (FMD). 

For all participants, the left arm and leg were used to evaluate brachial and popliteal 

artery FMD, respectively. The order for brachial and popliteal artery FMD assessment was 

randomized between participants and repeated after the intervention period. Duplex-

Doppler ultrasound (Vivid E9, GE Healthcare, USA) was used to measure artery diameter 

and blood velocity during the FMD assessment, where B-mode ultrasound was used to 

locate the best artery image on the arm and leg. A 9 MHz linear array transducer (GE 

Healthcare, USA), operating at 4/8 MHz and 4.2 MHz Doppler frequencies, was used to 

insonate the arteries and the angle-correction of ≤60º was respected. 

For determination of brachial artery FMD, a rapid inflation/deflation pneumatic cuff 

system (E-20 Rapid Cuff Inflator, D.E. Hokanson, USA) was positioned around the left arm 

directly below the olecranon process and scanning of the brachial artery was performed 

2-4 cm above the antecubital fossa. For determination of popliteal artery FMD, 

participants were placed in a prone position and the rapid inflation/deflation pneumatic 

cuff system (E-20 Rapid Cuff Inflator, D.E. Hokanson, USA) was placed around the lower 

left leg, at the midpoint place, and scanning of the popliteal artery was performed a 

minimum of 2 cm above the cuff position.  For each artery, one min of baseline was 

recorded followed by rapid cuff inflation to 250 mmHg, which was maintained for 5 min 
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until rapid cuff deflation. The recordings for the reactive hyperemia started 10 s before 

cuff deflation and continued for an additional 3 minutes after cuff deflation. A 10 min 

break was provided between brachial and popliteal artery measurements. 

The changes in the vessel diameter were analyzed offline using specialized edge-detection 

and all-tracking software (Vascular Research Tools 5, Medical Imaging Applications LLC, 

USA). Brachial and popliteal artery diameters were averaged into 3 s time bins, and the 

average of the 60 s baseline is reported. The percentage change for the FMD was 

calculated based on peak diameter after the cuff deflation period and baseline value. 

Shear rate was calculated using the following equation: 

𝑺𝒉𝒆𝒂𝒓 𝒓𝒂𝒕𝒆 (𝑠−1) = 4 ∗ (
𝑉𝑚𝑒𝑎𝑛(𝑐𝑚 ∙ 𝑠−1)

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑐𝑚)
) 

6.3.11 Skeletal Muscle Biopsies 

Biopsies were obtained from the m. vastus lateralis muscle using a Bergström needle with 

suction after local anesthesia (Lidocaine, 20 mg∙mL-1, Astra Zeneca, Denmark) of the skin 

and fascia, as described previously (Bergstrom, 1975). All muscle samples were 

immediately frozen in liquid nitrogen and stored at -80°C until future western blot 

analysis. 

6.3.12 Western Blotting 

Approximately 20 to 50 mg of skeletal muscle was used to determine protein expression 

of estrogen and estrogen-related receptors as well as microvascular enzymes and 

proteins via western blot analysis, as previously described (Hoier et al., 2012). Important 
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information specific to this study is described briefly. All samples were loaded in 

duplicates and samples from the same subject were always loaded on the same gel. All 

samples were loaded onto 4-15% Criterion TGX Precast Midi Protein Gels (5671085, 

BioRad, USA), except when measuring total oxidative phosphorylation (OX-PHOS) where 

samples were loaded onto 16.5% Criterion Tris-Tricine Gels (3450065, BioRad, USA). TGX 

stain-free gels were used as loading controls, where equal protein loading was confirmed 

by total protein determination from the stain-free image. Primary antibodies for estrogen 

receptor alpha (ERα), estrogen receptor beta (ERβ), estrogen-related receptor alpha 

(ERRα; 96°C for 3 min), superoxide dismutase 2 (SOD2; 96°C for 3 min), endothelial nitric 

oxide synthase (eNOS; 96°C for 3 min), prostacyclin synthase (PGI2S; 96°C for 3 min), G 

protein-coupled receptor 1 (GPER), and total oxidative phosphorylation (OX PHOS) were 

utilized. Figure 6-2 contains information regarding the antibodies, such as product 

number, dilution, and blocking agents. Membrane staining was visualized by incubation 

with a chemiluminescent HRP substrate: Luminata Forte (ECL; Merck Millipore, 

Darmstadt, Germany) or SuperSignal™ West Femto Maximum Sensitivity Substrate 

(FEMTO; Thermo Fisher Scientific, MA, USA) (Table 1). Protein content was expressed as 

the mean of the duplicates and was presented in arbitrary units related to human 

standards normalized to the average of all samples loaded on the same gel. 
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6.3.13 Plasma Analysis 

Plasma concentrations of plasminogen activator inhibitor-1 (PAI-1; ab269373, Abcam, 

United Kingdom) and 6-keto prostaglandin F1α (6-keto PGF1α; 515211, Cayman Chemical, 

USA) were determined via enzyme-linked immunosorbent assays, performed according 

to the manufacturer’s instructions using EDTA plasma. 6-keto prostaglandin F1α (6-keto 

PGF1α) is a breakdown product, and validated marker, of plasma prostacyclin levels 

(Mitchell, 1978). 

Plasma markers of vascular inflammation (vascular cell adhesion molecule-1 (VCAM-1), 

intracellular adhesion molecule-1 (ICAM-1), serum amyloid alpha (SAA), and C-reactive 

protein (CRP)) were measured using an electrochemiluminescent assay kit and EDTA 

Figure 6-2: Overview of antibodies used for western blotting.  

ERα, estrogen receptor alpha; ERβ, estrogen receptor beta; ERRα, estrogen related-receptor alpha; eNOS, 
endothelial nitric oxide synthase; G coupled-protein receptor, GPER; oxidative phosphorylation, GPX1; 
glutathione peroxidase 1, NOX2; NADPH oxidase 2, OXPHOS; PGI2S, prostacylin synthase; SOD2, superoxide 
dismutase; BSA, bovine serum albumin; TBST, Tris-buffered saline tween; ECL, Luminata Forte; FEMTO, 
SuperSignal™ West Femto Maximum Sensitivity Substrate. 
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plasma in accordance with the manufacturer’s instructions (V-PLEX Vascular Injury Panel 

2, K15198D Meso Scale Diagnostics, USA). 

6.3.14 Statistical Analysis 

The sample size in each group was estimated by performing a power calculation with an 

α level of 0.05 and a power level of 0.8 for a 6.25% change in fractal dimension based on 

previous report measuring fractal dimension after acute exercise (Davies et al., 2016; 

Lawrence et al., 2018) and drug interventions (Lawrence et al., 2018). We recruited 15 

recently postmenopausal women and 15 late postmenopausal women however, the final 

data set includes 14 recently postmenopausal women (one dropout due to COVID-19) and 

13 late postmenopausal women (two dropouts due to injury and inability to commit to 

the training intervention). Statistical analyses were performed using R-studio (Version 

4.1.2, R Foundation for Statistical Computing, Austria). All statistical analyses were 

performed using linear mixed models with a Tukey post-hoc test. Independent factors of 

training (i.e., pre- and post-training; repeated variable) and group (i.e., recently and late 

postmenopausal women; non-repeated variable), subject ID was used as random 

variation. Unpaired t-tests were used for single comparisons of between group 

characteristics, such as participant characteristics (i.e., age, time after menopause, 

height), training duration, and endocrinology. Figures were created using GraphPad Prism 

(GraphPad Software, Version 9.3.1, USA). Normality of the data was confirmed using Q-Q 

plots. Statistical significance was accepted at p≤0.05. Trends are reported for p<1.0. Data 

are reported as mean ± standard deviation (SD). The final number of replicates is indicated 

in each figure legend. 
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6.4 Results 

6.4.1 Participant Characteristics 

Twenty-seven healthy, but sedentary, postmenopausal women completed the 8-week 

high-intensity training intervention (n=14 recently postmenopausal women and n=13 late 

postmenopausal women). There were no significant differences in the measured 

characteristics between the groups, except for age and years after menopause. 

Participant characteristics are provided in Figure 6-3. 
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Figure 6-3: Characteristics of recently and late postmenopausal women. 

Characteristics of recently postmenopausal women (RPW; n=14) and late postmenopausal women (LPW; n=13) 
assessed before and after an exercise training intervention including general characteristics, body composition, 
cardiovascular risk factors, sex hormone levels, markers of coagulation as well as inflammatory proteins. *, 
indicates significant difference between before and after the training intervention (p≤0.05). #, indicates 
significant difference between groups (p≤0.05). 
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6.4.2 Exercise Training Program 

 The participants in both groups completed an average of 23 ± 2 training sessions over the 

8-week period. The recently postmenopausal women completed 17 ± 6 floorball sessions 

and 6 ± 6 spinning sessions, whereas the late postmenopausal women completed 15 ± 6 

floorball sessions and 8 ± 5 spinning sessions. The average duration of each training 

session was 52 ± 1 min for the recently postmenopausal women and 53 ± 2 min for the 

late postmenopausal women. Average time spent in the different HR zones during the 

training sessions is depicted in Figure 6-4. There were no differences between the groups.  

6.4.3 Peak Oxygen Uptake and Mitochondrial Proteins 

Before training, there were no differences in V̇O2peak and muscle OX-PHOS protein 

content. The late postmenopausal women improved V̇O2peak during the training 

intervention period (by 5%; p=0.044), and increased muscle Complex I (by 54%; p=0.001), 

Complex II (by 56%; p=0.033), and Complex IV (by 63%; p=0.003) content. The recently 

Figure 6-4: Average time spent in each training zone (%) over the 8-week high-intensity exercise 
training period (n=14 RPW and n=13 LPW).  

The training zones were defined as, Zone 1: ≤60% HRmax, Zone 2: 61 to 70% HRmax, Zone 3: 71 to 
80% HRmax, Zone 4: 81 to 90% HRmax, and Zone 5: ≥91% HRmax. 
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postmenopausal women did not present an increase in V̇O2peak after, compared to before, 

the training intervention and muscle OX-PHOS expression remained unaltered in this 

group.  

6.4.4 Platelet Reactivity 

Before the training intervention, platelet reactivity to TRAP6 and collagen was not 

different between recently and late postmenopausal women. During the training 

intervention, platelet aggregation to [1.17 µM] TRAP6 significantly decreased in the 

recently postmenopausal women (by 31%; p=0.002; Figure 6-5A) and was unchanged in 

the late postmenopausal women. After the intervention, the late postmenopausal 

women had higher platelet aggregation to [1.17 µM] TRAP6 compared to recently 

postmenopausal women (by 33%; p=0.002). There was a main effect of group, where 

recently postmenopausal women had a lower TRAP6-induced platelet aggregation, 

measured as AUC, compared to late postmenopausal women (p=0.048). This was 

attributed to a trend for lower TRAP6-induced platelet aggregation in recently compared 

to late postmenopausal women after the training intervention (p=0.055). There was also 

a main effect of training, where TRAP6-induced platelet aggregation was lower after 

training (p=0.003). This was also driven by a reduction in aggregation in the recently 

postmenopausal women after compared to before training (by 11%; p=0.007; Figure 6-

5E).  

