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Thesis Abstract 

Background and Aims: Sex differences have been observed in several cardiovascular 

diseases, in terms of mortality and morbidity. Female patients experience worse clinical 

outcomes than their male counterparts. Although multiple mechanisms may be involved, 

sex differences in vascular reactivity of large and small blood vessels have not been 

investigated. This thesis aims to assess sex-dependent difference in vasoconstrictor 

responses of human vessels isolated from a variety of vascular beds from older patients 

(mean age 68 years) with and without existing coronary artery disease. Specific aims 

include evaluation of :(1a) sex differences in vascular responses of internal mammary 

artery (IMA) and saphenous vein (SV) segments from male and female patients 

undergoing CABG and (1b) mechanisms underlying sex dependent vascular responses. 

(2) sex differences in microvascular reactivity of vessels isolated from mediastinal and 

peripheral subcutaneous areas in patients with CAD. (3a) sex difference in vascular 

reactivity of subcutaneous microvessels from patients with no known CAD, undergoing 

elective non-cardiac surgery. (3b) subcutaneous microvascular reactivity of males and 

females patients with CAD to those without known CAD. 

 

Methods: This thesis used wire myography technique to assess functional changes in 

vasoconstrictor responses of isolated large conduit and small blood vessels. 

Concentration-response curves were formed for various vasoconstrictors including 

phenylephrine, serotonin, endothelin-1 and the thromboxane mimetic, U46619. Western 

blot analysis was employed to measure the biochemical parameters, including receptor 

abundance endothelin-1. 
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Summary of major findings: Female IMA segments display hypersensitive responses 

to serotonergic and !1-adrenergic receptor stimulation, compared to males. Blocking 

eNOS and/or cyclooxygenase revealed that prostaglandins account for in the observed 

!1-adrenergic mediated sex differences. Biochemical analysis revealed increased 

density of 5HT2A receptors in the female IMA.  

 

Similar sex differences were observed in the pericardial microvessels of the same 

patient cohort, with females showing increased sensitivity to serotonergic and !1-

adrenergic receptor stimulation. Interestingly, no sex differences were observed in the 

peripheral subcutaneous microvessels of patients with existing CAD.  

 

In patients without known CAD, female subcutaneous microvessels were hypersensitive 

to serotonergic and !1-adrenergic receptor stimulation, compared to matched males. 

When compared to subcutaneous microvessels of male and female patients without 

known CAD, male and female CAD patients exhibited increased sensitivity to !1-

adrenergic agonist. Male CAD patients were also hypersensitive to serotonin and the 

thromboxane A2 mimetic, U46619, relative to those without known CAD.  

 

Conclusions: For the first time, in a population cohort with a mean age of 68 years, 

female vascular hyper-reactivity in both large graft arteries (IMA) and microvessels has 

been demonstrated. Female vascular hypersensitivity is consistently seen in response to 

serotonergic and !1-adrenergic receptor agonist. In part, this may be due to sex-

differences in prostanoid activity. The IMA hyper-reactivity in the group of older 

women may contribute to their poorer outcomes following CABG and microvascular 

differences amongst patients without documented cardiovascular disease may pre-
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dispose them to hypertension. 
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CHAPTER 1: Introduction 
 

 

!
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1.1: Defining vascular disease 
 

Vascular disease constitutes those disorders involving the circulatory system. These 

traditionally include coronary, cerebral, pulmonary, and peripheral artery diseases.  

Vascular endothelial dysfunction and atherosclerosis are the major underlying cause of 

vascular diseases, which in turn lead to impairment of blood flow to the organ. Once the 

organ perfusion is significantly obstructed, the patients experience clinical symptoms 

such as stroke, myocardial infarction/angina and intermittent claudication. This thesis 

will primarily focus on coronary and peripheral vascular conditions, including 

peripheral artery disease and systemic hypertension. 

 

1.2: Vascular diseases burden 
 

Cardiovascular diseases (CVD) are the leading cause of death in Australia and in the 

developed world. It affects 3.7 million Australians, resulting in 45,600 (31% of all 

deaths) deaths in 20111. In 2009-10, CVD was the primary cause of approximately 

482,000 hospitalizations, and was involved as a secondary cause in a further 800,000 

hospitalizations. CVD associated disabilities effect 1.4 million Australians. This 

contributes to the financial burden of $5.9 billion, making CVD the most expensive 

disease in Australia. 

 

Coronary heart disease (CHD) contributes to 45% of all CVD deaths. Overall, 3% of 

Australian population suffers from CHD. In 2007, 49,391 major coronary events 

occurred in Australia, of which almost 40% of the cases were fatal. CHD also account 

for 2% of all hospitalizations and 34% of CVD hospitalizations in Australia.  
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Currently, there are no national data on specific prevalence of peripheral vascular 

disease in Australia. In 2007-08, there were 25,796 hospitalizations for PVD, which 

equated to 0.3% of all hospitalizations and 5% of CVD related hospitalizations.  

 

1.3: Vascular pathophysiology-General aspects 
 

 The pathophysiology of CVD involves the alteration of various molecular and cellular 

mechanisms leading to progression of the disorder. These are manifested through three 

main processes, including atherosclerosis, thrombosis and vascular reactivity. The 

contributions of these processes to the pathophysiology of CVD are interrelated and 

lead to impaired perfusion of the end organ. Inflammation is also involved in the 

pathophysiology of CVD and may contribute to each of these mechanisms.  

 

1.3.1: Inflammation 

 

Inflammation is a complex response triggered by a pathologic stimulus such as certain 

cardiovascular risk factors2-5. In response to these stimuli, pro-inflammatory cytokines 

such as interleukin-6 propagate the inflammatory pathway by activating T-cells and 

acute phase proteins, which in turn promote vascular permeability, cellular adhesion 

and plaque rupture2 (Figure 1). C-reactive protein is an acute phase reactant and has 

been widely used as marker of systemic inflammation. Plasma concentration of C-

reactive protein (CRP) is elevated in patients with acute ischaemia and myocardial 

infarction6-8. In patients with unstable angina and angina pectoris, CRP has been 

associated with recurrent ischaemia and myocardial infarction9, 10. In a cohort of 
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apparently healthy men, baseline plasma CRP levels were predictive of first myocardial 

infarction and ischaemic stroke11. It was also associated with increased risk of arterial 

thrombosis11, 12.  
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Figure 1: The role of inflammation in development of atherosclerosis. In 

proinflammtory states, cytokines like interleukin (IL-) 1&6, and tumor necrosis factor ! 

(TNF!) propagate formation of fatty streak, which develop to a mature atherosclerotic 

plaque and subsequently lead to occurrence of a coronary event. Adapted from Huerta 

et al (2002)13.!!
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1.3.2: Atherosclerosis 

 

Atherosclerosis involves the deposition of lipid within the arterial wall to form a plaque. 

Macroscopically, this is first evident as a fatty streak on the arterial wall and may first 

occur in infancy, progressing with advancing age14, 15. Functionally, an atherosclerotic 

plaque only becomes haemodynamically significant after it is large enough to obstruct 

blood flow. This typically occurs when #70% of the arterial lumen is reduced by the 

impinging lesion. The established atherosclerotic plaque may regress, remain 

unchanged or slowly progress with time (stable plaque). However it can also become 

unstable, suddenly expanding by plaque rupture.  

 

Inflammation is the major driver of atherosclerosis 16. The process is initiated following 

injury of the endothelial layer of an artery, where oxidized low-density lipoproteins 

(LDL) accumulate (Figure 1). Platelets adhere to the site of injury and release growth 

factors. This propagates the inflammatory response through release of P-selectin and 

vascular cell adhesion molecule (VCAM-1), promoting adhesion of monocytes and 

lymphocytes on the endothelial cell surface. These monocytes then migrate into the sub-

endothelial space and differentiate into macrophages. Macrophages engulf the oxidized 

LDLs, forming foam cells 17. Continued accumulation of foam cells beneath the 

vascular endothelium forms the fatty streak, which then progresses to become a mature 

plaque. Foam cells compose the necrotic core of the evolving plaque. The release of 

inflammatory cytokines also results in proliferation and migration of the vascular 

smooth muscle cells, which in turn form a fibrous cap covering the atheroma 18.  
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1.3.2.1: Atherosclerotic Risk Factors 

 

Major risk factors that are associated with atherosclerosis and CVD include 

dyslipidemia, hypertension, diabetes, smoking, obesity and physical inactivity. High 

plasma lipid levels 19 is one of the main risk factors of atherogensis. It is suggested that 

LDL, very low-density lipoproteins (VLDL) and intermediate-density lipoproteins can 

undergo oxidative modification at the vascular wall 20. Once oxidized, these lipids form 

a proinflammatory environment, inducing expression of adhesion molecules and other 

inflammatory mediators. Furthermore, the modified apoprotein moieties of the 

lipoproteins become antigenic and incite T-cell responses. It is also evident that beta 

VLDL particles can activate the inflammatory response of the vascular endothelial cells. 

Low levels of the cardioprotective high-density lipoproteins (HDL) minimize the 

breakdown of oxidized lipids, further promoting the atherosclerotic process.  

 

Hypertension is one of the most commonly occurring CVD risk factors21, 22. 

Hypertension is a state of chronic increased vascular resistance, particularly in the small 

pulmonary and systemic arteries. The renin-angiotensin system is significantly involved 

in pathogenesis of systemic hypertension. Angiotensin II (AII) is a multifunctional 

hormone that regulates vasomotor tone and also contributes to vascular remodelling and 

thickening of the vascular wall23. AII exerts its effects by interacting with AII type-1 

(AT1) receptors at the vascular smooth muscle cells (VSMC) to activate multiple sub 

cellular signalling cascades, causing vasoconstriction, hypertrophy and proliferation23. 

Moreover, AII is also involved in initiation of inflammation at the vascular wall 24, 

eliciting the production of reactive oxygen species from the endothelial cells as well as 
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the VSMCs 23. It also increases the expression of arterial proinflammatory cytokines and 

adhesion molecules 24-26.  

 

Of all the CVD risk factors, diabetes is considered one of the most detrimental. A 

diabetic person’s risk of CVD event is equivalent to that of someone with history of MI 

27, 28. Diabetic patients often have co-existing hypertension and dyslipidemia 29. The 

hyperglycemic state increases oxidative stress and augments production of 

proinflammatory cytokines from vascular endothelial cells through glycation of 

macromolecules in the vascular wall 30, 31. These result in vascular dysfunction and 

promote atherosclerosis. 

 

Obesity is associated with increased visceral fat density and circulating free fatty acids, 

resulting in augmented production of VLDLs from the hepatocytes. The imbalance 

between VLDL and HDL mimic hyperlipidimic state and elicit vascular damage. 

Furthermore, adipose tissue is considered an endocrine organ, releasing inflammatory 

cytokines and pro-atherogenic chemokines 32.  

 

1.3.3: Thrombosis 

 

Formation of a platelet thrombus occurs when an injury exposes collagen and tissue 

factor to the circulating blood 33. This is similar to rupture of an unstable atheromatous 

plaque, whereby the lipid core of the atheroma along with the extracellular matrix is 

exposed to the luminal blood 34, 35. In the continuous state of inflammation, T-cells 

activate macrophages or foam cells to secrete a series of proteolytic enzymes including 

matrix metalloproteinases, which can erode the fibrous cap and the interstitial collagen, 
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making the plaque unstable 16, 36.  Upon rupture of the fibrous cap, collagen becomes 

exposed to the bloodstream and the coagulation cascade is initiated 37. Thrombus 

generation begins when platelets interact with the thrombogenic factors to become 

activated and adhere to the vessel wall. Activated platelets generate thrombin and in 

turn convert fibrinogen to fibrin. Fibrin is involved in further recruitment of platelets, 

blood cells and plasma to form a clot. Activated platelets also release several agonist 

including adenosine diphosphate, serotonin and thromboxane A2
38. These agonists 

amplify the coagulation signal through further activation of platelets. Thrombosis can 

lead to several clinical events through complete occlusion of the artery.  