After the training intervention, platelet aggregation to [1.0 µg∙mL-1] collagen was 

increased in the late postmenopausal women (by 67%; p=0.001; Figure 6-5D). Moreover, 

after training, platelet aggregation in response to both [1.0 and 4.0 µg∙mL-1] collagen was 
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higher (p=0.001 and p=0.023, respectively), in late postmenopausal women compared to 

recently postmenopausal women. Similarly, after the training intervention, the late 

postmenopausal women demonstrated an increase in the AUC for collagen-induced 

aggregation compared to before training (p=0.025; Figure 6-5F). 

Figure 6-5: Platelet aggregation assays performed before and after training in recently postmenopausal 
women (RPW; n=14) and late postmenopausal women (LPW; n=13).  

(A) Thrombin receptor activator peptide 6 (TRAP6)-induced platelet aggregation [0.11 to 40 µM] in RPW, 
(B) collagen-induced platelet aggregation [0.02 to 16 µg·mL-1] in RPW, (C) TRAP6-induced platelet 
aggregation in LPW, (D) collagen-induced platelet aggregation in LPW, (E) area under the curve (AUC) for 
TRAP6-induced platelet aggregation, and (F) AUC for collagen induced platelet aggregation. *, indicates 
significantly different compared to pre-training (p≤0.05). 
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6.4.5 Fractal Dimension 

There was no difference in fractal dimension between recently and late postmenopausal 

women before the training intervention. There was a main effect of training, where fractal 

dimension was lower after, compared to before, the training intervention (p=0.018). This 

was driven by a decrease in fractal dimension in the recently postmenopausal women 

after, compared to before, the training intervention (1.61 ± 0.05 vs. 1.65 ± 0.05; p=0.027), 

whereas the late postmenopausal women showed no change (Figure 6-6). 

 6.4.6 Markers of Coagulation 

At baseline, there were no differences in markers of coagulation between the recently 

and late postmenopausal women (Figure 6-3). There was a main effect of training, where 

INR (a marker for clotting time) was increased post-training (p<0.001). Following the 

training intervention, both the recently (p=0.005) and the late (p=0.035) postmenopausal 

Figure 6-6: Fractal dimension (df) measured before and after the exercise training intervention in recently 
postmenopausal women (RPW; n=14) and late postmenopausal women (LPW; n=13).  

*, indicates a significant reduction in fractal dimension after the training period (p≤0.05). Trend is presented 
comparing post-training fractal dimension between groups. 
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women had increased international normalized ratio (INR), compared to before the 

intervention. No effect of the training intervention was observed for d-dimer, fibrinogen, 

activated partial thromboplastin clotting time (APTT) and coagulation factors (Figure 6-

3). 

6.4.7 Flow-Mediated Dilation 

Before the training intervention, there was no difference between recently and late 

postmenopausal women for baseline diameter of the brachial (3.29 ± 0.30 vs. 3.36 ± 0.56 

mm; Figure 6-7A) or popliteal (5.10 ± 0.77 vs. 5.02 ± 1.42 mm; Figure 6-7B) artery. 

Moreover, there were no baseline differences between recently and late postmenopausal 

women for brachial artery FMD (Figure 6-7C) or popliteal artery FMD (Figure 6-7D). 

Similarly, there were no differences between the recently and late postmenopausal 

women for brachial artery shear rate (173 ± 53 vs. 199 ± 67 s-1) or popliteal artery shear 

rate (48 ± 32 vs. 49 ± 48 s-1) prior to training.  

There was a main effect of training, where baseline brachial artery diameter increased 

post-training (p<0.001). Specifically, in both the recently (p=0.002) and late (p=0.001) 

postmenopausal women, there was an increase in the baseline diameter of the brachial 

artery after training (Figure 6-7A). However, brachial artery FMD was unaffected by the 

training intervention (Figure 6-7C). Moreover, the training intervention did not change 

brachial artery shear rate in the recently (173 ± 53 vs. 197 ± 62 s-1) or late postmenopausal 

women (199 ± 67 vs. 173 ± 47 s-1). 
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After the training intervention, there was no change in the baseline diameter of the 

popliteal artery for the recently postmenopausal women, whereas the late 

postmenopausal women showed a trend for an increased popliteal artery baseline 

diameter (p=0.072; Figure 6-7B). The popliteal artery FMD did not change with the 

training intervention in the recently or the late postmenopausal women (Figure 6-7D). 

The training intervention did not alter popliteal artery shear rate in the recently (48 ± 32 

vs. 60 ± 40 s-1) or late (49 ± 48 vs. 35 ± 19 s-1) postmenopausal women.  

Figure 6-7: Flow-mediated dilation assessed in the brachial and popliteal arteries. 

(A) Baseline diameter of the brachial artery and (B) baseline diameter of the popliteal artery. Flow-mediated 
dilation (FMD) expressed as a percentage change from baseline (%) measured at the (C) brachial artery and 
(D) popliteal artery in recently postmenopausal women (RPW; n=14) and late postmenopausal women (LPW; 
n=12) before and after exercise training. *, indicates a significant increase after training (p≤0.05). Trend is 
presented for training-induced increase within group. 
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6.4.8 Estrogen-Related Proteins 

There were no differences in any pre-training estrogen-related protein expression, 

although there was a trend for higher muscle ERβ protein expression in the late compared 

to the recently postmenopausal women (p=0.057). There was a main effect of training, 

where ERα was higher after, compared to before, the training intervention (by 32%; 

p=0.017). This was mediated by increases in ERα protein expression in both the recently 

(p=0.025) and late postmenopausal women (p=0.007; Figure 6-8A). There was a main 

effect of the training intervention, where muscle ERβ was higher after, compared to 

before, the training intervention (by 24%; p<0.001). This was driven by an increase in ERβ 

protein expression in recently postmenopausal women (p=0.005), as there was no change 

in the late postmenopausal women (Figure 6-8B). After the training intervention there 

was a trend for an increase in the ratio of muscle ERα:ERβ compared to before the 

intervention in the late postmenopausal women (p=0.071), whereas the ratio was 

unaltered in the recently postmenopausal women. There was no change in muscle ERRα 

(Figure 6-8C) or GPER (Figure 6-8D) expression with the training intervention in either 

group. Representative blots are shown (Figure 6-8E). 
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Figure 6-8: Protein expression of estrogen related proteins. 

Protein expression of estrogen receptors, estrogen-related receptors, and g protein-coupled receptor from 
skeletal muscle biopsies obtained from the m. vastus lateralis of recently postmenopausal women (RPW; n=13) 
and late postmenopausal women (LPW; n=13) pre- and post-exercise training. (A) Estrogen receptor alpha 
(ERα), (B) estrogen receptor beta (ERβ), (C) estrogen-related receptor alpha (ERRα), (D) g protein-coupled 
receptor (GPER), and (E) representative blots and stain-free images. *, indicates significantly increased after 
training compared to before training (p≤0.05). Trend is presented comparing pre-training between groups. 
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6.4.9 Vascular Proteins 

There were no differences in muscle vascular protein levels between the recently and late 

postmenopausal women at baseline (Figure 6-9). Muscle eNOS and PGI2S protein 

expression did not change with the training intervention (Figure 6-9A, 6-9B). There was a 

main effect of the training intervention with muscle SOD2 protein content being higher 

after than before (by 52%; p=0.047). In the recently postmenopausal women, there was 

a trend for an increase in muscle SOD2 (p=0.068) and an increase in muscle SOD2 with 

the training intervention in the late postmenopausal women (p=0.001) (Figure 6-9C). 

There was no change in glutathione peroxidase 1 (GPX1; Figure 6-9D) or NADPH oxidase 

2 (NOX2; Figure 6-9E) expression with the training intervention in either group. 

Representative blots are shown (Figure 6-9F). 

Figure 6-9: Protein expression of vascular proteins. 

Protein expression of vascular proteins from skeletal muscle biopsies obtained from the m. vastus lateralis 
of recently postmenopausal women (RPW; n=13) and late postmenopausal women (LPW; n=13) before and 
after exercise training. (A) Endothelial nitric oxide synthase (eNOS), (B) prostacyclin synthase (PGI2S), (C) 
superoxide dismutase 2 (SOD2), (D) glutathione peroxidase 1 (GPX1), (E) NADPH oxidase 2 (NOX2), and (F) 
representative blots and stain-free images. *, indicates a significant increase compared to pre-training 
(p≤0.05). Trends are presented comparing pre- and post-training within group. 
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6.4.10 Plasminogen Activator Inhibitor-1 and 6-Keto Prostaglandin F1α (6-keto PGF1α) in 

Plasma 

Before the training intervention, there was no difference in plasma PAI-1 levels between 

the recently and the late postmenopausal women (14.02 ± 15.70 vs. 17.33 ± 14.49 ng∙mL-

1). The intervention did not alter plasma PAI-1 levels in the recently (11.59 ± 7.47 ng∙mL-

1) or the late (15.69 ± 10.83 ng∙mL-1) postmenopausal women. Prior to the training 

intervention, there was no difference between the recently and late postmenopausal 

women for 6-keto PGF1α (98.3 ± 93.7 vs. 67.8 ± 35.0 pg∙mL-1). Plasma 6-keto PGF1α levels 

showed a main effect of the training intervention, where they were lower post-training 

(p=0.019). This was caused by a reduction in 6-keto PGF1α in the recently postmenopausal 

women after the training intervention (70.2 ± 62.7 vs. 98.3 ± 93.7 pg∙mL-1; p=0.027), 

whereas there was no effect of training on plasma 6-keto PGF1α in the late 

postmenopausal women (74.5 ± 44.6 vs. 67.8 ± 35.0 pg∙mL-1). 

6.4.11 Plasma Markers of Vascular Health and Inflammation 

ICAM-1 was not different between recently and late postmenopausal women. There was 

a main effect of training for increased ICAM-1 levels (p=0.019). This was driven by an 

increase in ICAM-1 after the training intervention in the late postmenopausal women only 

(p=0.022; Figure 6-10A). Prior to the training intervention, VCAM-1 was higher in the 

recently postmenopausal women compared to the late postmenopausal women 

(p=0.026; Figure 6-10B). There was a trend for VCAM-1 to increase in the late 

postmenopausal women after the training intervention (p=0.092), whereas there was no 

effect of the training intervention on VCAM-1 levels in the recently postmenopausal 
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women (Figure 6-10B). There was no baseline difference in CRP between the recently and 

late postmenopausal women and there was no effect of the training intervention (Figure 

6-10C). No differences were observed in SAA levels between recently and late 

postmenopausal women or with the training intervention (Figure 6-10D).   

Figure 6-10: Plasma markers of vascular inflammation in recently postmenopausal (RPW; n=14) and late 
postmenopausal (n=13) women before and after exercise training.  

Plasma markers of vascular inflammation in recently postmenopausal (RPW; n=14) and late postmenopausal 
(n=13) women before and after exercise training. (A) intracellular adhesion molecule-1 (ICAM-1), (B) vascular 
cell adhesion molecule-1 (VCAM-1), (C) C-reactive protein (CRP), and (D) serum amyloid alpha (SAA). *, 
indicates a significant increase compared to pre-training (p≤0.05). #, indicates a significant difference 
between recently and late postmenopausal women (p≤0.05). (*), indicates a trend for an increase compared 
to pre-training. (#), indicates a trend for a difference between groups after training. 
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6.4.12 Hematological Variables 

There were no differences for baseline hematological markers between the recently and 

late postmenopausal women (Figure 6-11). After the exercise training intervention, 

hematocrit (p=0.019) and hemoglobin levels (p=0.027) were higher in the late 

postmenopausal women compared to the recently postmenopausal women.  

6.4.13 Markers of General Health 

Body mass, body mass index, and resting blood pressure were similar between the two 

groups before the training intervention. There were main effects of the training 

intervention on body weight (p=0.012) and BMI (p=0.009), which were driven by 

significant reductions in body weight (p=0.018) as well as BMI (p=0.015) in the recently 

postmenopausal women, as there was no change in the late postmenopausal women 

Figure 6-11: Hematological variables in recently and late postmenopausal women. 

Hematological variables in recently postmenopausal women (RPW; n=14) and late postmenopausal women 
(LPW; n=14 pre-training, n=13 post-training) measured before and after the exercise training period. *, 
indicates significant difference between before and after the training intervention (p≤0.05). #, indicates 
significant difference between groups (p≤0.05). 
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after the training intervention. The intervention did not change resting systolic or diastolic 

blood pressure in the recently or late postmenopausal women. In addition, the exercise 

training intervention did not alter any cardiovascular or metabolic risk factors including 

total cholesterol, low density lipoproteins, high density lipoproteins, or glycated 

hemoglobin in recently or late postmenopausal women (Figure 6-3).  

6.4.14 Body Composition 

Prior to the training intervention, there were no differences in body composition between 

the recently and late postmenopausal women. Lean body mass was significantly 

increased after the training intervention in the late postmenopausal women (p=0.002). In 

both groups, fat percentage was reduced with the training intervention (p=0.002). Both 

the recently postmenopausal women (p=0.005) and late postmenopausal women 

(p=0.016) had lower fat percentage after the training intervention compared to before 

training. Accordingly, there was a main effect of the training intervention to decrease 

android fat (p=0.022) and gynoid fat percentage (p<0.001). Specifically, the recently 

postmenopausal women demonstrated reductions in android fat (p=0.031) and gynoid 

fat percentage (p<0.001) as well as a trend for reduced visceral fat (p=0.089) after the 

training intervention. The late postmenopausal women showed a trend for reduced 

android fat percentage (p = 0.075), significantly reduced gynoid fat percentage (p=0.001), 

and no change in visceral fat. There was a trend for late postmenopausal women to have 

greater visceral fat compared to recently postmenopausal women after the training 

intervention (p=0.089) (Figure 6-3). 
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6.5 Discussion 

The present study tested the hypothesis that the magnitude of thrombogenic and 

vascular adaptations to exercise training are blunted in women several years after 

menopause compared to soon after menopause. The main finding was that a period of 

high-intensity exercise training improved the thrombotic risk profile in recently 

postmenopausal women, as evidenced by reduced platelet reactivity and a less dense 

incipient clot microstructure. Conversely, these thrombogenic adaptations were not 

present in the late postmenopausal women, despite training-induced improvements in 

V̇O2peak and OX-PHOS protein content. The lack of thrombogenic adaptations with training 

in the late postmenopausal women was paralleled by an increase in the level of the 

inflammatory plasma marker ICAM-1. 

6.5.1 Late postmenopausal women are resistant to thrombogenic adaptations to 

exercise training 

Although studies have investigated the effects of exercise training on vascular and 

thrombogenic adaptations in postmenopausal women (Hoier et al., 2021; Lundberg 

Slingsby et al., 2017; Moreau et al., 2013; Nyberg et al., 2016, 2014; Pierce et al., 2011), 

no studies have directly determined whether the magnitude of adaptations are impaired 

with increasing years after menopause. In agreement with our hypothesis, we observed 

a significant reduction in platelet aggregation to TRAP6 and a reduction in clot 

microstructure (i.e., lower fractal dimension) in recently, but not late postmenopausal 

women. This is the first study to show a training-induced reduction in platelet reactivity 

in recently postmenopausal women and the first to demonstrate a reduction in TRAP6-
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induced platelet aggregation following exercise training. However, other investigations 

have shown lower collagen- and epinephrine-induced platelet aggregation in late 

premenopausal women (Lundberg Slingsby et al., 2017) and middle-aged men (Lundberg 

Slingsby et al., 2018) after exercise training. In addition, we assessed incipient clot 

microstructure via rheometry, which is a novel method to assess global thrombogenicity 

(Lawrence et al., 2014). For the first time, we show a training-induced reduction in fractal 

dimension, and thus clot microstructure of recently, but not late, postmenopausal 

women, suggesting that less dense blood clots are formed in the recently 

postmenopausal women. Critically, small changes in fractal dimension have been shown 

to reflect large changes in normalized blood clot mass (Sabra et al., 2017), where a 

reduction of 0.04, as observed in the recently postmenopausal women in this study, 

represents a ~70% drop in clot mass after training. Platelet activation and aggregation are 

important components of blood clot formation (Periayah et al., 2017) and accordingly, 

the observed reduction in platelet reactivity in the recently postmenopausal women may 

be a key contributor to the reduction in fractal dimension following exercise training. 

Moreover, it is possible that the increased platelet aggregation to collagen observed in 

the late postmenopausal women inhibited the exercise training-induced adaptations in 

fractal dimension. Together, the platelet reactivity and fractal dimension findings suggest 

that intense exercise training can reduce the propensity for thrombogenesis in recently 

postmenopausal women. In contrast, as these findings were absent in the late 

postmenopausal women, this population may be somewhat resistant to exercise-induced 

thrombogenic adaptations. 



186 
 

6.5.2 Improved Thrombogenic Risk Profile Without a Concomitant Improvement in 

Conduit Artery Function in Recently Postmenopausal Women  

Previous studies have suggested that beneficial cardiovascular adaptations to exercise 

training are not as readily attained by postmenopausal women as by age-matched men 

(Moreau et al., 2013; Moreau and Hildreth, 2014; Santos-Parker et al., 2017). However, 

although not observed in the late postmenopausal women, the current training program 

successfully induced favourable thrombogenic adaptations in the recently 

postmenopausal women. Since the formation of NO and prostacyclin by the endothelium 

plays an important role in reducing platelet reactivity (Mitchell et al., 2008), we 

anticipated that an improved thrombogenic profile would reflect increased NO and 

prostacyclin bioavailability, and could translate to an improvement in endothelial 

function (Mitchell et al., 2008). However, this notion was not supported by the 

assessments of brachial artery and popliteal FMD, as there were no changes in either 

conduit artery with training. This finding could indicate that FMD is not a sufficiently 

sensitive measure for overall vascular formation of NO and prostacyclin, as these platelet 

inhibitors would be primarily produced in the microcirculation. Notably, although several 

previous investigations in postmenopausal women have demonstrated a lack of effect of 

training on conduit artery function (Hoier et al., 2021; Moreau et al., 2013; Pierce et al., 

2011), a few studies have shown prostacyclin-mediated improvements in skeletal muscle 

microcirculatory function in postmenopausal women after a period of training (Nyberg et 

al., 2016) and with lifelong training (Gliemann et al., 2020). Thus, assessments of 
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microcirculatory endothelial function may be more relevant in the assessment of 

thrombogenic profile. 

6.5.3 Potential Mechanisms Underpinning the Divergent Thrombogenic Responses to 

Exercise Training in Recently and Late Postmenopausal Women 

We explored a few probable mechanisms that may underpin the divergent thrombotic 

responses to exercise training between the two groups including: (1) ER and/or ERRα 

signalling and (2) training-induced low-grade inflammation.  

6.5.3.1 ER- and ERRα-signalling 

ER and ERRα play critical roles in mitigating the accumulation of reactive oxygen species, 

inflammation and vascular damage (Puca et al., 2013), largely via the regulation of 

proteins (Ciana et al., 2003; Miller and Duckles, 2008; Wiik et al., 2009). Previous studies 

have highlighted that a decrease in ERα:ERβ favours a pro-inflammatory state (Novensà 

et al., 2011; Park et al., 2017), which may blunt vascular adaptations to exercise training. 

Although not statistically significant, we observed an increase in ERα protein expression 

with no change in ERβ in the late postmenopausal women and a consequent trend for an 

enhancement of the ratio of ERα:ERβ. Conversely, the ratio was unaltered by training in 

the recently postmenopausal women. Although speculative, it is possible that the ratio of 

ERα:ERβ is critical for the preservation/promotion of vascular health in menopause. 

Therefore, an increased ratio of ERα:ERβ may allow for faster exercise adaptation in 



188 
 

postmenopausal women and could explain the lack of thrombogenic adaptations in late 

postmenopausal women. 

Contraction-mediated activation of ERRα may be critical for vascular health in 

postmenopausal women, as it has been shown to regulate some of the same pathways 

as endogenous estrogen, including key proteins related to vascular health and 

thrombogenesis (Ciana et al., 2003; Wiik et al., 2009). Interestingly, previous evidence 

suggests that ERRα content decreases with increasing years after menopause (Gliemann 

and Hellsten, 2019) and a period of exercise training can increase ERRα content in recently 

postmenopausal women (Nyberg et al., 2017). Surprisingly, we did not observe any 

differences in ERRα protein content between recently and late postmenopausal women, 

suggesting that the capacity for ERRα-contraction-mediated regulation was not different 

at baseline or altered by the training intervention. The present findings therefore do not 

support a critical role for ERRα protein content for the divergent thrombogenic 

adaptations to 8 weeks of high-intensity exercise training between recently and late 

postmenopausal women. 