 

1.3.4: Vasomotor Reactivity (Vasospasm) 

 

Abnormal vasoconstriction can occur in presence or absence of atheroma and 

thrombosis. Vasospasm is defined as intense vasoconstriction of an artery, causing 

complete or near complete vessel occlusion (i.e., # 90% constriction), thereby 

obstructing blood flow and precipitating ischaemia. The athero-thrombotic process 

discussed above results in release of several vasoactive compounds that can trigger 

vasospasm. These include endothelin-1, thromboxane A2 and serotonin released from a 

variety of sources including endothelial cells, inflammatory mediators and activated 

platelets39-41. Increased catecholamine levels in response to sympathetic activation 

through physical and mental stress can also induce vasospasm42, 43. In the presence of 

endothelial dysfunction and/or vascular smooth muscle cell hyper reactivity, the 

constrictor stimuli of these agonists are exaggerated and promote vasospasm.  
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It has also been suggested that spasm can be the cause of plaque rupture. Autopsy 

studies of coronary lesions have shown spasm accounts for the disruption of the 

endothelial layer and rupture of fibrous cap that leads to thrombus formation 44. 

Moreover, coronary spasm induces thrombin generation45, decrease fibrinolytic activity 

46 and cause inflammation mediated platelet adhesion through release of P-selectin and 

VCAM-147, 48, leading to thrombus formation. 

 

1.3.4.1: Vascular reactivity regulations 

 

Vascular reactivity is regulated by multiple intrinsic and extrinsic mechanisms. These 

include intravascular factors such as the endothelial derived vasoactive compounds, and 

extravascular factors such as the neuro-hormonal influences.  
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Figure 2: Signal transduction in vascular endothelial cells involved in nitric oxide 

production. Endothelial nitric oxide synthase (eNOS) catalyses the conversion of O2 and 

L-arginine to nitric oxide and L-citrulline.  Nitric oxide diffuses into the adjacent 

VSMC to hyperpolarize the membrane.  eNOS function can be upregulated by 

increased Ca2+-calmodulin (CaM) binding. Activation of specific G-protein coupled 

receptors (GPCR) can elevate cytosolic Ca2+ levels via influx through plasma membrane 

Ca2+ channels and/or release from the sarcoplasmic reticulum (SR) inositol phosphate 

(IP3) receptor. eNOS activity can also be increased by phosphotidylinositol 3-kinase 

(PI3K) and protein kinase B (PKB) mediated phosphorylation. Adapted from 

Rajopadhyaya (2013)49. 

!
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1.3.4.1.1: Endothelium 

 

The vascular endothelium is the monolayer of cells lining the lumen of the blood 

vessels, forming a barrier between vascular wall and circulatory system. Following the 

landmark study by Furchgott and Zawadzki (1980), which led to identification of nitric 

oxide (NO), the endothelium has been extensively investigated50. Endothelial cells are a 

source of numerous mediators that can modulate vascular homeostasis, manage VSMCs 

proliferation and migration, alter platelet adhesion and aggregation as well as influence 

thrombogenesis and fibrinolysis51. The vasoactive compounds of endothelium are 

released in response to mechanical (shear stress and increased blood flow) and chemical 

(hormonal) stimuli52, 53. The vasodilatory substances released from the endothelium 

include nitric oxide, prostacyclin, and endothelial derived hyperpolarizing factor. The 

main vasoconstrictor agent released from the endothelium is endothelin.  

 

1.3.4.1.1.1: Endothelial dysfunction 

 

Endothelial dysfunction refers to a pathological state, where the normal function of the 

endothelium shifts to impaired vasodilation with a greater proinflammatory and 

prothrombotic state54. Among the many cardiovascular risk factors that can produce 

endothelial dysfunction, oxidative stress is considered most important55. Endothelial 

dysfunction has been associated with a wide range of pathologies including vascular 

diseases like hypertension, coronary artery disease, peripheral arterial disease, chronic 

heart failure and diabetes.  
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Endothelial function can be assessed in vitro by the classic myography technique 

utilised by Furchgott and Zawadzki (1980), which involves a force transducer 

measuring isometric tension of an isolated blood vessel in response to external 

stimulation. Addition of endothelial-dependent vasodilators like acetylcholine will 

induce vasorelaxation when the endothelium is intact. Several invasive and non-

invasive methods can be used to assess endothelial function in clinical settings56, 57. 

Traditionally these have focussed on the endothelium’s vasodilatory effects. Endothelial 

function of the epicardial arteries and coronary microvasculature can be assessed by 

infusion of acetylcholine during angiography, which induces a vasodilatory response in 

endothelial intact blood vessels. Imaging tools such as quantitative angiography and 

intravascular ultrasound (IVUS) measure epicardial vasodilation, while coronary blood 

flow by a Doppler wire determines vasodilation in the microcirculation. In patients with 

coronary disease, intracoronary acetylcholine infusion causes a paradoxical 

vasoconstriction indicating endothelial dysfunction58-60.  Peripheral endothelial 

dysfunction can measured by flow mediated dilation (FMD) and peripheral artery 

tonometry in response to vasoactive agents or hyperaemia61, 62. Peripheral endothelial 

dysfunction has been documented in several patient cohorts including those with and 

without coronary artery disease (CAD), heart failure and metabolic syndrome63-66. 

Endothelial dysfunction is the marker of atherosclerosis and itself through multiple 

mechanisms contribute to further atherosclerotic progression subsequently leading to 

cardiovascular events67. Endothelial dysfunction can cause myocardial ischaemia even 

in absence of coronary stenosis68.  
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1.3.4.1.1.2: Nitric Oxide (NO) 

 

Nitric oxide (NO) is produced from an amino acid L-arginine and oxygen by the action 

of nitric oxide synthase (NOS) 69-71. Since NO is a lipophilic, freely diffusible, soluble 

gas, it diffuses across cell membranes into the cytosol of vascular smooth muscle, 

where it activates Guanylate Cyclase (GC) 72, 73. Active GC increases the concentration 

of cyclic Guanosine-3!,5!-monophosphate (cGMP) which initiates activation of cGMP-

dependent protein kinases including protein kinase G (PKG) 72, 74. PKG is involved in 

extrusion of Ca2+ from the cytosol through activation of Ca2+-dependent K+ channels 75. 

This process hyperpolarizes the VSMC and inactivates Ca2+ entry through the voltage-

gated Ca2+ channels thereby limiting, Ca2+-calmodulin (CAM) dependent myosin light 

chain kinase activation, favouring vasorelaxation.  

 

In the endothelial cells G-protein coupled receptor activation leads to increased 

intracellular Ca2+ levels and formation of the Ca2+-CAM complex 76, 77. This complex 

binds to endothelial nitric oxide synthase (eNOS) to induce NADPH-mediated electron 

transfer within the eNOS domains78. This electron transfer enables eNOS to convert L-

arginine and oxygen to L-citrulline and NO78, 79. The G-protein coupled receptor 

agonists, involved in Ca2+ dependent eNOS stimulation include acetylcholine, 

bradykinin and endothelin. 

Activation of eNOS can also occur independent of increased cytosolic Ca2+ levels 

through phosphorylation of Ser1177 eNOS. This phosphorylation occurs through 

activation of the 2nd messenger molecules including phosphatidylinositol 3-kinase 

(PI3K) and protein kinase B (PKB).  
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In addition to NO production through eNOS, neuronal nitric oxide synthase (nNOS) and 

inducible nitric oxide synthase (iNOS) can also produce NO80. eNOS is predominantly 

responsible for production of vasodilatory NO. NO produced from nNOS functions as a 

neurotransmitter, while NO synthesis from iNOS occurs in pathologic conditions81, 82.  

In addition to its vasodilatory role, NO inhibits inflammation, proliferation and platelet 

aggregation. Loss of beneficial effects of NO is a major contributor in endothelial 

dysfunction mediated pathologies 83. Numerous factors can lead to reduced NO 

bioavailability including decreased L-arginine and tetrahydrobiopterin (BH4), reduced 

expression of NO synthase, inhibitory phosphorylation of Thr495 eNOS and increased 

oxidative stress 84. Increased intracellular superoxide promotes a vasoconstrictive and 

pro-coagulant environment by several mechanisms including NO inactivation, 

peroxinitrite formation, endothelin expression stimulation, inhibition of prostacyclin 

formation and GC inhibition 55. Peroxynitrite leads to eNOS uncoupling through 

degradation of eNOS cofactor BH4 85. Furthermore, elevated levels of asymmetrical 

dimethylarginine (ADMA), an endogenous competitive inhibitor of eNOS, also leads to 

reduced NO production 86. Elevated plasma levels of ADMA are a predictor of acute 

coronary events 87. ADMA levels are also increased in patients with 

hypercholesterolemia and hypertension 86, 88.  

 

1.3.4.1.1.3: The Prostanoids 

!
Prostanoids produced from the endothelial cells, circulating platelets and monocytes can 

regulate vascular tone, platelet reactivity and inflammation89, 90. Prostanoids are cyclic 

lipid mediators derived from arachidonic acid. Hydrolysis of membrane-bounds 

phospholipids by phospholipase A2 leads to production of arachidonic acid. Arachidonic 
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acid is further metabolized by enzymes cyclo-oxygenase 1 & 2 (COX-1 and COX-2), 

generating PGH2, which is then catalysed by specific prostanoid synthases to produce 

various prostanoids, including prostaglandin PGD2, PGE2, PGF2!, prostacyclin (PGI2) 

and thromboxane A2 (TxA2)91. For the purpose of thesis, only PGI2 and TXA2 will be 

discussed. The antithrombotic and vasodilatory effects of PGI2 are counter-regulated by 

the pro-thrombotic and vasoconstrictor effects of TXA2. 

a. Prostacyclin (PGI2) 

The specific prostacyclin synthase enzyme produces prostacyclin, using PGH2 as the 

substrate. Prostacyclin synthase is highly expressed in the endothelial cells92, followed 

by VSMC, neurons, oviducts, intestinal epithelial cells and embryonic cells 93. Vascular 

endothelial cells are the main producers of PGI2 and due to the consecutive action of 

prostacyclin synthase, PGI2 is the main product of arachidonic acid94, 95. The basal 

function of prostacyclin can be up-regulated by thrombin, cytokines, growth factors and 

mechanical stress 96. Experiments with ovariectomised sheep showing increased 

prostacyclin synthase and COX-1 in uterine arteries after combined estrodial-17" and 

progesterone treatment highlight the potential role of sex hormones97.   

Although less potent when compared to NO, PGI2 is an important constituent of 

endothelial-derived relaxing factors. PGI2 is also involved in platelet inhibition by 

preventing platelet aggregation and adhesion to endothelial cells 98, 99. PGI2 is further 

involved in activating gene transcription by interacting with nuclear receptors 100, 101. 

PGI2 exerts its vasodilatory effects through activation of specific prostanoid receptor 

(IP), which are Gs subtype of the G-protein coupled receptors102. Binding of Gs 

activates adenylate cyclase and increases cyclic adenosine monophosphate (cAMP). 

cAMP in turn activates protein kinase A, which stimulates extrusion of Ca2+ through the 
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plasma membrane and sarcoplasmic reticulum Ca2+ pumps. Decreased cytosolic Ca2+ 

levels limits Ca2+-CAM dependent myosin light chain kinase activation and favours 

vasorelaxation. PGI2 can also activate several plasma membrane K+ channels, including 

ATP-sensitive K+ channels, large conductance Ca2+ activated K+ channels (MaxiK) and 

inwards rectifier K+ channel103-106. The efflux of cytosolic K+ hyperpolarizes the 

membrane, leading to inactivation of the voltage-gated Ca2+ channels and VSMC 

relaxation. Experiments with IP receptor agonist have shown activation of MaxiK and 

inward rectifier K+ channel can occur through cAMP independent pathway103, 106-108. It is 

suggested that direct regulation of MaxiK by Gs-protein in part contribute to the cAMP-

independent K+ channel activation108.  

Although PGI2 is largely seen as a vasodilator, a biphasic effect of PGI2 exist, where 

higher concentrations induce endothelial mediated vasoconstriction103. This is suggested 

to occur through several mechanisms. The PGI2 synthase gene expression is augmented 

with age and in hypertension92, 109. When PGI2 levels are increased, it binds to other 

contractile prostanoid receptors including the TXA2 receptor110-113. This leads to 

activation of the contractile signalling cascade, which not only increase vascular tone 

but also reduce endothelial NO release through desensitization and internalization of IP 

receptors114. Although it is unlikely for the circulatory concentrations of PGI2 to reach 

such excessive levels in a clinical setting, presence of significantly higher concentration 

at the local site of release may occur. Increased PGI2 released from endothelial cells can 

function in a paracrine and autocrine manner to induce vasoconstrictor effects on the 

neighbouring VSMCs. In humans, dysfunctional IP receptor mutations and subsequent 

defected PGI2 receptor signalling causes accelerated atherothrombosis 115-117.  

b. Cyclo-oxygenase enzymes (COXs) 
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Cyclooxygenase enzymes are expressed in various cell types including the vasculature, 

platelets, neurons, inflammatory cells, gastric mucosa and the heart. The two different 

types of COX enzymes, COX-1 and COX-2, are differentially expressed and function 

independently from each other in the same cell types 118. Basal expression of both COX-

1 and COX-2 can be up regulated in response to shear stress, inflammation as well as 

agonist mediated increase in intracellular Ca2+ levels in endothelial cells119-121. Although 

in healthy and diseased human vasculature, COX-2 is the predominant generator of 

prostacyclin, COX-1 also contributes to overall prostaglandin production. In the 

platelets, COX-1 is the main isoform and is responsible for production of platelet-

derived thromboxane A2, a potent vasoconstrictor and platelet aggregator (see section 

1.3.4.1.2.2). It is suggested that in most blood vessels prostacyclin is the principle 

metabolite of arachidonic acid, which exerts its beneficial vasodilatory and anti-

aggregating effects94, 95. However, activated COX enzymes, particularly the COX-2 

isoform, also have the ability to produce superoxide anions, increasing free radicals122-124. 

Oxidation of polyunsaturated fatty acids via free radicals generates isoprostanes125, 

which are used as markers of oxidative stress and have been associated with coronary 

stenosis in CAD patients 126, 127. In cardiovascular diseases, increased inflammation and 

oxidative stress disrupts the balance between prostacyclin and TXA2 production, 

leading to more enhanced vasoconstrictor, pro-thrombotic and inflammatory 

environments128.  

c. COX inhibitors 

COX inhibitors are one of the most commonly used medications in clinical practice. 

These include the non-selective COX blockers like aspirin, indomethacin and other non-

steroidal anti-inflammatory drugs (NSAIDs). Inhibition of COX-2, the isoform mainly 

responsible for inflammatory prostaglandin effect, explains the anti-inflammatory 
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effects of COX blockers. However, inhibition of COX-1 induces adverse side effects 

like gastrointestinal and renal toxicity 129. Consequently, selective COX-2 inhibitors 

were developed130.  

In humans, decreased production or bioavailability of endothelial derived vasodilators 

coupled with increased production of endothelial derived vasoconstrictors, seen with 

aging and pathologic processes like hypertension and diabetes, define endothelial 

dysfunction 131. In patients with hypertension, endothelial-dependent vasodilation in 

response to mechanical and pharmacological stimuli, such as acetylcholine, is impaired 

in both large vessels (forearm, coronary, renal) and microvasculature 132. Treatment with 

the non-selective COX inhibitor, indomethacin, reverses the impaired acetylcholine 

mediated vasodilation in patients with essential hypertension 133, 134. Similarly, non-

selective COX inhibition by aspirin administration in hypercholesterolemic and 

atherosclerotic patients increases acetylcholine-induced vasodilation in the peripheral 

microcirculation135, 136. Studies with selective COX-1 or COX-2 have also been 

performed to further dissect the source of COX-derived endothelial contractile factors. 

In small arteries of patients with essential hypertension, isolated from subcutaneous 

biopsies, specific COX-2 inhibitor restores the impaired acetylcholine mediated 

vasodilation 137. This was also observed in an in vivo study showing improved brachial 

artery flow mediated dilation of hypertensive patients, following treatment with a 

selective COX-2 inhibitor, celecoxib, while no effect was seen in normotensive patients 

138. Likewise, in severe CAD patients, brachial artery flow mediated dilation was 

improved by celecoxib 139.  

Low dose aspirin is widely administered as primary prevention in CVD patients and is 

the most common form of anti-platelet therapy. Although aspirin can inhibit both COX 

isoforms, it is 170-fold less effective in binding COX-2 compared to COX-1140. Aspirin 
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binds irreversibly to platelet COX-1 by acetylating the amino acid serine at position 529, 

which inhibits arachidonic acid from binding to the enzyme’s catalytic site and in turn 

inhibits TXA2 synthesis141. Since platelets do not possess the capacity to re-synthesize 

all enzyme proteins, aspirin induced COX-1 inhibition lasts the 8-10 day life span of the 

platelet142, 143. This allows long-term aspirin therapy to have cumulative effects. 

Therefore, minimal aspirin doses are required to maintain complete COX-1 inhibition. 

In healthy individuals 30mg aspirin per day completely inhibit TXB2 (the stable TXA2 

metabolite) production143. In disease states like chronic stable angina where TXA2 

synthesis is elevated, 50mg aspirin dose per day is sufficient to normalise thromboxane 

production144. Furthermore, in patients with pacing-induced ischaemia, low dose aspirin 

prevents thromboxane release145. Several clinical trials have demonstrated no additional 

beneficial effects of high-dose compared to low-dose aspirin therapy, with some trials 

also showing lower event rates in patients receiving lower doses146.   

Continuous administration of high dose aspirin can induce side effects. As mentioned 

above, COX enzymes are also expressed in gastric mucosal cells, which are responsible 

for production of cytoprotective prostaglandins147. In contrast to the platelets, COX-1 in 

gastric mucosa is regenerated to overcome the aspirin induced inhibition. Due to this, 

COX-1 inhibition in gastric mucosa is dose-dependent; showing decreased gastric 

prostaglandin production following high dose aspirin administration148. This is 

consistent with aspirin associated increased risk of bleeding, which commonly includes 

those with gastrointestinal tract aetiology149, 150.   

 

1.3.4.1.1.4: Endothelin 
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The archetype endothelium-derived vasconstrictor is endothelin (ET), which is not only 

a potent vasoconstrictor 151, but is also involved in cellular hypertrophy, growth, 

migration, proliferation and survival of several cell types including VSMC and 

cardiomyocytes 152-156. ET exhibits inotropic properties, influences renal function and is 

involved in stimulation of the renin-angiotensin-aldosterone and the sympathetic 

nervous systems 152, 157-159.  

 

ET is a 21 amino acid peptide that exist in three isoforms, ET-1, ET-2 and ET-3, each 

playing specific physiological roles in different tissue types 160. ET-1 is the most 

important isopeptide in regulation of vascular tone and the cardiovascular system. 

Endothelial cells are the main producers of ET-1 160. Other cells types capable of 

generating ET-1 are VSMC, macrophages, leukocytes, cardiomyocytes and fibroblast, 

although very low concentrations can be produced from these tissues 161-164. Synthesis of 

ET-1 in endothelial cells can be initiated by various stimuli including thrombin, 

angiotensin II, cytokines, hypoxia and shear stress 165-169. ET-1 is synthesized as an 

inactive precursor molecule, preproET-1, which is then proteolytically cleaved into 

another inactive intermediate called “big” ET-1. Finally, big ET-1 is catalysed by 

endothelin converting enzyme to yield the bioactive ET-1 peptide 170.  

 

ET-1 exerts its downstream effects by binding to the specific G-protein coupled ETA 

and ETB receptors 171. In the VSMCs, both ETA and ETB receptors are highly expressed 

and are linked to the G12/13 and Gq/11 G-protein coupled receptor-signalling pathways to 

induce vasoconstriction. Stimulation of G12/13 receptor subtype activates the RhoA/ROK 

pathway, which in turn inhibits the function of myosin phosphatase and thus inhibit 

vasorelaxation172-174. On the other hand, Gq/11 stimulation leads to activation of 
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phospholipase C (PLC) and production of inositol triphosphate (IP3) and diacylglycerol 

(DAG). These in turn initiate signalling to increase cytosolic Ca2+ concentration as well 

as further inhibition of myosin phosphates through the protein kinase C (PKC)/CPI-17 

pathway, over all resulting in vasoconstriction173, 174. ETB receptors are also expressed in 

the endothelial cells. ET-1 binding to endothelial ETB leads to Ca2+ influx and PKB 

activation resulting in increased eNOS activity and NO production175, 176. NO diffuses in 

to the VSMCs to induce vasodilation.  

 

Under normal physiological conditions the plasma levels of ET-1 are very low, as it 

functions in an autocrine and paracrine manner rather than as a circulatory hormone 177, 

178. However, plasma ET-1 levels are significantly increased in patients with coronary 

artery disease including angina and myocardial infarction as well as following 

revascularisation procedures 179-182. Moreover, elevated plasma ET-1 levels are 

associated with poorer outcomes following coronary artery bypass grafting (CABG)183, 

184. During myocardial ischaemia and reperfusion, ET release as well as receptor 

expression are enhanced185, 186. These data indicate that substantial and prolonged 

exposure to ET-1 has a significant pathological role in the cardiac dysfunction. The 

potent mitogenic and hypertrophic properties of ET-1 mainly occur through the ETA 

receptor-signalling pathway 187, 188. Several animal models of myocardial reperfusion 

injury demonstrate a beneficial role of ETA receptor antagonism189-191. Intra-coronary 

perfusion of BQ-123, a specific ETA receptor antagonist, significantly dilated the major 

coronary artery in CAD patients 192. Long-term treatment with atrasentan, a specific ETA 

receptor antagonist significantly improved coronary microvascular endothelial function 

in patients with early atherosclerosis193. Dual ETA/ETB receptor blocker, bosentan, is 

extensively used as a treatment for pulmonary hypertension, improving 
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cardiopulmonary exercise capacity 194, 195. ET-1 receptor blockade by bosentan has also 

been shown to reduce in patients with essential hypertension 196.  

 

1.3.4.1.1.5: Endothelium-Derived Hyperpolarising Factor 

 

An additional endothelial-derived vasorelaxing factor has been described, beyond that 

of NO and prostacyclin, although its exact chemical nature is controversial.  

Endothelium-derived hyperpolarizing factor (EDHF) produces VSMC hyperpolarisation 

in presence of NO and PGI2 blockade 197. Several mediators have been linked to EDHF 

including hydrogen peroxide 198, 199, natriuretic peptide receptor-C 200-202, arachidonic 

acid metabolites 203, 204 and potassium (K+) ions 205. It is suggested that EDHF is 

particularly important in the small resistant vessels, thereby influencing flow 

distribution and pressure 206.  

 

1.3.4.1.2: Extravascular neuro-hormonal influences 

 

There are many circulating molecules that can influence vascular tone and regulate 

blood flow. For the purpose of this thesis, only catecholamines, thromboxane A2 and 

serotonin will be discussed.  

 

1.3.4.1.2.1: Catecholamines 

 

Activation of the sympathetic nervous system in response to physiological or 

pathological stress translates to release of catecholamines namely dopamine, 
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noradrenaline and adrenaline. Dopamine predominantly functions as a neurotransmitter 

in the central nervous system, however, for the purpose of this thesis, dopamine will not 

be discussed. The role of catecholamines in the cardiovascular system is mediated by: 

(1) noradrenaline released from both the adrenal medulla and the cardiac sympathetic 

nerve terminals increasing heart rate and contractility, (2) adrenaline released by 

chromaffin cells in the adrenal medulla into the circulatory system affecting the 

myocardium and peripheral vasculature, and (3) local release of adrenaline and 

noradrenaline through postganglionic neurons located within the periphery and the 

cardiac myocytes, further influencing the peripheral vasculature and the myocardium207-

209.  