6.5.3.2 Vascular Inflammation 

Previous evidence highlights that menopause-associated alterations of the vasculature, 

and in particular endothelial function, becomes progressively difficult to reverse with 

increasing time after menopause (Francis and Pierce, 2011; Hodis et al., 2016). This is 

often attributed to a progression from functional to structural alterations driven by 

chronic vascular inflammation (Francis and Pierce, 2011). After training, the late 

postmenopausal women had elevated levels of the inflammatory marker ICAM-1. 
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Although speculative, it is plausible that the exercise training period may have 

contributed to increased vascular stress and low-grade inflammation in the late 

postmenopausal women. Ultimately, this could have blunted the beneficial adaptations 

to the training program, a phenomenon that has been observed previously with 

overtraining (Smith, 2000). Notably, the elevated ICAM-1 levels in the late 

postmenopausal women after training may underpin the increased collagen-induced 

platelet reactivity after training, as inflammation can augment platelet reactivity (Stokes 

and Granger, 2012). However, a greater depth of research is required to definitively 

explain the mechanisms driving the divergent thrombogenic adaptations to exercise 

training in recently and late postmenopausal women. 

6.5.4 Study Limitations 

A limitation of the current study is that the exercise training intervention lasted only 8 

weeks. It is unknown whether a longer period of training is required in late 

postmenopausal women to achieve the same magnitude of thrombogenic adaptations to 

exercise training as recently postmenopausal women, and future investigations are 

required to examine this issue. A second limitation is that, although the difference in the 

age of the recently (56 ± 3) and late postmenopausal (62 ± 5 years) women was minimal, 

the study design did not allow for separation between the influence of number of years 

after menopause and chronological age.  

6.5.5 Conclusion 

Our findings show that eight weeks of intense exercise training significantly improves the 

thrombotic risk profile in recently postmenopausal women, whereas these adaptations 
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may not be as readily achieved in late postmenopausal women. These findings indicate 

that initiating regular physical activity soon after menopause, compared to many years 

after menopause, may be more efficient for reducing the risk of blood clots. However, it 

remains to be elucidated whether late postmenopausal women simply require a longer 

period of exercise training to induce the same benefits as in recently postmenopausal 

women.  
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6.7 Research Program Progression 

In Chapter 6, we validated the exercise timing hypothesis for the first time by showing 

that the vascular adaptations to an exercise training program are divergent between 

recently postmenopausal and late postmenopausal women. Specifically, recently 

postmenopausal women exhibit beneficial vascular adaptations to as little as 8 weeks of 

high-intensity exercise training, however this response is not observed in late 

postmenopausal women. Accordingly, taking into account the findings from Chapter 5 

and 6, we only recruited recently postmenopausal women to study the effects of short-

term phytoestrogen supplementation on markers of vascular health in Chapter 7. We 

believed this would afford us the greatest opportunity to observe a beneficial effect of 

the short-term supplementation protocol. 
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CHAPTER 7  

Study III – Short-term supplementation with fermented red clover extract 
reduces vascular inflammation in early post-menopausal women 
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7.1 Abstract 

The decline in oestrogen at menopause poses a critical challenge to cardiovascular and 

metabolic health. Recently, a growing interest in the role of phytoestrogens, with a 

particular focus on isoflavones, has emerged as they can bind to estrogen receptors and 

may mimic the roles of endogenous oestrogen. Fermented red clover extract contains 

isoflavones with superior bioavailability compared to non-fermented isoflavones, 

however little is known regarding the impact of isoflavones on cardiovascular and 

metabolic health. We assessed markers of vascular health in plasma and skeletal muscle 

samples obtained from healthy but sedentary early post-menopausal women (n = 10; 54 

± 4 yrs) following two weeks of twice daily treatment with placebo or fermented red 

clover extract (60 mg isoflavones per day). The two interventions were administered using 

a randomized, double-blind, crossover design with a two-week washout period. Plasma 
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samples were utilized for assessment of markers of vascular inflammation. There was a 

statistically significant reduction (~5.4%) in vascular cell adhesion molecule 1 (VCAM-1) 

following two weeks of fermented red clover extract supplementation compared to 

placebo (p = 0.03). In contrast, there was no effect of fermented red clover extract 

supplementation compared to placebo on skeletal muscle oestrogen receptor content 

and enzymes related to vascular function, and angiogenesis. Supplementation with 

fermented red clover extract reduces vascular inflammation in early post-menopausal 

women and future studies should address the long-term impact of daily supplementation 

with fermented red clover extract after menopause.  

7.2 Introduction 

Existing evidence clearly highlights that the loss of oestrogen associated with menopause 

poses a critical challenge to cardiovascular and metabolic health (Mendelsohn and Karas, 

1999; Mikkola et al., 2013). Notably, compared to age-matched men, post-menopausal 

women have a similar, if not greater, risk of developing cardiovascular and metabolic 

disease (Lerner and Kannel, 1986; Messerli et al., 1987; Taddei et al., 1996; Barrett-

Connor, 1997). In pre-menopausal women, oestrogen plays a cardioprotective role 

through the activation of several signalling cascades, which lead to the promotion of 

vasodilation and angiogenesis as well as the reduction in oxidative stress and fibrosis 

(Iorga et al., 2017). Additionally, the biochemical structure of oestrogen possesses direct 

anti-inflammatory characteristics, where the hydroxyl group of its aromatic ring can 

quench superoxide ions (Dubey and Jackson, 2001). Accordingly, the withdrawal of 

oestrogen production associated with menopause has been shown to increase oxidative 
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stress and subsequently induce negative effects on cardiovascular health including 

increased sympathetic tone, endothelial dysfunction, vascular inflammation, and 

increased blood pressure (Maas and Franke, 2009; Novella et al., 2012). Moreover, 

endothelial dysfunction and subsequent alterations in vascular tone and blood flow have 

significant implications for peripheral tissue metabolism, whereby skeletal muscle 

angiogenesis can become impaired (Hodges et al., 2018; Olsen et al., 2020).  

Hormone replacement therapy (HRT) has been a leading therapeutic intervention for the 

maintenance of cardiovascular and metabolic health in post-menopausal women (Grady 

et al., 1992). However, there is mounting concern regarding the efficacy and safety of this 

treatment (Naftolin et al., 2004). Specifically, it appears that HRT may not be an effective 

strategy for mitigating cardiovascular disease development if started late into menopause 

(Miller et al., 2009; Hodis et al., 2016). Consequently, there is an urgent call for novel, 

safe, and efficacious therapeutic interventions that can promote cardiovascular and 

metabolic health in post-menopausal women. Recently, a growing interest in the role of 

phytoestrogens, with a particular focus on isoflavones, has emerged. Isoflavones are 

predominantly derived from legumes and can bind to both oestrogen receptor alpha 

(ERα) and oestrogen receptor beta (ERβ), thereby potentially mimicking the roles of 

endogenous oestrogen (Pfitscher et al., 2008; Pilsakova et al., 2010). Interestingly, 

although 17β-estradiol binds with equal affinity to ERα and ERβ (Couse et al., 1997), 

phytoestrogens appear to have a higher affinity for ERβ (Pfitscher et al., 2008). 

Epidemiological data suggests that women ingesting large amounts of phytoestrogens are 

less likely to develop cardiovascular disease as well as breast and uterine cancer (Horn-
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Ross et al., 2003; Sathyapalan et al., 2018). Specifically, long-term (≥ 6 weeks) soy 

isoflavone supplementation has been linked to increased nitric oxide (NO) bioavailability 

(Squadrito et al., 2003) and prostacyclin (PGI2) release (Garcia-Martinez et al., 2003) as 

well as reduced endothelin-1 levels (Squadrito et al., 2003) in post-menopausal women. 

Moreover, a growing body of evidence suggests that long-term soy isoflavone 

supplementation can improve markers on vascular inflammation in post-menopausal 

women (Colacurci et al., 2005; Hall et al., 2005; Lebon et al., 2014). Importantly, these 

findings translate to an improvement in vascular function (Li et al., 2010).  

Red clover (trifolium pratense), a plant known for its high phytoestrogen content, is 

beginning to gain traction as a novel therapeutic intervention for post-menopausal 

women as it is rich in the isoflavones biochanin A and formonentin (Lemeziene et al., 

2015). Though limited, previous research has shown that supplementation with red clover 

extract can confer positive effects on vascular function in post-menopausal women 

(Nestel et al., 1999; Howes et al., 2003). However, the findings regarding blood markers 

of cardiovascular health are currently unclear. Some evidence suggests improvements in 

antioxidant and vasorelaxant properties (Kim et al., 2020) as well as atherogenic adhesion 

molecules (Simoncini et al., 2008), while others demonstrate no effect of red clover 

extract on inflammatory markers (Thorup et al., 2015) or coagulation factors (Mainini et 

al., 2013). A key determinant of nutraceutical efficacy is the bioavailability of the 

supplement (Ting et al., 2014). In recent years, advances in food science and nutraceutical 

biochemistry have significantly improved the bioavailability, and therefore, the 

therapeutic potential of red clover isoflavones via the fermentation process, which 
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converts isoflavone glycosides to aglycones (Thorup et al., 2015). Therefore, fermented 

red clover extract may be a safe, easily accessible, and highly efficacious therapeutic 

intervention to promote cardiovascular and metabolic health as well as bone health 

(Thorup et al., 2015) and the maintenance of muscle mass and function (Oxfeldt et al., 

2020) in post-menopausal women. However, to date, no study has evaluated the 

cardiovascular benefits in a cohort of post-menopausal women. Therefore, we aimed to 

determine whether two weeks of supplementation with fermented red clover extract 

could positively influence markers of vascular health in blood and skeletal muscle in early 

post-menopausal women utilizing a crossover design. We hypothesized that short-term 

supplementation with fermented red clover extract would significantly improve markers 

of vascular health in the blood and skeletal muscle of early post-menopausal women. 

7.3 Methods 

7.3.1 Ethical Approval 

The human muscle biopsies and blood samples included in the present study originated 

from a published study conducted at the Department of Public Health, Aarhus University, 

Denmark (Oxfeldt et al., 2020). The study was in accordance with the Declaration of 

Helsinki and was approved by the Central Denmark Region Committees on Health 

Research Ethics (1-10-72-212-19) and registered at Clinical.trials.gov (ID: NCT04154206). 

All the participants provided written informed consent to participate after they were fully 

informed about the project as well as the associated risks and discomforts. 
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7.3.2 Participants 

Ten healthy but sedentary, early post-menopausal women were recruited to participate 

in this study (age: 54 ± 4 yrs; height: 168 ± 6 cm; weight: 70 ± 8 kg) via posters displayed 

in the local area and on social media. Women were defined as early post-menopausal if 

they had not menstruated for at least 6 months, but it had been less than 5 years since 

their last menstrual bleeding (8 to 33 months since last menstruation). Participants were 

excluded from the study if they met any of the following criteria: body mass index (BMI) 

> 30, regularly participated in ≥ 3 hours of training per week (except for bike transport; < 

70 km per week), use of hormone replacement therapy or isoflavone supplements, 

ovariectomy, cardiovascular and metabolic diseases, as well as injuries or use of 

medication affecting skeletal muscle. 

7.3.3 Study Design 

Using a double-blind, randomized, crossover design, participants completed two different 

14-day intervention periods: fermented red clover extract and placebo. The intervention 

periods were separated by a two-week washout period (14 ± 0 days). On the final day 

(Day 14) of each experimental period, the participants arrived at the laboratory after an 

overnight fast. Resting blood samples were obtained from the antecubital vein, where 3.5 

mL was collected in a lithium heparin-coated tube. A muscle biopsy was obtained from 

the middle of the m. vastus lateralis using a Bergström needle with suction under local 

anesthesia (Figure 7-1). All muscle samples were immediately frozen in liquid nitrogen 

and stored at -80°C until further analysis. 
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7.3.4 Experimental Drinks 

The fermented red clover extract is a commercially available product produced by 

Herrens Mark Aps (Nørre Aaby, Denmark), and it is comprised of juice from pressed red 

clover plants mixed with probiotic lactic acid bacteria to facilitate cold fermentation. 

These bacteria promote the conversion of isoflavone glucosides to aglycones, which 

improves the bioavailability of the fermented red clover extract. The research team added 

stevia and natural sugar-free raspberry flavouring to the fermented red clover extract to 

mask the flavour and appearance of the product. The placebo drink consisted of water 

with added food colouring as well as stevia and sugar-free raspberry flavouring to match 

the fermented red clover extract product. The two drinks were sealed and packaged in 

identical boxes labelled “A” or “B” to ensure adequate blinding of the participants and 

members of the research team.  

The fermented red clover extract and placebo drinks were provided to the participants 

on the first day of each intervention period. Participants were instructed to consume a 

Figure 7-1: Study design overview. Created with BioRender.com. 
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daily dose of 120 mL, distributed as 60 mL in the morning and 60 mL in the evening. This 

dosing regime delivered a minimum of 60 mg isoflavones per day and has been shown to 

significantly elevate plasma isoflavone levels (Lambert et al., 2017b). At the end of the 14-

day intervention period, the participants returned the empty containers to the research 

team as a measure of compliance, which was 100%.  

7.3.5 Blood Analysis 

Venous blood was centrifuged immediately (10 minutes at 1300 rpm and 5°C). Aliquoted 

plasma was stored at -80°C until later analysis. Plasma levels of inflammatory markers 

associated with vascular damage (vascular cell adhesion molecule 1 (VCAM-1), 

intracellular adhesion molecule 1 (ICAM-1), serum amyloid A (SAA), and C-reactive 

protein (CRP)) were measured in accordance with the manufacturer’s instructions via an 

electrochemiluminescent assay kit (V-PLEX Vascular Injury Panel 2, Meso Scale 

Diagnostics, USA). Plasma markers are presented for 9 subjects due to difficulties 

collecting blood from one participant. 

7.3.6 Western Blotting 

Approximately 20 to 50 mg of skeletal muscle was used to determine protein content of 

oestrogen and oestrogen-related receptors as well as microvascular enzymes and 

angiogenic proteins via western blot analysis as previously described (Hoier et al., 2012). 

Briefly, the muscle samples were freeze dried and dissected free of fat, blood, and 

connective tissue. The samples were then homogenized in a fresh batch of buffer (10% 

glycerol, 20 mM sodium pyrophosphate, 150 mM NaCl, 50 mM HEPES (pH 7.5), 1% NP-

40, 20 mM β-glycerophosphate, 2 mM Na3VO4, 10 mM NaF, 2 mM PMSF, 1 mM EDTA 
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(pH 8.0), 1 mM EGTA (pH 8.0), 10 μg/mL aprotinin, 10 μg/mL leupeptin, 3 mM 

benzamidine) twice for 30 s each (Qiagen Tissuelyser II; Retsch, Haan, Germany). After 

rotation end-over-end for 1 hour at 4°C, the suspension was centrifuged, and the lysate 

was collected for analysis. The concentration of total proteins in the lysate was 

determined in triplicate via BCA protein assay (Pierce Biotechnology Inc., Rockwood, IL, 

USA). All samples were loaded in duplicates and samples from the same subject were 

always loaded on the same gel. TGX stain-free gels were used as loading controls, 

whereby equal protein loading was confirmed by total protein determination from the 

stain-free image. After gel electrophoresis, proteins were semi-dry transferred to a 

polyvinylidene difluoride (PVDF) membrane (Immobilon Transfer Membrane, Millipore, 

MA, USA), which was blocked before overnight incubation with primary antibodies for 

oestrogen receptor alpha (ERα; cs 8644; 1:1000), oestrogen receptor beta (ERβ; mab 

7106; 1:500), oestrogen-related receptor alpha (ERRα; ab76228; 1:750), fetal liver kinase 

1 (VEGFR2, Flk-1; sc 393163; 1:300), cluster of differentiation 31 (CD31; af 806; 1:250), 

superoxide dismutase 2 (SOD2; Millipore 06-984; 1:5000), endothelial nitric oxide 

synthase (eNOS; ab76198; 1:1000), and prostacyclin synthase (PGI2S; ab23668; 1:300) 

(Figure 7-2). Thereafter, membranes were washed for 5 min in Tris-buffered saline Tween 

(TBST) before incubation with secondary horseradish peroxidase (HRP) conjugated 

antibody for 1 hour. Then, the membrane was washed three times for 5 min in TBST. 

Membrane staining was visualized by incubation with a chemiluminescent HRP substrate. 

ERα, ERβ, ERRα, CD31, SOD2, and PGI2S were imaged using Luminata Forte (ECL; Merck 

Millipore, Darmstadt, Germany), and Flk-1 and eNOS were imaged using SuperSignal™ 
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West Femto Maximum Sensitivity Substrate (FEMTO; Thermo Fisher Scientific, MA, USA). 

The images were digitalized using a ChemiDoc MP system (Bio-Rad, Hercules, CA, USA). 

Protein content was expressed as the mean of the duplicates and was presented in 

arbitrary units related to human standards normalized to the average of all samples 

loaded on the same gel.  

7.3.7 Statistical Analysis 

The statistical analyses were performed using RStudio (R-Studio, Version 4.0.0, R 

Foundation for Statistical Computing, Vienna, Austria). Graphs were made in GraphPad 

Prism (GraphPad, Version 8.4.3, San Diego, CA, USA). An a priori power calculation was 

made for the primary outcome; a change in plasma VCAM-1 levels, based on previous 

data from our laboratory (Gliemann et al. 2013). For a power of 0.8 and an alpha value of 

0.05 n = 9 subjects were estimated to be required. Paired t-tests were used to compare 

Figure 7-2: Western blotting antibodies. 

ERα, estrogen receptor alpha; ERβ, estrogen receptor beta; ERRα, estrogen related-receptor alpha; eNOS, 
endothelial nitric oxide synthase; PGI2S, prostacylin synthase; SOD2, superoxide dismutase; FLK1, vascular 
endothelial growth αβ α TM factor receptor 2; CD31, cluster of differentiation 31; BSA, bovine serum 
albumin; TBST, Tris-buffered saline tween; ECL, Luminata Forte; FEMTO, SuperSignal West Femto Maximum 
Sensitivity Substrate. 
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the placebo and fermented red clover extract interventions. There was no observed order 

effect of the intervention (p = 0.994). Data are presented as mean ± SD. Individual values 

are shown in figures. Statistical significance was achieved if p < 0.05. Effect sizes (d) were 

calculated and reported for each parameter by dividing the mean of the differences by 

the standard deviation of the differences. 

7.4 Results 

7.4.1 Plasma Markers of Vascular Inflammation 

Plasma levels of VCAM-1 were significantly reduced by ~5.4% following fermented red 

clover extract compared to placebo (503.2 ± 84.4 vs. 534.8 ± 96.8 ng mL-1; p = 0.0321; d = 

0.7; Figure 7-3A). However, there was no statistically significant effect of fermented red 

clover extract supplementation compared to placebo on ICAM-1 (628.2 ± 84.2 vs. 641.8 ± 

93.2 ng mL-1; p = 0.1310; d = 0.4; Figure 7-3B), SAA (3732.4 ± 1927.6 vs. 3894.2 ± 2021.3 

ng mL-1; p = 0.5877; d = -0.1; Figure 7-3C), or CRP (1656.4 ± 1354.4 vs. 1620.5 ± 1311.9 ng 

mL-1; p = 0.2536; d = 0.2; Figure 7-3D). 
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7.4.2 Skeletal Muscle Oestrogen and Oestrogen Related-Receptor Content 

The western blotting analysis showed no statistically significant effect of fermented red 

clover extract supplementation compared to placebo on ERα (0.89 ± 0.48 vs. 1.10 ± 0.76 

AU; p = 0.3170; d = 0.2; Figure 7-4A), ERβ (0.99 ± 0.18 vs. 0.97 ± 0.30; p = 0.5545; d = 0.0; 

Figure 7-4B), and ERRα (0.95 ± 0.53 vs. 0.97 ± 0.51; p = 0.7025; d = -0.2; Figure 7-4C) 

protein content. 

Figure 7-3: Markers of vascular inflammation. 

Levels of inflammatory markers in plasma samples obtained from early post-menopausal women 
following two weeks of twice daily supplementation with placebo (PLA) or fermented red clover extract 
(RC) (n = 9). (A) Vascular cell adhesion molecule 1 (VCAM-1), (B) intracellular adhesion molecule 1 (ICAM-
1), (C) serum amyloid A (SAA), and (D) C reactive protein (CRP). *, indicates p < 0.05. 
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7.4.3 Skeletal Muscle Protein Content of Enzymes 

There was no statistically significant effect of fermented red clover extract 

supplementation compared to placebo on eNOS (1.05 ± 0.33 vs. 1.02 ± 0.42; p = 0.5837; 

d = -0.1; Figure 7-5A), PGI2S (0.90 ± 0.50 vs. 1.08 ± 0.63; p = 0.2056; d = 0.3; Figure 7-5B), 

and SOD2 (0.99 ± 0.52 vs. 0.93± 0.51; p = 0.7060; d = -0.2; Figure 7-5C) protein content. 

Figure 7-4: Protein expression of estrogen and estrogen-related receptor alpha. 