 

The sympathetic transmitters, adrenaline and noradrenaline, exert their effects through 

specific plasma membrane adrenergic receptors. The adrenoreceptors include !1, !2, "1, 

"2 and "3- adrenergic receptors210 (table 1). The human heart predominantly contains "1-

adrenergic receptor subtype, however "2, and to a much lesser extent "3 and !1 

adrenergic receptors also exist210, 211. Stimulation of myocardial "1 induces positive 

inotropic and chronotropic effects increasing cardiac contractility and frequency. It is 

suggested that activation of "3 adrenergic receptor occur upon intense adrenergic 

stimulation, during which it acts through the nitric oxide synthase pathway to induce 

negative inotropic effects212-214. The vascular adrenoreceptors include !1, !2, and "2 

subtypes. The vascular smooth muscle cells are predominantly populated by the !1 

adrenergic receptor, inducing vasoconstriction. Stimulation of the vascular !2 subtype 

induces transient vasoconstriction215. The "2 adrenoreceptors are expressed on the 

vascular smooth muscle cells as well as the endothelial cells, inducing vasorelaxation216-
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219. Phenylephrine (PE) is a synthetic !1 adrenergic receptor agonist. For the purpose of 

this thesis, we will mainly focus on the vascular !1 adrenergic receptor subtype. 
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Adrenoreceptor subtype Predominant CVD Site Effect 

!1 Vascular Vasoconstriction 

!2 Vascular Proliferation & 

Vasoconstriction 

"1 Myocardial Cardiac contractility 

"2 Vascular Vasodilation 

"3 Not CVD but some present 

in Vascular 

Vasodilation 

 

Table 1: Summary of adrenergic receptors in the cardiovascular system. 

 

 

The !1 adrenergic receptor subtype mainly couple to Gq/11 family of the plasma 

membrane bound G proteins on the vascular smooth muscle cells220. Upon stimulation, 

G q/11 activates PLC, promoting hydrolysis of PIP2 to IP3 and DAG. IP3 induced the 

release of Ca2+ from the sarcoplasmic reticulum, while DAG activates the PKC/CPI-17-

dependent inhibition of myosin phosphatase, favouring relaxation. Intracellular Ca2+ 

levels are further increased by activation of the voltage-gated Ca2+ channels221. 

Moreover, !1 adrenergic stimulation can induce G12/13 mediated Rho/ROK activation, 

which in turn causes inhibitory phosphorylation of myosin phosphatase 222.  

 

Elevated plasma catecholamine levels represent increased sympathetic activity. Since 

noradrenalin is the main neurotransmitter of the postganglionic fibres, its plasma levels 

reflect the amount of noradrenaline spilled over from the sympathetic nerves. Elevated 
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plasma catecholamine levels was seen in heart failure which lead to therapeutic use of 

"-blockers223. Other pathological condition associated with increased circulatory 

catecholamine include early acute myocardial infarction 224, 225, idiopathic dilated 

cardiomyopathy 226, tako-tsubo cardiomyopathy 227 and hypertension 228. In addition to 

"-blockers, selective !1 adrenergic receptor antagonist like prazosin are used 

therapeutically for the treatment of hypertension 229, 230. !1 adrenergic blockade decreases 

the contractile effects of catecholamines by decreasing Ca2+ entry in the vascular 

smooth muscle cells.  

 

1.3.4.1.2.2: Thromboxane 

 

Thromboxane A2 elicits diverse physiological and pathophysiological actions including 

platelet activation and vasoconstriction. As discussed in section 1.3.4.1.1.3b, 

thromboxane A2 is a prostaglandin derivative that is produced during catalysis of 

arachindonic acid by COX enzymes followed by conversion of PGH2 to thromboxane 

A2 by thromboxane synthase231, 232. Various stimuli activate thromboxane A2 production 

from platelets, macrophages, vascular smooth muscle cells, endothelial cells and human 

cardiac atrial tissue233-237. Thromboxane A2 with a chemical half-life of about 30 seconds 

has a rapid non-enzymatic degradation to the inactive thromboxane B2 form238. Thus, 

thromboxane A2 functions in an autocrine or paracrine fashion in sites surrounding the 

producing cell.  

 

Thromboxane A2 exerts its effects through the specific thromboxane A2 receptors (TP). 

In humans TP! and TP" isoforms have been identified, which are coupled to the Gq/11 

and G12/13 family of G proteins 239-241. Upon stimulation, the TP receptors activate a 



! 5%!

cascade of complex subcellular signalling pathways involving the PLC, PKC, tyrosine 

kinase, RhoA/ROK mediated Ca2+ sensitization as well as activation of voltage-gated 

Ca2+ channels 242, 243.  

 

Thromboxane A2 is involved in several pathological conditions. TP activation on the 

vascular smooth muscle cells induces potent vasoconstrictor responses, which underlies 

its involvement in hypertension 244, 245. Thromboxane A2 mediates bronchial smooth 

muscle cell contraction and can contribute to asthma, airway remodelling and bronchial 

muscle hyperplasia 246-248. Another significant phathophysiological action of 

thromboxane A2 is platelet activation, which leads to aggregation and serotonin 

secretion, promoting thrombosis 249-251. Thromboxane mediated thrombus formation 

combined with vasoconstriction can cause acute MI. Actions of thromboxane A2 has 

also been connected to unstable angina and vasospasm 252-254. Increased production of 

thromboxane A2 has been implicated in ischaemic heart disease, pulmonary 

hypertension, heart failure and accelerated atherosclerosis of saphenous vein (SV) grafts 

255-257. Thromboxane A2 is involved in a range other non-cardiovascular pathologies 

including allergies, modulated immunity and metastasis of cancer cells 258. COX-

inhibitors are the conventional and most effective therapeutic agents used for 

management of the biological effects of thromboxane A2. Beneficial effects of COX-

inhibitors, which block thromboxane A2 production, are discussed in section 1.3.4.1.1.3. 

Other modulators of thromboxane A2 include thromboxane synthase inhibitors and TP 

antagonists, which are widely used as pharmacological tools for research. Clinically, 

thromboxane synthase inhibitor, Ozagrel, and TP antagonist, seratrodast, are used as 

treatment for asthma 259. The therapeutic values of these agents over or in addition to the 

conventional COX-inhibitors have not yet been established.  
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1.3.4.1.2.3: Serotonin 

 

Among the wide range of biological functions, serotonin or 5-hydroxytrptamine (5HT) 

is a well-known monoamine neurotransmitter with vascular effects. Serotonin has been 

extensively studied due to its role in depression, sensory perception, sleeplessness, 

cognition, memory and mood 260. Serotonin also has important functions in the 

gastrointestinal system 261. In the cardiovascular system, 5HT is involved in platelet 

aggregation, inflammation and blood pressure regulation 41. This thesis will focus on the 

vascular effects of 5HT.  

 

Serotonin produced from the enterochromaffin cells in the intestinal mucosa account for 

majority of the total 5HT in human body 262. By possessing 5HT transporter (SERT), 

circulating platelets incorporate the intestinally synthesized 5HT 262. Thus, most of the 

peripheral 5HT is platelet associated. Recently, evidence of 5HT synthesis from 

peripheral arteries has also emerged 263, 264. Platelet associated 5HT is released from 

activated platelets, increasing plasma 5HT levels. Free plasma 5HT bind to vascular 

smooth muscle and endothelial cells to induce contraction, proliferation, migration or 

release of vasoactive mediators 265.  

 

In accordance with the diverse functions of 5HT, there are seven known major 5HT 

receptor subtypes. The vascular smooth muscle and endothelial cells express 5HT1, 

5HT2, 5HT4 and 5HT7 receptor mRNA, however, 5HT2A and 5HT1B are the predominant 

subtypes involved in modulation of vascular function 266-268. These receptors are coupled 

to the Gq/11 and G12/13 family of the G-proteins 268, 269. On the vascular smooth muscle 
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cells activation of receptors induces vasoconstriction by PKC/CPI-17 mediated 

elevation of cytosolic Ca2+ levels involving both the voltage-gated Ca2+ channels and the 

intracellular Ca2+ stores270-273. The RhoA/ROK pathway is also activated to further 

favour contraction 274. On the endothelial cells, 5HT stimulation enhances eNOS 

mediated nitric oxide production to induce vasodilation 275-277. 

 

Altered plasma concentrations of 5HT have been implicated in several pathological 

conditions including pulmonary hypertension and Raynaud’s phenomenon 278, 279. 

Vascular hyper-reactivity to 5HT-mediated vasoconstriction has been described as the 

‘hallmark’ of vascular damage 280. Additionally, in hypertension and atherosclerosis, the 

vasoconstrictor effect of 5HT is further enhanced in the presence of sub-threshold 

concentrations of other vasoconstrictors like endothelin-1 and angiotensin-II 281, 282. Up-

regulation of vascular 5HT receptors in animal models of hypertension has been 

suggested to contribute to 5HT hyper-reactivity 283-285. In normal coronary arteries, 5HT 

induces dilatory as well as contractile effects, however, in presence of stable coronary 

artery disease, 5HT mediated dilator response is absent 286, 287. In endothelium denuded 

epicardial coronary arteries of patients with terminal heart failure, 5HT hyper-reactivity 

was reduced by ketanserin, a clinically utilised 5HT2A antagonist 288. Although, 

antihypertensive properties of ketanserin have been shown, controversy exists regarding 

the exact mechanism as it also displays !-adrenergic receptor antagonism 289-291.  
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Agonist Receptor Vascular 

site 

GPCR sub-

type 

Second-messenger 

molecules 

ETA  VSMC Gq/11 & G12/13 PKC/CPI-17, IP3, 

RhoA/ROK 

ETB VSMC Gq/11  PKC/CPI-17, IP3 

Endothelin-1 

ETB EC unknown PI3K, PKB 

Phenylephrine !1-AR VSMC Gq/11 & G12/13 PKC/CPI-17, IP3, 

RhoA/ROK 

Thromboxane A2 TP! & TB" VSMC Gq/11 & G12/13 PKC, IP3, 

RhoA/ROK 

5-hydroxytrytamine 5HT2A & 

5HT2B 

VSMC Gq/11 & G12/13 PKC/CPI-17, IP3, 

RhoA/ROK 

 

Table 2: Summary of agonists, receptors and second-messenger molecules relevant 

to this thesis.
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1.3.4.2: Molecular Mechanisms of Vascular Smooth Muscle Contraction 

 

1.3.4.2.1: Vascular Myogenic tone 

 

A shift in the net contraction/relaxation balance of blood vessels in response to stimuli 

can alter vascular tone by changing luminal diameter. Myogenic tone refers to the basal 

contractile state of blood vessels and can be altered in response to changes transmural 

pressure and stretch of VSMC292, 293. As discussed above, several factors influence 

vascular tone. This section will review the complex sub-cellular signalling in the VSMC 

that modulate the contraction of the blood vessel. 

 

1.3.4.2.2: The contractile apparatus 

 

The ultrastructure that allow the mechanical changes in lumen diameter are the thin 

actin and thick myosin filaments294. The myosin filaments contain two head domains, 

which have the Mg2+ ATPase responsible for hydrolysis of ATP to allow 

conformational changes. H)*+*!4+*!(X,!/0:)(!.)40;-!4--,.04(*>!X0()!*4.)!?9,-0;!

)*4>]!4;!*--*;(04/!/0:)(!.)40;!4;>!()*!+*:7/4(,+9!?9,-0;!/0:)(!.)40;!"J!E\P"JF$!

I),-N),+9/4(0,;!,A!?9,-0;!\P"J!4(!N,-0(0,;!R*+#G!*;4Q/*-!4.(0;K?9,-0;!0;(*+4.(0,;$!

P,7N/0;:!()0-!0;(*+4.(0,;!X0()!()*!'HI4-*!4.(080(9!,A!()*!?9,-0;!)*4>!*;4Q/*-!.+,--!

Q+0>:*!.9./0;:!4;>!.,;(+4.(0,;^!+*-7/(0;:!0;!-),+(*;0;:!,A!6RSP$! 

 

Cytosolic calcium is the intracellular messenger that induces the actin-myosin cross 

bridge cycling. Overall increased intracellular Ca2+ leads to formation of Ca2+-
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calmodulin (CAM) complex, which binds to Myosin light chain kinase (MLCK) and in 

turn phosphorylates myosin light chains to induce contraction of the blood vessels295, 296. 

Decrease in cytosolic Ca2+ levels limits MLCK activity and in turn stops further 

contraction of the VSMC. To reverse the vasocontractile reaction, Myosin light chain 

Phosphatase (MLCP) dephosphorylates the myosin light chains. This ends the actin-

myosin interaction and induces relaxation of the blood vessels.  