Protein expression of oestrogen and oestrogen-related receptors in skeletal muscle from early post-
menopausal women following two weeks of twice daily supplementation with placebo (PLA) or fermented 
red clover extract (RC) (n = 10). (A) Oestrogen receptor alpha (ERα), (B) Oestrogen receptor beta (ERβ), and 
(C) Oestrogen-related receptor alpha (ERRα). (D) Representative western blots and the corresponding TGX 
stain-free images. 
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7.4.4 Skeletal Muscle Content of Angiogenic Proteins  

There was no statistically significant effect of fermented red clover extract 

supplementation compared to placebo on VEGFR2 (0.96 ± 0.22 vs. 1.06 ± 0.21; p = 0.1021; 

d = 0.4; Figure 7-6A) and CD31 (1.08 ± 0.61 vs. 1.07 ± 0.52; p = 0.5162; d = 0.0; Figure 7-

6B) protein content. 

Figure 7-5:Protein expression related to vascular function. 

Expression of proteins associated with vasodilatory capacity in skeletal muscle from early post-menopausal 
women following two weeks of twice daily supplementation with placebo (PLA) or fermented red clover extract 
(RC) (n = 10). (A) Endothelial nitric oxide synthase (eNOS), (B) prostacyclin synthase (PGI2S), and (C) superoxide 
dismutase 2 (SOD2). (D) Representative western blots and the corresponding TGX stain-free images. 
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7.5 Discussion 

The main objective of this study was to determine whether two weeks of twice daily 

supplementation with fermented red clover extract could improve markers of vascular 

health in the plasma and skeletal muscle of early post-menopausal women. The primary 

finding was a reduction in circulating VCAM-1 levels following two weeks of fermented 

red clover extract supplementation compared to placebo. Fermented red clover extract 

supplementation did not lead to significant alterations in any of the other plasma markers 

Figure 7-6: Protein expression related to angiogenesis. 

Expression of proteins associated with angiogenic potential in skeletal muscle from early post-
menopausal women following two weeks of twice daily supplementation with placebo (PLA) or 
fermented red clover extract (RC) (n = 10). (A) Vascular endothelial growth factor receptor 2 (VEGFR2) 
and (B) cluster of differentiation 31 (CD31). (C) Representative western blots and the corresponding 
TGX stain-free images. 
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of vascular inflammation or skeletal muscle protein content of oestrogen and oestrogen-

related receptors as well as enzymes related to vascular function and angiogenesis.  

7.5.1 Plasma Markers of Vascular Inflammation  

Vascular inflammation is characterized by the activation of cell adhesion molecules, which 

contributes to the development of atherosclerosis (Szmitko et al., 2003) and is inversely 

correlated with oestrogen status (Caulin-Glaser et al., 1996; Colacurci et al., 2005; Abu-

Taha et al., 2009). In this study, we measured plasma levels of VCAM-1, ICAM-1, SAA, and 

CRP as key markers of vascular inflammation and cell adhesion in response to short-term 

fermented red clover extract supplementation in early post-menopausal women. 

Corroborating our hypothesis, we found a statistically significant reduction (~5.4%), with 

a moderate-to-large effect size (d = 0.7), in the VCAM-1 level following short-term 

fermented red clover extract supplementation (Figure 7-3A). However, there were no 

statistically significant changes in CRP, SAA, or ICAM-1 levels (Figure 7-3B-D). Although, 

ICAM-1 had a small-to-moderate effect size (d = 0.4) and CRP had a small effect size (d = 

0.2), suggesting possible reductions in these inflammatory markers following fermented 

red clover extract supplementation compared to placebo. A greater depth of research is 

required to validate these potential effects. In response to elevated circulating cytokines, 

VCAM-1 plays a crucial role in mediating immune cell adhesion to the vascular 

endothelium (Szmitko et al., 2003). Importantly, oestrogen and phytoestrogens can elicit 

anti-inflammatory effects, thereby reducing vascular inflammation (Colacurci et al., 2005; 

Hall et al., 2005; Lebon et al., 2014). We found that VCAM-1 was the only inflammatory 

marker that was significantly improved following fermented red clover extract 
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supplementation. Interestingly, previous cell culture work has shown that oestrogen 

elicits more robust beneficial effects on cytokine-stimulated VCAM-1 expression 

compared to other markers of vascular inflammation, such as ICAM-1 (Hou and Pei, 2015), 

which may explain the findings of the current study. In line with our findings, a previous 

investigation by (Teede et al., 2003) found a decline in plasma VCAM-1 in parallel with a 

reduction in arterial stiffness after 6 weeks of supplementation with isolated 

formononetin-rich isoflavones in healthy men and post-menopausal women. The 

lowering of VCAM-1 levels may indicate reduced atherosclerosis, as the level of circulating 

cell adhesion molecules is positively correlated with the degree of atherosclerosis in 

humans (Rohde et al., 1998). The mechanisms underpinning the statistically significant 

reduction in VCAM-1 levels remains to be elucidated. Specifically, it is unclear whether 

isoflavones elicit a direct anti-inflammatory effect or if they facilitate anti-inflammatory 

signalling cascades, such as the promotion of NO or PGI2 release from the vascular 

endothelium.  

7.5.2 Regulation of Skeletal Muscle Oestrogen Receptors and Microvascular Proteins 

A depth of research has emerged demonstrating the importance of the oestrogen 

receptor-mediated pathways for cardiovascular and metabolic health (Tiidus et al., 2013; 

Ikeda et al., 2019). Notably, in post-menopausal women, the impaired interaction of 

oestrogen with its receptors in the skeletal muscle microvasculature may play a vital role 

in the development of cardiovascular and metabolic diseases. In this study, we sought to 

determine whether short-term fermented red clover extract supplementation could 

mitigate some of these impairments. 
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7.5.2.1 Oestrogen Receptor Content 

A large proportion of the beneficial effects of oestrogen are mediated by the activation 

of signalling cascades when oestrogen binds to its steroid receptors (Kim et al., 2008). 

Recent research has shown that menopause is associated with a decline in skeletal muscle 

oestrogen receptor content (Park et al., 2017b) and the tendency towards a higher ratio 

of ERβ to ERα (Park et al., 2017a) Together, these factors have been linked to adverse 

cardiovascular outcomes (Park et al., 2017b). Importantly, in rodent models of 

menopause, oestrogen receptor content can be increased in response to recurring stimuli 

that utilize these pathways, such as hormone replacement therapy (Baltgalvis et al., 2010) 

and endurance exercise training (Lemoine et al., 2002). Moreover, the ratio of ERβ to ERα 

can be restored to pre-menopausal levels following treatment with oestrogen (Sakaguchi 

et al., 2003). However, in the current study, we did not observe a change in the expression 

of oestrogen receptor content following fermented red clover extract supplementation 

as assessed by ERα and ERβ (Figure 7-4A-B). Oxfeldt et al. (2020) also found no statistically 

significant change in ERβ protein content in skeletal muscle following fermented red 

clover extract supplementation compared to placebo. Importantly, ERβ protein content 

was determined using two different antibodies (Figure 7-2), highlighting the 

reproducibility of our findings. 

7.5.2.2 Protein Content of Enzymes, Angiogenic Markers, and ERRα 

Previous studies have shown that within the first few years after menopause women have 

reduced vascular function (Nyberg et al. 2017) and angiogenic potential (Olsen et al. 

2020). Although exercise training interventions have been shown to enhance markers of 
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vascular function (Seals et al., 2019) and angiogenesis (Izzicupo et al., 2017) in post-

menopausal women, no study to date has explored the effects of phytoestrogen 

supplementation on such markers. To investigate the effects of fermented red clover 

extract supplementation on skeletal muscle enzymes, we measured eNOS and PGI2S, 

which are responsible for producing the vasodilators NO and PGI2, respectively (Mitchell 

et al., 2008). Additionally, we measured SOD2 as it is an antioxidant enzyme that can 

facilitate NO bioavailability (Fukai and Ushio-Fukai, 2011). Contrary to our initial 

hypothesis, we did not find any statistically significant changes in the protein content of 

these skeletal muscle enzymes following fermented red clover extract supplementation 

compared to placebo (Figure 7-5A-C). However, following fermented red clover extract 

supplementation compared to placebo, we observed small effect sizes for PGI2S (d = 0.3) 

and SOD2 (d = -0.2), suggesting a potential decrease and increase in protein content, 

respectively. More research is required to validate and draw conclusions regarding these 

potential effects. Our results are in contrast with recent findings in human endothelial 

cells, which demonstrated that red clover elicits increased eNOS expression, enhanced 

NO production, and lowered reactive oxygen species production (Jeon et al., 2020). 

Although we did not observe a statistically significant increase in eNOS or PGI2S protein 

expression, it is possible that fermented red clover extract supplementation improved the 

activity of these enzymes and thereby, contributed to the observed reduction in vascular 

inflammation in this study (Best et al., 1998; Colacurci et al., 2005). Evidently, future work 

is required to tease apart these mechanisms. Moreover, VEGFR2 and CD31 were 

measured to assess the effects of fermented red clover extract supplementation on 
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angiogenic markers in skeletal muscle. We did not observe any statistically significant 

changes in angiogenic proteins following fermented red clover extract supplementation 

compared to placebo (Figure 7-6A-B). However, we did observe a small-to-moderate 

effect on VEGFR2 protein content (d = 0.4), suggesting a possible decrease following 

fermented red clover extract supplementation compared to placebo. A greater body of 

evidence is required to support or refute this potential effect.  Lastly, we measured ERRα 

protein content, as it is a non-steroid receptor that is abundant in skeletal muscle and 

exclusively expressed in endothelial cells (Likhite et al., 2019). Importantly, the 

isoflavones in fermented red clover extract have been shown to behave as agonists that 

promote ERRα activity (Suetsugi et al., 2003), which could potentially increase eNOS 

expression (Sumi and Ignarro, 2003) as well as angiogenesis (Likhite et al., 2019). 

However, we did not see any change in ERRα protein content following fermented red 

clover extract supplementation (Figure 7-4C). 

7.5.3 Study Limitations 

Ten subjects were included in the cross over design and it cannot be excluded that the 

power was too low for some of the variables measured. In addition, the two-week 

fermented red clover extract intervention may have been too short to elicit an optimal 

effect on the plasma inflammatory profile and skeletal muscle proteins. However, our 

intervention period was selected based on the premise that as little as one week of 

oestrogen therapy has been shown to induce significant changes in skeletal muscle 

protein content (Park et al., 2019). To limit the invasive procedures for the participants, 

plasma and skeletal muscle samples were only obtained at the end of the 14-day 
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interventions and, therefore, we do not have baseline measurements. However, the 

study was of a randomized, crossover design and we did not observe an order effect, 

which minimizes the likelihood of this limitation. Moreover, we did not determine 

formononetin and biochanin A levels via high performance liquid chromatography 

(Collison, 2008). Therefore, it is unclear how much of the fermented red clover extract 

was successfully delivered to the skeletal muscle. Lastly, the study participants, though 

sedentary, were healthy and since this study did not include a functional vascular 

measure, it is possible that the cardiovascular health of the participants may have been 

too high to see beneficial effects with fermented red clover extract supplementation. 

7.5.4 Future Directions 

The findings from this study have unearthed novel evidence regarding the cardiovascular 

benefits of fermented red clover extract, which support the known therapeutic potential 

of fermented red clover extract in relieving menopausal symptoms (Lambert et al., 

2017a), promoting bone health (Thorup et al., 2015), and minimizing skeletal muscle 

breakdown (Oxfeldt et al., 2020) in post-menopausal women. Future investigations are 

required to elucidate the optimal dosing regime and mechanisms of action, together with 

reporting of potential side effects. Importantly, future investigations should consider 

increasing the duration of supplementation to optimize the therapeutic effects on 

cardiovascular and potentially metabolic health. Moreover, future investigations should 

consider combining fermented red clover extract supplementation with exercise training 

to determine whether this strategy can be used to maximize cardiovascular and metabolic 

benefits in post-menopausal women. Lastly, the optimal timing after menopause for 
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initiation of fermented red clover extract supplementation should be evaluated, as a 

growing body of evidence suggests therapeutic interventions (e.g. HRT or aerobic exercise 

training) are more successful in early post-menopausal women compared to late post-

menopausal women (Gliemann and Hellsten, 2019). 

7.5.5 Conclusions 

This study provides the first evidence that as little as two weeks of twice-daily 

supplementation with fermented red clover extract reduces VCAM-1 expression and 

significantly improves vascular inflammation in early post-menopausal women.   
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CHAPTER 8 GENERAL DISCUSSION 

This dissertation expanded the inclusion of older women in cardiovascular, exercise and 

nutraceutical research by evaluating the efficacy of alternatives to pharmaceutical 

therapies, such as exercise training and supplementation with fermented red clover 

extract, for promoting vascular health in postmenopausal women. This novel research 

program was the first to: (1) explore the effects of exercise training on the efficacy of in-

vitro dual anti-platelet therapy (DAPT) in postmenopausal women (Chapter 4), (2) 

experimentally evaluate the exercise timing hypothesis with respect to vascular 

adaptations (Chapter 6), and (3) evaluate the efficacy of fermented red clover extract for 

promoting vascular health in postmenopausal women (Chapter 7). 

8.1 Summary of Findings 

This research program produced several findings that demonstrate the efficacy of short-

term exercise training and fermented red clover interventions for improving vascular 

health in postmenopausal women, although these adaptations may be best achieved in 

the first few years after menopause. Chapter 4 demonstrated that as little as 8 weeks of 

high-intensity exercise training can improve platelet prostacyclin sensitivity and 

potentiate the in-vitro DAPT response, suggesting it may be important to consider training 

status when prescribing DAPT to postmenopausal women. Chapter 5 summarized the 

existing literature regarding exercise training and vascular health in postmenopausal 

women. The conclusions from this review provided compelling evidence in support of the 

exercise timing hypothesis, where cardiovascular adaptations to exercise training appear 
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to be more robust in women who are recently postmenopausal. Accordingly, in Chapter 

6, we validated the exercise timing hypothesis for the first time in an experimental model. 

We showed that 8 weeks of exercise training significantly reduced thrombotic risk in 

recently postmenopausal women but not in late postmenopausal women. Based on the 

findings from Chapters 5 and 6, we chose to pursue a phytoestrogen supplementation 

study in recently postmenopausal women only. The findings from Chapter 7 highlighted 

that as little as 2 weeks of supplementation with fermented red clover extract can 

improve markers of vascular inflammation in recently postmenopausal women. Taken 

together, the time for previously sedentary women to start taking control of their vascular 

health is now. In women around the menopausal transition, this can be achieved via 

regular physical activity or supplementation with fermented red clover extract. 

Importantly, if a woman has a sedentary life until the menopausal transition, it is not too 

late to start implementing alternative strategies, such as regular physical activity or 

supplementation with fermented red clover extract, to promote vascular health. 

Although, it is important to consider that it may be easier to achieve positive effects of 

these interventions if they are started closer to the menopausal transition, as opposed to 

several years after menopause. 

8.2 Perspectives 

8.2.1 Global Reproducibility 

It is interesting to bring a geographical and cultural perspective into the interpretation of 

these results, where these studies were conducted in healthy postmenopausal women 

from Copenhagen, Denmark. Undoubtedly, around the globe there are extremely diverse 
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habits for participation in and adherence to regular physical activity, which is at least 

partially driven by lifestyle, values, and accessibility. For example, Denmark reports one 

of the highest physical activity and fitness levels in adults worldwide (Nauman et al., 

2017). Conversely, only 50% of Canadian (Government of Canada, 2021) and 25% of 

American (Hyde et al., 2021) adults meet the physical activity recommendations. 

Interestingly, the prevalence of death from cardiovascular disease is inversely related to 

physical activity levels, whereby Denmark reports the lowest values (36.00 deaths per 

100,000 people) followed by Canada (45.15 deaths per 100,000 people), and USA reports 

the highest (73.49 deaths per 100,000 people) (World Health Organization, 2022). 

Therefore, due to differences in modifiable lifestyle factors between countries, it is likely 

that the prevalence and severity of cardiovascular disease differs before and after the 

menopausal transition, which could produce divergent results in the studies included in 

this dissertation if they were replicated in other countries. This is considered in the future 

directions section. 

8.2.2 Consideration of Responders versus Non-Responders 

It is well-established that there is significant interindividual variability in human 

physiology (Chrzanowski-Smith et al., 2020). This may be attributed to genetic (Bouchard 

et al., 1999) as well as lifestyle factors, such as sleep (Samuels, 2009) and nutrition 

(Hawley et al., 2011). Importantly, these interindividual differences translate to the 

adaptive responses to exercise and nutritional interventions (Mann et al., 2014). For 

example, even the best controlled exercise training interventions will produce variable 

adaptations, since typical methodologies to prescribe exercise intensity (e.g., percentage 
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of HRmax or V̇O2max) inherently elicit different physiological stimuli between individuals 

(Mann et al., 2014; Scharhag-Rosenberger et al., 2010). A previous report showed that up 

to 20% of healthy individuals do not gain beneficial cardiovascular adaptations from a 

period of exercise training, termed “non-responders” (Timmons et al., 2010). However, 

Montero and Lundby (2017) demonstrated that “non-responders” to exercise training 

interventions do not exist in healthy cohorts. Instead, they propose that there is 

interindividual variability in the appropriate exercise training stimulus and/or duration of 

training required to elicit beneficial adaptations (Montero and Lundby, 2017). Therefore, 

it is possible that a longer high-intensity training intervention (i.e., >8 weeks) may have 

been necessary to promote beneficial adaptations in the postmenopausal women who 

were “non-responders” in Studies I and II. This is considered in the limitations and future 

directions sections. Though speculative, the explanation for observing “non-responders” 

after 8 weeks of high-intensity training may depend on factors such as circulating 

estrogen, contraction-mediated activation of ERRα, or inflammatory responses and 

recovery after training. 

Similarly, in nutraceutical interventions, there is considerable interindividual variability in 

the bioavailability of the supplement, where factors like digestion and absorption of orally 

ingested treatments as well as accumulation in the circulation and interactions with the 

target tissue can impact the efficacy of the nutraceutical intervention (Wickham and 

Spriet, 2023). The development of pharmacokinetic profiles can help determine the 

optimal dosing strategy for nutraceutical interventions in the general population, 

including dosing and frequency of supplementation (Wickham and Spriet, 2023). Due to 
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the novelty of supplementation with fermented red clover extract, this valuable 

information is currently lacking. Therefore, in Study III, a greater depth of research is 

required to determine whether a longer supplementation protocol or different dosing 

regime is required to maximize the beneficial effects on vascular health. Moreover, it is 

interesting to consider whether individuals with higher ERα content have a greater 

capacity for beneficial adaptations to short-term supplementation with fermented red 

clover extract. 

8.2.3 The Role of Other Sex Hormones 

Finally, although the deleterious physiological effects of menopause are generally 

credited to the loss of endogenous estrogen, it is important to consider that endogenous 

progestogens also diminishes with menopause (Santoro and Randolph, 2011). 

Intriguingly, progesterone has been shown to lower blood pressure, inhibit coronary 

hyperreactivity, and act as a potent vasodilator (Thomas and Pang, 2013). Therefore, it is 

perhaps an oversimplification to discuss the vascular consequences of menopause with a 

sole focus on estrogen, and a greater depth of research is required to elucidate the 

physiological roles of progestogens as they relate to menopause. 

8.3 Limitations 

Although the limitations central to each study are discussed in the individual manuscripts, 

there are some overarching limitations to the studies included in the dissertation. First, a 

main limitation is that the intervention periods were short in duration (i.e., 8 weeks of 

exercise training and 2 weeks of supplementation with fermented red clover extract). 
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Although these interventions were long enough to facilitate positive changes to vascular 

health, it is likely that more robust changes would have been observed with a longer 

intervention (e.g., 12 weeks of exercise training and supplementation with fermented red 

clover extract). Another limitation of the studies included in this dissertation is the lack of 

activity and diet tracking throughout the interventions. Therefore, it is impossible to 

ascribe the physiological benefits solely to the exercise or fermented red clover extract 

interventions, as it is possible that some of the observed outcomes are due to additional 

changes in diet and exercise habits. The Hawthorne Effect is a known psychological 

phenomenon where individuals change their behaviours (e.g., dietary or exercise habits), 

despite being instructed to maintain their normal routine, because they know they are 

being observed or studied (Adair, 1984). For example, a period of exercise training can 

lead to unintentional positive changes in dietary patterns among adults (Joo et al., 2019). 

However, this limitation was minimized in Chapter 7 through the inclusion of a control 

group received a placebo supplement.  

8.4 Future Directions 

The findings from the research program have raised several additional questions that 

warrant future investigation: 

(1) Does exercise training affect the in-vivo response to DAPT in patients with acute 

coronary syndrome? In Chapter 4, we performed exercise training in healthy 

postmenopausal women and accordingly utilized in-vitro DAPT treatment. To 

provide real-world applicability, this training intervention would need to be 
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repeated in postmenopausal women with acute coronary syndrome currently 

taking DAPT. 