 

1.3.4.2.3: Role of Ca2+ in VSMC contraction 

 

Calcium (Ca2+) is the key determinant of the activation of the contractile apparatus. 

Under basal condition, cytosolic Ca2+ concentration of a vascular smooth muscle cell is 

100-300nM, which can increase more than 10 fold upon stimulation297, 298. Several sub-

cellular signalling molecules are involved in regulating the cytosolic Ca2+ levels. 

Elevated cytosolic Ca2+ levels can promote systemically increased vascular resistance 

and VSMC proliferation, which may underlie pathologic conditions like hypertension 

and atherosclerosis299-301.  

 

1.3.4.2.4: Cytosolic Ca2+ influx 

 

Calcium entry into the cytosolic space can occur through an extracellular source or from 

the intracellular Ca2+ stores. Influx of Ca2+ from the extracellular space occurs 

predominantly through the plasma membrane voltage gated Ca2+ channels302. Activity of 

voltage-gated channels is dependent on the changes in the electrochemical gradient 

across the plasma membrane. Under normal conditions, the plasma membrane potential 

is between -60mV to -40mV303, 304. Upon stimulation, changes in the electrochemical 
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gradient occur through the cytosolic influx of K+ ion303-305. This result in a more positive 

plasma membrane potential (depolarization), increasing activation of the voltage gated 

Ca2+ channels. Conversely, increased K+ efflux in the cytosol causes the membrane 

potential to be more negative (hyperpolarisation), reducing the open probability of the 

voltage-gated Ca2+ channels75. More recent data indicate that influx of Na+ ions can also 

be a major contributor of membrane depolarization306. However, controversy exists due 

to presence of the conventional voltage gated Na+ channels in various cell types307. 

 

Although a variety of voltage gated Ca2+ channels exist, the two are that most clinically 

relevant to vascular responses are the L-type (CaV1.2) and T-type (CaV3.1,2,3) Ca2+ 

channels. The “long acting” L-type Ca2+ channels are activated when the membrane 

potential is between -30mV and +10mV and have a slow inactivation process308-310. On 

the other hand, T-type or “transient” Ca2+ channels open at a membrane potential of -

50mV to 20mV and have a fast inactivation process309-311. L-type Ca2+ have a much 

higher conductance than the T-type Ca2+ channels, therefore plays a greater role in 

VSMC Ca2+ entry. Consequently, L-type Ca2+ channel blockers have become a 

significant part of medical therapy for patients with CVD. T-type Ca2+ channels 

primarily function in the pacemaker cells of the myocardium312. However, recent 

evidence indicate the clinically relevant role of T-type Ca2+ channels in microvascular 

function313. 

 

The sarcoplasmic reticulum serves as the intracellular source of Ca2+, storing 10,000 

times more Ca2+ than the resting cytosolic concentrations302. Sarcoplasmic reticulum 

Ca2+ release plays an important role in robust initiation of vascular contraction. Ca2+ 

release from this large store is regulated by ryanodine and IP3 receptors located on the 
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membrane of the sarcoplasmic reticulum314-316.  Influx of Ca2+ from the plasma 

membrane channels can induce further Ca2+ release from the sarcoplasmic reticulum or 

activation of more voltage gated Ca2+ channels, a phenomenon referred to as calcium 

induced calcium release317, 318. 

 

1.3.4.2.5: Ca2+ sensitization 

 

Studies have shown that at a given level of Ca2+, the force of contraction can vary, 

depending on the type of stimulation. It is known that agonist mediated contraction is 

larger than expected for the increase in cytoplasmic Ca2+243, 312, 319. Experiments with 

permeabilized smooth muscle cells showed that in an environment of controlled Ca2+ 

concentration, agonist stimulation increase myosin light chain phospholyration and 

induce contraction243, 320, 321. In addition, at a constant level of cytoplasmic Ca2+, force 

can decline. This process of contraction with greater force/Ca2+ ratio is described as 

“Ca2+ sensitization”.  

 

The mechanism of Ca2+ sensitization involves inhibition of myosin phosphatase, which 

in turn lead to increased phosphorylation of myosin light chains and hence increased 

contraction at a given level of Ca2+. RhoA/Rho kinase dependent phosphorylation of 

Thr555 MYPT1 the myosin targeting subunit of myosin phosphatase inactivates myosin 

phosphatase, favouring contraction of VSMC. In addition, PKC dependent 

phosphorylation of The38 of C-kinase potentiated inhibitory protein of 17 kDa (CPI-17) 

results in potent and specific inhibition of myosin phosphatase, favouring vascular 

contraction. 
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1.3.4.2.6: PKC activation 

 

Agonist mediated stimulation of the G-protein coupled receptor, specifically the Gq/11 

subtype, activates the membrane bound 2nd messenger, phospholipase C322, 323. 

Phospholipase C catalyses the cleavage of phosphotidylinositol 4,5-biphosphate (PIP2), 

forming DAG and IP3. IP3 binds to its specific receptors on the sarcoplasmic reticulum 

membrane to release Ca2+, initiating the Ca2+-CAM mediated contractile signalling 

cascade. On the other hand, DAG activates the DAG-dependent Protein Kinase C 

(PKC) isoforms, which include the conventional (cPKC) and the novel (nPKC) 

subtypes but not the atypical (aPKC) isoforms324. Once activated, PKC in turn activates 

CPI-17. CPI-17 is a PKC-potentiated inhibitor protein, which exerts its inhibitory effect 

on myosin phosphatase. This leads to enhanced myosin light chain phosphorylation and 

contraction. DAG is also involved in ion influx through the non-selective cation 

channels, which depolarizes the membrane and activates the voltage-gated Ca2+ 

channels, further amplifying the contractile signalling306, 325. 

 

1.3.4.2.7: Rho-Kinase pathway 

 

Agonist mediated stimulation of the G12/13 subtype of the G-protein coupled receptors, 

activates a membrane bound GTPase protein called RhoA322. Upon stimulation, RhoA 

switches from its GDP-bound inactive state to a GTP-bound active form. The 

conversion RhoA from GDP- to GTP-bound form and the reverse reaction are catalysed 

by guanine nucleotide exchange factor (GEFs) and GTPase-activating proteins (GAPs), 

respectively. This exchange occurs at the plasma membrane. The RhoA protein 

interacts with plasma membrane through its hydrophobic geranyl-geranyl tails that is 
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attached to the C-terminal by Protein Prenyl-transferases as part of the post transitional 

modifications. At the plasma membrane the activated RhoA interacts with its 

downstream effector, Rho-associated serine/threonine kinase (ROK)326. ROK increases 

the inhibitory phosphorylation of the myosin phosphatase, allowing more myosin light 

chains to stay phosphorylated and thus increase vascular tone222, 243.  

 

Both PKC and ROK have multiple subtypes and corresponding substrates that are 

differentially expressed in various vascular beds295, 325, 327. In addition, different agonists 

activating the Gq/11 and/or G12/13 G-protein coupled receptors can have variable impact 

on these signalling pathways. In spite of this complexity, clinically administered 

inhibitors of this pathway, such as fasudil (ROK inhibitor) and statins (RhoA 

production inhibitor), are effective as treatment for vascular diseases (involving 

vasospasm and increased vascular resistance)328. 
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Figure 3: Signal transduction in vascular smooth muscle cells contraction. 

Cytosolic Ca2+ levels are elevated through influx from the voltage gated Ca2+ channels 

(L- and T-type), receptor operated Ca2+ channel (ROCC), non-selective Ca2+ channels 

(NSCC) and/or release from the intracellular store sarcoplasmic reticulum (SR) through 

active SR inositol triphosphate (IP3) receptor. Cytosolic Ca2+ levels are lowered by 

extrusion via plasma membrane Ca2+ ATPase (PMCA) and/or SR uptake through sarco-

endoplasmic reticulum Ca2+ ATPase (SERCA). Cytosolic Ca2+ binds to calmodulin 

(CaM) to activate myosin light chain kinase (MLCK), which in turn phosphorylates 

myosin to initiate the myosin-actin cross bridge cycling and VSMC contraction. This 

action is countered by myosin light chain phosphatase (MLCP) dephosphorylating 

myosin to favour VSMC relaxation. Function of MLCP is directly inhibited by protein 

kinase C (PKC) mediated CPI-17, and/or by the inhibitory phosphorylation via 

RhoA/Rho kinase (ROK).  Endothelial derived relaxing factors including NO, PGI2 and 

EDHF increase K+ extrusion which hyperpolarizes the cell membrane and limits activity 

of voltage gated Ca2+ channels, therefore, favouring vasorelaxation. Modified from 

Wilson et al., (2011)329.
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1.4: Clinical vascular syndromes 

 

The triad of atheroma, thrombosis and abnormal vasomotor reactivity, driven by 

inflammation underlie several cardiovascular disease states. These include pathologic 

conditions in the cerebral, peripheral or coronary circulation, which can be further, 

subdivided to macro- and micro-vascular syndromes. This thesis will focus mainly on 

the coronary and peripheral syndromes. 

 

1.4.1: Large Vessel Disorders 

 

1.4.1.1: Coronary Artery disease 

 

Coronary artery disease (CAD) is the most commonly occurring CVD. CAD exists in 

two major clinical forms (a) acute coronary syndrome (ACS), and (b) stable ischaemic 

heart disease (SIHD). 

 

Acute coronary syndrome constitutes both unstable angina and myocardial infarction, 

with the two being delineated by the presence of myocardial necrosis as indicated by an 

elevated cardiac marker such as troponin. The ACS typically present with prolonged 

chest pain at rest (rest angina) or crescendo angina (increasing frequency of angina). 

Myocardial infarction (MI) refers to the condition of sudden occlusion of the large 

epicardial coronary artery, occurring subsequent to the rupture of the atherosclerotic 

plaque (described above). Inadequate perfusion of the myocardium leads to myocardial 

necrosis, which in turn releases troponin from the damaged myocardial cells. Based on 

diagnosis through electrocardiogram (ECG), MI is further subdivided in to two groups. 
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Elevation of the ST segment on the ECG is classified as ST-elevation myocardial 

infarction (STEMI), requiring emergent treatment. In absence of ST segment elevation, 

yet presence of cardiac markers indication myocardial damage, the infarct is referred to 

as non-ST elevation myocardial infarction (NSTEMI).  

 

Stable ischaemic heart disease includes a group of chronic conditions that causes 

myocardial ischaemia without myocardial necrosis. Chronic stable angina is the most 

common form and is characterised by exertional chest pain that promptly results with 

rest. In these patients, myocardial ischaemia arises when the myocardial oxygen 

demand exceeds the impaired supply due to obstructive CAD.  

 

Prinzmetal variant angina is characterised by recurrent episodes of rest angina that 

responds promptly to short-acting nitrates330. These patients have hyper-reactive 

epicardial coronary arteries as shown by exaggerated responses to multiple agonists 

including !1-agonist, serotonin and acetylcholine331.  

 

1.4.1.2: Peripheral artery disease 

 

Peripheral arterial disease is a condition of ischaemia in the extremities. Inadequate 

blood flow due to presence of obstructive atherosclerotic plaque in the large artery 

supplying the peripheral circulation induces ischaemia and in turn causes intermittent 

claudication 332, 333. Complete occlusion of the large vessel may lead to tissue necrosis 

and gangrene.  
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1.4.2: Microvascular Disorders 

 

Several coronary microvascular disorders have been described, which are clinically 

characterised on the basis of microvascular dysfunction in the absence of obstructive 

CAD. Although microvascular dysfunction may equally occur in the presence of 

epicardial CAD, the clinical investigations required to identify the microvascular 

dysfunction often also occur with CAD; the fundamental issue is that microvessels are 

not readily imaged in a clinical scenario.  Thus in syndrome X, microvascular 

dysfunction is implied since ischaemia is documented by an abnormal exercise test in 

the absence of CAD334, 335. Similarly in the coronary slow flow phenomenon, there is 

increased resistance in the distal vasculature as evident by the slow passage of contrast 

despite the absence of obstructive CAD336, 337. 