(2) What are the mechanisms underpinning the exercise timing hypothesis? In 

Chapter 6, we showed divergent vascular responses to exercise training between 

recently and late postmenopausal women. However, we did not unearth the 

specific mechanisms underpinning these results. We believe that endothelial cell 

function may be a prime driver of the divergent vascular responses between 

recently and late postmenopausal women. Accordingly, we are currently 

investigating the effect of 8 weeks of high-intensity exercise training on isolated 

endothelial cells from skeletal muscle biopsies from recently and late 

postmenopausal women. We will unearth the differences in endothelial cell 

function between the two cohorts by evaluating: mitochondrial respiration, 

proliferation, migration, histochemical analysis for skeletal muscle capillarization, 

as well as protein content and gene expression. 

(3) Are the differences in vascular adaptations to exercise training observed between 

recently and late postmenopausal women temporal or absolute? It is critical to 

understand whether late postmenopausal women simply take longer to achieve 

the same magnitude of adaptation to exercise training or if they lose the potential 

to recover vascular health. Although logistically complicated and demanding, a 

longer exercise training intervention (e.g., 16 weeks) with serial measurements 

(e.g., every 4 weeks) is needed to answer this question. 
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(4) Are the exercise timing hypothesis results reproducible worldwide? It is interesting 

to consider whether the degree of age- and menopause-related vascular damage 

is lower in Danish postmenopausal women compared to women in other countries 

around the globe. Therefore, it is possible that the window for optimal 

adaptations to an exercise intervention is shorter, and exercise interventions 

needs to be initiated earlier in these countries. 

(5) Does combined exercise training and supplementation with fermented red clover 

extract have a synergistic effect on vascular health in recently postmenopausal 

women? This dissertation highlights the beneficial effects of both exercise training 

(Chapters 4, 5, and 6) and supplementation with fermented red clover extract 

(Chapter 7) in postmenopausal women. However, the combined effect of these 

interventions has not been evaluated. It is possible that the combination of 

supplementation with fermented red clover extract and exercise training could 

maximize the estrogen receptor and ERR interactions as well as antioxidant 

potential to promote vascular health in postmenopausal women.  
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CHAPTER 9 APPENDICES 

9.1 Platelet Reactivity Optimization Summary 

9.1.1 Centrifugation 

• We tried two different centrifugation durations (10 min vs. 20 min) for obtaining 

platelet-rich plasma. Although we obtained a greater volume of greater platelet-rich 

plasma with 20 min centrifugation (~1000 µL more platelet-rich plasma from 9 mL 

whole blood), we opted for 10 min centrifugation to minimize platelet activation by 

prolonged centrifugation, as our assay measures platelet activation and aggregation 

to known concentrations of agonists. 

 

9.1.2 Collagen Platelet Reactivity 

• We attempted the platelet reactivity assay with 5% isotonic glucose (pH 2.7) 

prepared in ddH2O as well as 10 mM isotonic glucose in 1x PBS. Results were better 

with 10 mM isotonic glucose in 1x PBS (better range and reproducibility). 

• We started with collagen concentrations ranging from 0.01 to 10 µg/mL with a 4-

fold dilution, however we were not capturing the high-end of the platelet reactivity 

curve. 

• We switched to concentrations ranging from 0.02 to 16 µg/mL with a 4-fold dilution. 

 

9.1.3 Adenosine 5’Diphosphate (ADP) Platelet Reactivity 

• We started with ADP concentrations ranging from 0.02 to 40 µM with a 3.25-fold 

dilution, however we were not capturing the high-end of the platelet reactivity 

curve. 

• We switched to concentrations ranging from 0.08 to 80 µM with a 4-fold dilution. 

 

9.1.4 Epinephrine Platelet Reactivity 

• We started with epinephrine concentrations ranging from 0.04 to 40 µM with a 4-

fold dilution, however we were not capturing the low- or high-ends of the platelet 

reactivity curves.  

• We switched to epinephrine concentrations ranging from 0.001 to 40 µM with a 6-

fold dilution. 
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9.1.5 Arachidonic Acid Platelet Reactivity 

• We attempted to assess platelet reactivity to arachidonic acid, as a measure of the 

effectiveness of aspirin treatment in the dual anti-platelet therapy (DAPT) study. 

However, we couldn’t achieve greater than ~5% platelet reactivity utilizing 

concentrations ranging from 0.06 to 1 mM, 0.05 to 5 mM, and 0.05 to 11.1 mM. We 

decided against utilizing this agonist. 

9.2 Platelet Isolation Optimization Summary 

9.2.1 Utilization of Density Gradient 

• Initially, we attempted to isolate platelets by obtaining platelet-rich plasma, which 

was then pipetted on top of a density gradient (OptiPrep Density Gradient Medium, 

D1556, Sigma-Aldrich, USA) in a ratio of 1.0 mL platelet-rich plasma to 0.75 mL 

density gradient. This was centrifuged at 450g for 15 min to ensure the isolation of 

pure platelets. Then the supernatant was collected, a full hematological count 

including a platelet count was then obtained, and then centrifuged for 15 min at 

1500g to form a platelet pellet. The supernatant was then pipetted away and the 

pellet was resuspended in 1x DPBS. Another full hematological count including a 

platelet count was then obtained. 

• Although this protocol yielded pure platelets, the platelet counts were very low at 

both the density gradient step as well as the platelet pelleting step, suggesting the 

platelets were being lost in the density gradient step. In addition, the platelets were 

sticking to the bottom of the collection tubes, suggesting they were becoming 

activated during the pelleting step. 

• We attempted to optimize the protocol by obtaining the platelet-rich plasma at 

different speeds (200g vs. 500g vs. 900g) as well as forming the platelet pellet at 

different centrifugation speeds (200g vs. 500g vs. 900 g). All attempts resulted in 

poor platelet yields. 

 

9.2.2 Switching to Prostaglandin E1 and Resuspension Buffer 

• To mitigate the issues observed with the density gradient protocol, we decided to 

obtain platelet-rich plasma, which was then transferred to an Eppendorf tube and 

treated with 1 µL of prostaglandin E1 per 100 µL platelet-rich plasma. This reversibly 

inhibited platelet activation for ~20 minutes. The platelet-rich plasma was then spun 

for 5 min at 1500g to form a platelet pellet. The platelet pellet was then 

resuspended in 400 µL of a physiologically relevant resuspension buffer, and a full 

hematological count including a platelet count was then obtained. 
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• The remaining issue was that when the platelets were loaded for western blot 

analysis, there was smearing on the stain-free images, suggesting that some residual 

serum or plasma components were present in the isolated platelets. 

9.2.3 Selection of the Lysis Buffer 

• In our platelet western blot pilot, we prepared isolated platelets in two different 

concentrations to get an estimate of the number of platelets required: 0.25 x 109 or 

0.5 x 109 platelets per well were loaded.  

• In addition, we attempted preparing the platelets for western blotting in three 

different commonly used lysis buffers: Triton X-100 (T8787, Sigma-Aldrich), mtDNA 

lysis buffer (100 mM NaCl, 10 mM Tris; pH 8.0, 25 mM EDTA; pH 8.0, 0.25% SDS, 

H2O, proteinase K), and MSD Tris Lysis Buffer (R60TX-2, MSD). 

• From this pilot run, we determined that both 0.25 and 0.5 x 109 platelets per well 

was sufficient. In addition, we determined that both Triton X-100 and MSD Tris Lysis 

Buffer were effective for western blotting. Interestingly, we did not obtain any signal 

when using mtDNA lysis buffer, either on the stain-free image or western blot. We 

proceeded with Triton X-100, as it was much less expensive. 

Figure 9-1: Smearing on stain-free image suggesting residual plasma constituents. 
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9.2.4 Addition of a Wash Buffer Step 

• To further remove the residual plasma constituents, we added a wash step after the 

formation of the platelet pellet, where an equal volume of a physiologically relevant 

wash buffer to the original volume of platelet-rich plasma was added to the platelet 

pellet. The Eppendorf tube was gently inverted several times before an additional 

centrifugation step of 5 min at 1500g. Then, the wash buffer supernatant was 

removed, and the pellet was resuspended in 400 µL of resuspension buffer. A full 

hematological count including a platelet count was then obtained. 

• The stain-free images for western blot analysis no longer had smearing, suggesting 

that all or almost all of the plasma constituents were successfully removed from by 

the added wash buffer step. 

Figure 9-2: Selection of a lysis buffer. 

Stain-free image showing that with mtDNA lysis buffer the signal is completely lost from all loaded protein. 
Alternatively, the signal from Triton X100 and MSD lysis buffer are of similar, good quality. 
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9.2.5 Determining the Number of Platelets to Load in Each Well 

• To determine the number of platelets that needed to be loaded for optimal western 

blot analysis, an optimization western blot run was performed. This entailed utilizing 

the platelet isolates with the highest platelet count (e.g., ~5000 x 103 platelets·µL-1) 

and preparing various fold dilutions (e.g., 1:5, 1:10, 1:15) to ensure all the ranges of 

platelet counts were captured.  

• Once the appropriate dilution was determined, the total number of platelets loaded 

was calculated, then using ratios the dilution factor for each individual sample was 

determined to ensure the total number of platelets loaded was approximately the 

same for each sample. 

 

Figure 9-3: Addition of a wash buffer step 

Utilization of a wash buffer completely removed the smearing on the stain-free image, suggesting that the 
residual plasma constituents were removed by this process. 

Figure 9-4: Determining the appropriate dilution of isolated platelets for western blot analysis. 
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9.2.6 Consistency in Platelet Procedures 

 

 

• In Studies I and II, blood sampling was performed on two separate days to 

minimize the volume of blood drawn each day (i.e., ~60 mL each day vs. ~120 mL 

on one day). This was done to minimize the impact of blood removal on the 

V̇O2max test results and to minimize the potential for participants to feel faint, 

particularly in a fasted state. 

 

Figure 9-5: Elapsed time for various steps of the platelet reactivity assay protocols utilized in Study I. 

Note: Time for the platelet reactivity and prostacyclin sensitivity assays was recorded from the onset of 
centrifugation to the time of reading the 96-well plate. 

Figure 9-6: Elapsed time and platelet quality control measures from the platelet isolation protocol utilized 
in Study I. 
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9.3 Exercise Training Intensity Verification 

 

• The floorball training was typically performed as small-sided games (e.g., 3 vs. 3) 

with 4 min of high-intensity effort followed by 2 min of rest, repeated for 60 min. 

• When necessary, the floorball training was modified according to the number of 

participants in each session.  

• Continuous heart rate monitoring includes warm-up, cool-down, and rest 

periods. 

Figure 9-7: A) Overview of the spinning training intervention, where the rest periods involved low-intensity 
self-selected pace cycling (i.e., no resistance). B) representative continuous heart rate trace throughout the 
spinning session. 
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