 

Microvascular dysfunction may also occur in the peripheral vasculature. This may also 

manifest as claudication symptoms in the absence of large vessel disease and often 

manifests as ulcers in patients with diabetes338.  

 

1.5: Vascular treatment strategies 
 

Clinical management of patients suffering from large and/or small vessel disease 

involves preventing ischaemic events (death, myocardial infarction, critical limb 

ischaemia) and alleviate ischaemic symptoms (angina, claudication), thereby improving 

quality of life. Significant advances have been seen in treatment strategies for CVD 

patients. These strategies can be divided in three major groups; life style changes, 

medical therapy and revascularization procedures. Formulations of the best treatment 
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strategies are dependent on many factors including clinical presentation, severity of 

angina, extent of ischaemia, extent of obstructive coronary disease and response to 

medical therapy 339.  

 

1.5.1: Lifestyle management strategies 

 

Major clinical trials provide extensive evidence of lifestyle modification resulting in 

lower risk of CVD. Smoking cessation, physical activity and maintenance of ideal body 

weight through healthy dietary habits can have a major impact on management of 

modifiable CVD risk factors 340.  

 

1.5.2: Optimal Medical therapy 

 

Optimal medical therapy (OMT) is extensively used for relief of angina symptoms and 

prevention of cardiovascular events. Major clinical trials have aimed to investigate the 

efficacy of OMT over revascularisation procedures in different groups of patients. 

Pharmacological therapies are divided in three main groups.  

 

1.5.2.1: Cardiovascular Preventative Therapies 

 

Antiplatelet agents, statins and ACE-inhibitors have been shown to limit cardiac events 

in patients with established CAD. Statins are lipid-lowering agents exerting its effect by 

inhibiting HMG-CoA reductase. They also have pleiotrophic effects and may influence 

vasomotor responses341, 342. In isolated vessel preparation, statins have been shown to 
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inhibit phenylephrine and thromboxane mimetic, U46619 by increasing NO 

bioavailability343. By inhibiting HMG-CoA-reductase, statins inhibits the mevalonate 

pathway, which inturn inhibits RhoA prenylation and allows PKB induced increased 

eNOS activity344.   

 

Angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor blocker 

(ARB) are part of a class of drugs that act to inhibit the renin-angiotensin-aldosterone 

system. These are especially effective in reducing cardiovascular events in patients with 

left ventricular dysfunction 345.  

 

Anti-platelet therapies mainly include aspirin and clopidogrel and are the first line of 

treatment for patients at risk of thrombosis (particularly unstable angina and NSTEMI 

patients) 346, 347.  

 

1.5.2.2 Anti-ischaemic Therapies 

 

Anti-ischaemic agents may be used during an acute angina episode but are primarily 

designed to prevent the recurrence of angina and thus improve symptoms and quality of 

life348. These include short-acting nitrates (sublingual or intravenous), providing 

immediate relieve by inducing VSMC relaxation and increasing coronary blood flow. 

Long-acting nitrates have similar pharmacological effects to their short-acting 

counterparts but can be taken orally as they avoid the extensive hepatic metabolism. "-

blockers reduce heart rate by inhibiting myocardial "1- adrenoreceptors and reducing 

contractility. This leads to improved myocardial perfusion and oxygen delivery. 
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Calcium channel blockers exert its effects by reducing Ca2+ influx in the VSMC and in 

inhibit vascular contractility.  

 

1.5.3: Revascularisation procedures 

 

Revascularisation procedures may be possible in patients with large vessel disease but 

are ineffective for isolated microvascular dysfunction. In suitable ischaemic patients, 

revascularisation procedures have shown to minimize ischaemic burden and 

significantly reduce total mortality 349, 350.  The two main revascularisation procedures 

are the less invasive percutaneous coronary intervention (PCI) and the more invasive 

surgical coronary artery bypass grafting (CABG). The choice of PCI Vs. CABG is 

made following assessment of coronary disease severity using risk stratification scoring 

methods 339. Several major randomized clinical trials have been performed to determine 

which procedure is superior for different groups of patients. Generally, CABG is 

preferred for patients with more complex CAD including left main disease, multivessel 

CAD, left ventricular dysfunction and diabetes 351. In cases of patients with more 

emergent need for reperfusion (e.g. STEMI), high surgical risk score or less severe 

CAD, PCI is favoured 351. Major clinical trials including SYNTAX 352, ASCERT353 and 

FREEDOM354 showed better long-term survival rates after CABG, compared to PCI.   

 

1.5.3.1: Percutaneous coronary intervention  

 

Percutaneous coronary intervention (PCI) was first introduced in 1977 by Andreas 

Gruntzig 355 and has been subject to major technological advances. It has evolved from 

balloon angioplasty (percutaneous transluminal coronary angioplasty) to insertion of 
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bare metal stent technology. The evolution continued to formation of drug eluting stents 

with antiproliferative agents aimed at reducing in-stent restenosis and thrombosis. 

Following major clinical trials, drug eluting stents have been deemed more beneficial 

compared to bare metal stents in terms of mortality, recurrent MI or repeat 

revascularisations 356. 

 

1.5.3.2: Coronary artery bypass graft (CABG) 

 

Although surgical procedure for treatment of CAD had begun in 1899, Vasilii Kolesov 

performed the first ‘modern’ style Coronary artery bypass graft (CABG) in 1964 357. 

Similar to PCI, CABG has undergone substantial advancements leading to reduced 

post-operative complication and improved short- and long – term outcomes. The 

techniques have refined to more frequent use of internal mammary artery (IMA), 

technical improvements in cardiopulmonary bypass, attentive myocardial protection, off 

pump techniques and introduction of minimally invasive CABG and endoscopic 

saphenous vein harvesting 358, 359. The evolutions of CABG techniques have been 

reviewed in detail by Head et al (2013) 358, 359.  

 

The standard contemporary CABG procedure involves anastomosis of the left internal 

mammary artery (IMA) to the left anterior descending artery with addition of saphenous 

vein graft in case of multivessel disease 360-362. Long-term beneficial effects of CABG 

are dependent on patency of graft conduits. Both arteries (IMA, radial artery, 

gastroepipolic artery and inferior epigastric artery) and veins (saphenous veins) have 

been used as bypass graft conduits, each with different patency rates.  

 



! V#!

1.5.3.2.1:Internal mammary artery 

  

The IMA is the conduit of choice due to its highest patency rate with >90% of the grafts 

still patent at 10-year postoperatively363-366. Only 1% of IMA grafts develop 

haemodynamically significant atherosclerotic stenosis367. This is attributed to its 

exceptional endothelial function, releasing potent endothelial derived relaxing factors 

(see section 1.3.4.1.1.), which act to inhibit platelet function and reduce 

atherothrombosis368, 369. Moreover, the anatomical structure of the IMA with the 

continuous internal elastic lamina is said to prevent VSMC migration, providing further 

resistance to stenosis formation370.  

 

The significant success of the IMA as a graft conduit led to consideration of performing 

bilateral IMA grafting or the use of other arterial grafts in patients with multivessel 

disease. Indeed, bilateral IMA grafting has been associated with reduced mortality 371, 

however, 1-year clinical outcomes and mortality rates were similar when compared to 

single IMA grafting in the Arterial Revascularization trial (ART) 372. Bilateral IMA 

graft was disadvantaged with increased risk of sternal reconstruction 372. Other arterial 

graft conduits including the radial, gastroepipolic and inferior epigastric arteries are all 

described as muscular and more susceptible to spasm than the IMA 373-376.  

 

1.5.3.2.2: Saphenous Vein 

 

Saphenous Vein (SV) has been one of the most commonly used graft conduits in CABG. 

However, FitzGibbon et al (1978) showed that 11% of the venous grafts were occluded 

as soon as 2-3 weeks postoperatively. This was reconfirmed more recently by Kim et al 
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(2010), showing 11.8% SV graft failure within 7 days of CABG 377, rising to 20% at 1 

year 378, 379 and 50% at 10 years 365, 380. Interestingly, of the 50-60% patent SV grafts, half 

exhibit angiographically evident atherosclerosis 380. The SV graft failure is attributed to 

endothelial damage occurring during graft dissection as well as exposure to arterial 

pressures following anastomosis. Endothelial disruption leads to graft thrombosis, 

causing the early failure 381. Adherence of platelets to the area around damaged 

endothelium begins intimal hyperplasia, which in turn leads to atherosclerosis in the SV 

graft 382 and late failure of the grafts.  
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1.6: Sex differences in vascular disease 
 

1.6.1: Sex vs. gender definitions 

 

In the literature, the terms ‘sex’ and ‘gender’ have both been used when referring to 

differences between males and females. By convention, these terms have been 

segregated and utilised in specific contexts. ‘Sex’ is a biological term used to define 

males and females based on the sex chromosomes. Gender is a psychosocial term that 

identifies men and women based on characteristics, attributes or norms. Thus in the 

context of this thesis, which focussed on biological differences, the term ‘sex’ will be 

used.  

 

1.6.2: Vascular disease burden in women 

 

Coronary heart disease (CHD) remains the leading cause of death amongst women in 

developed countries, accounting for over 11,221 deaths in Australian women each year 

(corresponding to 31 deaths per day). In comparison, breast cancer, which is perceived 

to be the most common cause of death by women, was responsible for 2774 deaths in 

2008. Among all Australian women, 2% suffer from CHD corresponding to over 225, 

600 females383. Similar to men, CHD markedly increases with age in Australian women 

affecting 4% of women aged 55-59 years compared to 20% aged $85 years.  

 

Nedkoff et al., (2011) recently published temporal trends in ACS hospitalizations, 

including AMI and UA, in the West Australian population384. Annual decline in age-
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standardized incidence of ACS were seen in males (1.7%) and females (1.6%), which 

was predominantly driven by reduced unstable angina incidence in both genders (3.0% 

in males and 2.5% in females). However, using age-sex analyses revealed an increased 

annual incidence of ACS in 35- to 54- year old women (2.3%; 95% CI, 1.0 to 3.8). This 

was predominantly driven by greater incidence of MI (4%; 95 % CI, 1.9 to 6.1) and 

unchanged UA incidence in these young women. By comparison, annual ACS 

incidence in men of the same age group significantly declined (1%; 95% CI, 1.7 to 0.3), 

which was principally due to greater annual decline in UA (2.5%; 95% CI, 3.7 to 1.3). 

These findings are consistent with the US AMI data, showing trends of MI prevalence 

increasing in women aged 35 to 54 years but declining in similar aged men385. 

Interestingly, West Australian women aged 35 to 44 years also show trends of increased 

body mass index (BMI), which may be contributing to these concerning observations. 

In combination with the knowledge of data showing increased mortality in young 

women following AMI, middle-aged women make a unique understudied population. In 

light of this, South Australian participation in the multinational VIRGO study 

(Variation in Recovery: Role of Gender on Outcomes of Young Acute Myocardial 

Infarction Patients)386 may be valuable in providing a specific focus on sex differences 

in young AMI patients. The VIRGO study aimed to identify the contributory factors 

(clinical, biochemical and psychosocial) behind the worse outcomes experienced by 

young women (<55 years) following AMI.  

 

1.6.3: Sex difference in vascular coronary syndromes 

 

Differences in presentation, prognosis, diagnosis and the treatment of vascular coronary 

syndromes exists between men and women. Women more commonly present with 
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NSTEMI and unstable angina, while STEMI is more common in men387-389. Women 

present with less obstructive coronary artery disease and more preserved left ventricular 

function, however, experience higher rates of myocardial ischaemia and mortality390-393. 

Due to this, the term ischaemic heart disease (IHD) has been proposed to be more 

appropriate for symptomatic women394.  

 

1.6.3.1: Sex differences in acute coronary syndromes 

 

In patients with acute coronary syndromes, women experience worse short- and long-

term outcomes, compared to age-matched men. In-hospital 30-day mortality is higher in 

women395-397, which remains significantly greater than men 1-3 years post AMI398-400. 

Women have increased risk of re-infarction following thrombolysis and experience 

higher procedural complications after PCI401-403. Long-term outcomes in terms of poorer 

quality of life and psychological health after experiencing an ACS event are also seen 

more in women than men404-406.   

 

1.6.3.2: Sex differences in coronary artery bypass surgery 

 

Compared to males, female patients undergoing CABG have significantly worse risk 

profiles before the surgery as well as worse post-operative clinical outcomes. Table 1 

details the differential risk factor profiles, management and post-operative mortality and 

morbidity of female patients undergoing CABG.  
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1.6.3.2.1: Risk Factors 

 

Sex differences in risk factor profile of patients undergoing CABG has been extensively 

reported. Female CABG patients are older and have more hypertension and diabetes, 

compared to males. Females also experience referral delays, attributed to more frequent 

presentation with atypical symptoms407. Females are referred for CABG at a later stage 

of coronary disease, which increases the risk of perioperative mortality408. Even among 

patients hospitalized for CAD, females receive fewer diagnostic procedures and 

CABG409, 410. Furthermore, female patients more commonly have smaller body surface 

area (BSA), which is correlated with smaller coronary arteries and reduced graft 

patency411. In addition to increased risk of low-output cardiac syndrome, smaller BSA 

($1.6m2) increases the risk of mortality by fivefold411, 412. Inadequate coronary artery 

diameter is associated increased risk of postoperative heart failure411, 413, 414.  

 

1.6.3.2.2: Clinical Outcomes 

 

Patient outcomes following CABG vary significantly between males and females. 

Several studies have shown higher operative mortality in females compared to males407, 

411, 413, 415, 416. When examining patients in low-, medium-, or high-risk categories, female 

mortality was higher in the low- and medium-risk groups, while no sex difference was 

observed in the high-risk group417. Herlitz et al., (2000) reported poorer five-year 

survival rate in women compared to men, which was greatly influenced by renal 

dysfunction418. Other studies showed that following adjustment for risk factors, sex 

differences were not seen in long-term survival post-CABG 419-421. A recent meta-

analysis concluded that females undergoing CABG have higher short- mid- and long-
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term mortality rates, compared to males422. However, female patients continue to 

experience unfavourable post-operative complications and adverse outcomes. Female 

patients more commonly have low-cardiac output post-CABG, requiring longer 

vasopressor administration. Stroke risk is higher in females for the period between 24 

hours after surgery until discharge423. Post-CABG hospital stay is also longer in females 

compared to males. Following discharge, female patients experience more recurrent 

angina407, 418, 424-426, congestive heart failure407, 415, 418, 427, 428 and higher hospital readmission 

rates407, 416, 427-429. Repeat revascularisation following re-admission due to recurrent 

angina is also significantly lower in females (0.6%), compared to males (4.1%)415.  
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Table 3: Sex differences in patients undergoing CABG.!
!
!
Category  Difference in CABG female patients, compared to men 

 
Perioperative Risk 
profile 

• Women have smaller coronary arteries (independent of 
body size)411, 430 

• Women have lower risk of diffused 3-vessel disease431 
• Women are less likely to have prior MI432-435 
• Women are less likely to have lower left ventricular 

ejection fraction413, 414, 424, 436-438 
• Women are less likely to have previous coronary 

intervention432  
• Women are less likely to have abnormal renal function432, 

439 
• Women have more severe and/or unstable angina (present 

more with class 3 or 4 angina)413-415, 424, 429, 436, 437 
• Women have more congestive heart failure413-415, 424, 429, 435-437, 

440, 441 
• Women have more urgent/emergent surgical intervention407, 

413, 424, 429, 432, 433, 436-438, 441, 442 
• Women have lower New York Heart Association 

functional classification432, 441 
• Women have poorer physical function (SF36) 429, 443-445 
• Women have lower preoperative hematocrit441 
• Women have higher risk of left ventricular diastolic 

dysfunction446 
• Referral delay in females 

 
Traditional risk 
factors 

• Women present with symptomatic CAD at older age407, 413-

415, 424, 429, 432, 434-441, 443, 447-449 
• Women have more diabetes413, 415, 424, 429, 432-437, 440, 441, 443, 448, 449 
• Female diabetics with CAD are more symptomatic but 

have less obstructive CAD compared to matched male. 
• Women have more hypertension413, 415, 424, 429, 432, 434, 435, 437, 440, 

441, 448 
• Women are more likely to have hypercholesterolemia432, 435  
• Women are more likely to have PVD413, 424, 433, 437 
• Women are less likely to be smokers432, 434, 439 
• Women have smaller body surface area411, 413, 424, 429, 432, 433, 436, 

437, 441 
• Women have more depression and anxiety before CABG429, 

450 
Management • Women receive fewer arterial grafts407, 415, 429, 432, 436, 439, 441, 448 

and fewer total grafts429, 432, 440, 441, 448 
• Women require more blood transfusion (after adjustment 

for body size, age, duration of surgery, preoperative 
hematocrit)424, 435, 441, 451-453 

• Female sex is a predictor of inotrope administration 
(prolonged need for pressors)441, 454 
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• Women have longer post-operative intubation (increased 
ventilatory requirements)424, 437, 454-458 

• Women have longer ICU stay, hospital stay (adjusted for 
co-morbidities)424, 432, 441, 449, 453, 456-463 

• Women have greater use of IABP preoperatively415 
 

Short –term 
Outcomes 

• Women are more likely to have post-operative (Q-wave) 
MIs416, 418, 424, 425, 437, 454, 464, 465 

• Females have increased risk of deep sternal wound 
infections418, 419, 455 

• Women have more postoperative sepsis/endocarditis419 
• Women have more respiratory failure419 
• Women are more likely have stroke after 24 hours and until 

discharge423, 426, 465 
• Women have lower cardiac output424, 425, 432, 437, 440, 441, 464, 465 

 
Long-term 
outcomes 

• Women have higher readmission rates407, 416, 427-429 
• Women have more recurrent angina (1-5 year post-CABG) 

407, 418, 424-426 
• Women have more congestive heart failure407, 415, 418, 436 
• Female sex is an independent predictor of deep vein 

thrombosis466 
 

Mortality • Women <55 years old have 3.4% increased mortality 
compared to matched men416 

• Increased 30-day mortality413, 415, 416, 432, 435-437, 439, 441, 454, 467-471 
• Female sex is an independent predictor of increased 

mortality following adjustment (3.81% vs. 2.43 % in 
males) 

• Female long term mortality similar to men415, 424, 447 
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1.6.4: Potential mechanisms  

 

Multiple factors can contribute to the sex differences observed in acute and chronic 

coronary diseases. These can be considered as clinical, biological and psychosocial 

variables, summarized in table 2-4. In addition to sex differences in therapeutic 

procedures, females have a less favourable prognosis than men. 

 

1.6.4.1: Clinical Factors 

 

1.6.4.1.1: Presentation 

 

Sex differences in clinical characteristics including age, clinical presentation and risk 

factors have been documented. It is known that the index cardiac event occurs in 

women on average 7-10 years later than in men 472. This has been attributed to the 

cardioprotective effects of oestrogen; however, prevalence of cardiovascular disease 

rapidly increases following menopause472, 473. It is noteworthy that age-adjusted short-

term mortality following AMI remains significantly greater in women. Additionally, 

differential distribution and prognostic values of traditional cardiovascular risk factors 

have been observed between males and females. Cardiovascular risk factors impose a 

greater burden at initial presentation in women395, 474. Traditional AMI associated risk 

factors such as hypertension and diabetes are more prevalent in females than males474, 475. 

Hypertension significantly increases the risk of CVD in premenopausal women 

compared with those in postmenopausal years476. While presence of diabetes is a 

disadvantage in both sexes477, female diabetics experience greater adverse outcomes, 

reflecting its greater prognostic impact. Diabetes increases the relative CHD risk by 2-3 
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folds in males but 3-7 folds in females477, 478. In a recent analysis of young and middle 

aged patient cohorts (aged <60 years) enrolled in the GenSTAR study, MESA and 

NHANES III, presence of diabetes was associated with 4-5 fold higher CAD event rates 

among females with no differences in males479. Hyperlipidemia is another major risk 

factor for CHD in both genders480. Following menopause, the rise in total cholesterol 

and LDL levels in females exceeds those of the males, making low HDL cholesterol a 

significant coronary risk factor480, 481. Beneficial effects of cholesterol lowering therapy 

have been shown to be equal or greater in women compared with men482, 483.  

 

1.6.4.1.2: Diagnosis 

 

Assessment of cardiac risk involves assigning patients a Framingham global risk score 

(FRS), which is accordingly used to classify patients into high, low or optimal risk 

groups484. However, the FRS underestimates the actual cardiovascular risk in females485. 

This occurs as these risk algorithms have not evolved with changes in 

pathophysiological information over the 40 years of its implementation. Comparison of 

FRS with Reynolds risk score, a sex specific tool, resulted in reclassification of >40% 

of intermediate FRS women486. In the Australian patient cohort, the AusHEART study 

identified gender disparities in cardiovascular risk scores assigned by general 

practitioners in a primary care setting487. Among patients with established CVD, women 

were significantly more often misclassified in lower risk categories, compared to men. 

Additionally, women with high-risk scores received less combination therapy and were 

less likely to achieve recommended targets when treated. Under estimation of 

cardiovascular risk and lack of evidence-based therapy may result in poorer health 

outcomes. To improve risk assessment in women, several novel biomarkers have been 
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evaluated, among which, high sensitive CRP, oestrogen deficiency/hypothalamic 

dysfunction and polycystic ovarian syndrome were identified as strong candidates for 

screening women488.  

 

1.6.4.1.3: Treatment 

 

It is well known that treatment delays, including pain-to-door (PTD) and door-to-

balloon (DTB) times are closely associated with morbidity and mortality outcomes in 

STEMI patients 489-497; although a recent analysis has caused some controversy, much of 

which stems from patient classification498. Time between symptom onset and patient 

presentation for assessment of AMI defines the PTD time. In the Australian population, 

female STEMI patients have significantly longer PTD times compared to males499. This 

data is consistent with several international studies showing longer times between 

symptom onset and reperfusion therapy in females than males500-507. Delayed 

presentation for assessment of AMI may be due to atypical symptoms508, 509 experienced 

by women combined with the misperception of being in a low risk group507, 510-513. 

Additionally, women with ACS are associated with having more symptoms and 

increased pain threshold514-517. Various studies have reported delayed DTB time in 

women compared to men396, 518, 519. Consistent with data from other western countries, 

Australian female STEMI patients are an independent predictor of delayed DTB times396, 

499, 518-522. DTB times incorporate the period from patient presentation at the healthcare 

facility to vessel reperfusion/balloon angioplasty. Therefore, delays in this time frame 

are reflective of the healthcare system procedures. Dreyer et al., (2013) used the South 

Australian STEMI registry to identify the determinants of DTB time and reported 

delays for female STEMI patients in majority of the DTB components499. Compared to 
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males, female STEMI patients had significant delays in door to ECG and ECG to Code 

times, resulting in overall delay in diagnosis following presentation (Door-to-Code).  

Upon arrival for assessment, patients are placed in a specific triage category based on 

case urgency. It has been suggested that atypical symptoms and delayed patient arrival 

blunts the “sense of urgency”, leading to inappropriate triage score allocation for 

females. Recently published data by Kuhn et al., (2014) from the Victorian Emergency 

Minimum Dataset (VEMD) showed that females were less likely to be correctly triaged 

for AMI, unstable angina, stable angina and undifferentiated chest pain, which was 

associated with prolonged treatment times523. In the subgroup of Victorian regional 

patients not arriving to the emergency department via ambulance, males received 

treatment almost 7 minutes faster than females. This is mirrored by international studies 

showing association between sex and incorrect triage524, 525. A significant delay in time 

from patient arrival at the catheterization laboratory to reperfusion of the occluded 

artery, referred to as Lab-to-balloon (LTB) time, contributes further to treatment delays 

in Australian female STEMI patients. Technical difficulties involved in the PCI process, 

including arterial access and catheter placement, can generate delays in LTB times. 

Females have been shown to have smaller coronary arteries; even following adjustment 

for body surface area526, 527, making them more prone to PCI associated technical 

difficulties. 

 

Global treatment disparities between male and female patients are also seen in chronic 

coronary syndrome settings in terms of diagnostic, medical and revascularisation 

therapy. In the CADENCE study population of stable angina patients, compared to 

males, clinical investigation processes were worse in female patients, who were less 

likely to undergo exercise stress testing, angiography and revascularisation therapy528. 
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These observations are mirrored by other international studies showing lower 

revascularisation (PCI and CABG) as well as thrombolytic therapy in female patients529, 

530. Additionally, females were found to be less likely to achieve guideline lipid and 

weight targets528. Gender differences also existed in medical therapy with females more 

likely to be prescribed calcium channel blockers and long acting nitrates, yet received 

less cardioprotective agents528, 531, 532. 
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Table 4: Sex differences in key clinical characteristics of patients 
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Characteristic 

 
Males 

 
Females 
 

Patient 
Presentation 

• Younger than females 
•  Fewer associated factors 
• More commonly present 

with STEMI 
• Typical symptoms 

• Older the males 
• Greater burden of risk 

factors 
• More commonly present 

with NSTEMI and UA 
• Atypical symptoms 

 
Patient 
Management 

• Beneficial prognostic ECG 
stress testing 

• Targeted reperfusion times 
for STEMI 

• Undergo revascularisation 
procedure 

• Receive more thrombolytic 
therapy 

• Intensive medical therapy  
 

• Lower sensitivity/specificity 
of ECG stress testing 

• Sequential approach (ECG 
& SPECT) more effective 

• Delayed STEMI reperfusion 
times 

• Undergo less 
revascularisation therapy 

• Receive less thrombolytic 
therapy 

• Receive less medical 
therapy (lower aspirin, "-
blockers and statins) 
 

Risk Factors • Common traditional 
atherosclerotic risk factors 
associated with CVD 
• More likely to smoke 

• Greater prognostic value of 
traditional risk factors 

• Increased prevalence of 
hypertension and 
hypercholesterolemia 
following menopause 

• Greater CHD relative risk of 
diabetes Vs. males 

• Increased risk of CHD in 
Ethnic females 

• Greater family history of 
premature CHD 

• Female specific risk factors 
• CRP 
• Hormonal disregulation 
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1.6.4.2: Biological factors 

 

Data from several major studies implicate plaque erosion/distal embolisation, 

microvascular dysfunction and altered vascular reactivity to be major contributors in the 

mechanism of ischaemic heart disease in females.  

 

1.6.4.2.1: Inflammation 

 

Inflammation is central to pathogenesis of vascular disease. As discussed above, 

inflammatory pathways are embedded in pathological processes of atherosclerotic risk 

factors as well as formation and development of atherosclerotic plaques. In addition to 

higher prevalence in women, inflammation is also a stronger predictor of CHD in 

women, compared to men533-535. The WISE study assessed women with suspected 

ischaemia undergoing coronary angiography and reported that those with abnormal 

inflammatory biomarkers were >5 times more likely to have an adverse event and >19 

times more likely to die during the follow-up536. Among the patients with existing CHD, 

inflammation has a greater risk of adverse outcomes in women, compared to men. 

Existence of a pro-inflammatory environment is integrated with metabolic syndrome, 

obesity and depression, disease states that are strongly associated with pathogenesis of 

vascular syndromes in women537-541. Obesity and central adiposity and inflammation 

have greater association in women539. In the Coronary Artery Risk Development In 

young Adults (CARDIA) study, obese women displayed repeated elevations of high 

CRP levels above 10mg/L, a level conventionally treated as acute inflammation542.  
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1.6.4.2.2: Atherothromobosis 

 

Sex differences in atherosclerosis and intimal response to injury have been observed543. 

In patients with CAD, females have lower atheroma volume than males, despite having 

more cardiovascular risk factors544. However this measurement is incomplete, as it does 

not quantify blood flow relative to metabolic demand in males and females. In the 

population-based Rotterdam Study, males exhibited greater calcium scores than females, 

which was particularly evident in the coronary arteries545. In patients without obstructive 

CAD, atheroma burden, as measured by intravascular ultrasound (IVUS), were greater 

in males compared to females546. Autopsy studies revealed majority of the coronary 

thrombi occurring due to plaque rupture in males, whereas in females thrombi occurs on 

intact plaque with superficial erosion547, 548. Interestingly, in sudden cardiac death 

patients, plaque erosion is more commonly found in young females who are smokers 

and postmenopausal females on hormone replacement therapy, while, plaque rupture is 

common in females who are older and have hypercholesterolemia548. Greater plaque 

erosion and more diffuse plaque with less associated luminal narrowing in females seem 

to be associated with higher prevalence of non-obstructive coronary disease in women.  

 

Several experimental studies have explored sex differences on the basis of thrombosis. 

Following AMI, females have increased adenosine diphosphate-mediated platelet 

aggregation, but less prostacyclin induced platelet inhibition549. In CVD patients, 

postmenopausal women displayed significantly increased platelet reactivity compared 

to males, despite receiving dual antiplatelet therapy, acetylsalicylic acid (ASA) and 

clopidogrel550. Furthermore, sex differences in platelet aggregation have also been 

shown in young healthy volunteers551. High oestrogen levels following hormone 
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replacement therapy have been associated with increased the risk of venous thrombosis, 

which may be explained by regulation of genes encoding homeostatic proteins by sex 

hormones552. Increased platelet aggregation combined with plaque erosion and distal 

embolisation may have role in increased mortality in young females following MI.  

 

1.6.4.2.3: Microvascular dysfunction 

 

Compared to males, females exhibit less of obstructive coronary atherosclerosis; yet 

have higher rates of myocardial ischaemia and coronary vasomotor dysfunction553-555. 

H)0-!?49!Q*!4--,.04(*>!X0()!()*!4A,+*?*;(0,;*>!0;.+*4-*>!N/4(*/*(!+*4.(080(9!0;!

A*?4/*!4;>!+*/*4-*!,A!'LI!4;>!HD'"$!Microvascular dysfunction (MVD) is a disorder 

of resistance vessels and is measured by a reduction in blood flow in the myocardial and 

peripheral circulation. Coronary MVD is particularly common in female patients with 

persistent symptoms of ischaemia in absence of obstructive coronary artery disease556. 

Patients with cardiac risk factors and no obstructive coronary atherosclerosis display 

structural and functional abnormalities in the coronary microcirculation557. Presence of 

coronary MVD without obstructive disease is associated with adverse outcomes in both 

genders558. Other studies have shown increased risk of cardiovascular events in 

symptomatic, non-obstructive CAD females with coronary MVD555, 559. Systemic 

microvascular dysfunction, measured by narrowing of the retinal arteries, is associated 

with greater risk of CHD in women but not men560. Traditional cardiovascular risk 

factors, particularly chronic inflammation and diabetes are involved in impairment of 

microvascular function561. However, in females recruited for the WISE study, 

atherosclerotic risk factors only partially (<20%) predicted microvascular dysfunction562. 

It is suggested that unidentified novel factors may be primarily responsible for 
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microvascular dysfunction in women. Indeed, elevated endothelin levels have been 

associated with decreased coronary vasomotor responses in patients with chest pain and 

normal coronary angiograms563.  

 

1.6.4.2.4: Vascular Reactivity 

 

Heterogeneous vascular responses are seen in males and females in different age groups, 

which primarily occur due to variations in gonadal hormones over a lifetime.  

 

a. Endothelial dependent component 

 

Reflective of the beneficial cardioprotective effects of sex hormones, females in the 

general population exhibit better endothelial function as measured by brachial flow-

mediated dilatation564, 565. In a young healthy population (aged 24-39 years), FMD was 

better in females compared to males; however, these values were reversed following 

adjustment for brachial artery diameter566. Better endothelial function was also seen in 

the coronaries of females undergoing angiography, compared to matched males546. 

Greater impairment of endothelial function is seen in postmenopausal women as well as 

pathologic conditions that are more prevalent in women, such as hypertension and 

diabetes567-569. From a follow up study of patients in the WISE cohort, abnormal 

endothelial function as measured by intracoronary acetylcholine infusion appeared as an 

important prognostic factor in women570. Investigation of vascular reactivity in an 

isolated vessel preparation can provide important mechanistic information regarding sex 

differences inherent to the vasculature and independent from the neurohormonal input. 

Endothelial mediated vasorelaxation of isolated internal mammary artery, the most 



! OJ!

important graft conduit, is worse in females compared to response from matched male 

vascular tissue571. This can attributed to reduced endothelial nitric oxide synthase 

(eNOS) mRNA and lower overall eNOS levels in the IMA of postmenopausal females 

compared to males572.  

 

b. Vascular smooth muscle 

 

The balance between contractile and dilatory response of the vascular smooth muscle 

cells maintain the net vascular tone. Although much research has focused on endothelial 

autacoids, abnormal constriction and dilation of vascular smooth muscle layer has an 

important role in pathologic conditions. Among female patients undergoing 

angiography, altered coronary microvascular reactivity to adenosine is associated with 

increased risk of major adverse outcomes, even in absence of obstructive CAD. 

Furthermore, vasospasm can also contribute to angina and myocardial ischaemia, 

independent of coronary atherosclerosis. Ong et al., (2012) assessed vasospasm by 

provocation testing with intracoronary acetylcholine in female cardiac syndrome X 

patients573. Acetylcholine mediated epicardial and microvascular constriction 

reproduced their anginal symptoms. More recently, acetylcholine provocation test in a 

cohort of predominantly female (62%) symptomatic patients without obstructive 

atherosclerosis, induced spasm of the distal epicardial artery and coronary microvessels, 

which was coupled with electrocardiographic changes and cardiac troponin elevation, 

indicating myocardial ischaemia574. However, sex differences were not investigated.  

 

1.6.4.2.5: Hormonal effects 
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It is well known that the significantly lower incidence of CHD in premenopausal 

women compared to age-matched men and post-menopausal population is attributed to 

the cardioprotective effects of female sex hormones, predominantly through oestrogen 

575-577. Oestrogen exerts its vascular beneficial effects directly through pathways on the 

vascular wall as well as indirectly by improving lipid, antioxidant and coagulant 

environment578. On the vascular wall oestrogen increases production and bioavailability 

of endothelial derived vasodilatory agents including nitric oxide and prostacyclin, and 

decreases platelet adhesion and aggregation579, 580.  Furthermore, oestrogen restricts 

atherosclerotic development by directly inhibits vascular smooth muscle cell 

proliferation581.  

 

Similar to the post-menopausal state, women of reproductive age who experience 

hormonal disruption have been associated with increased risk of CHD. Data from the 

WISE study showed among women undergoing coronary angiography, CAD was 

associated with hypoestrogenaemia originating from the hypothalamus582. Hormonal 

dysfunction increases the risk of atherosclerosis and ischaemic events in women of 

reproductive age583. This is exemplified by women with polycystic ovarian syndrome 

(PCOS) experiencing hormonal disruption. PCOS is associated with 2-fold increased 

risk of arterial disease and 7-fold increased risk of AMI584. Additionally, pregnancy 

associated hypertension have been suggested to predict later hypertension and CVD 

events585, 586.  

 

The cardioprotective effects of oestrogen diminish with the decrease in oestrogen levels. 

Endothelial function is impaired in healthy menopausal women587. Hormone 

replacement therapy for post-menopausal women was once thought to be highly 
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beneficial in terms of cardiovascular health. In 1970s, the Nurses’ Health Study (NHS) 

reported 35% to 50% reduction in CVD events following oestrogen therapy in post-

menopausal women588, 589. However, the use of HRT became controversial when 

randomized clinical trials like Women’s Health Initiative (WHI) and Heart and 

Oestrogen /progestin Replacement Study (HERS) failed to show cardiovascular benefits, 

instead reported an increased risk of adverse events590, 591. Both studies associated HRT 

with increased CAD and thromboembolic events. Further evaluations led to arguments 

regarding the optimal age and hormone type to be of importance when administering 

HRT592. A recent meta-analysis by Main et al., (2013) concluded that historical 

approaches to hormone therapy is ineffective as primary and secondary prevention for 

CVD events and in fact instead increased the risk of stroke and thromboembolic 

events593.  
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Table 5: Sex differences in key biological factors$!
!
!
 
Characteristic 
 

 
Males 

 
Females 

Atheroma • Greater plaque volume 
• Plaque rupture 
• Greater calcium scores 

• Less plaque burden 
• Plaque erosion 

 
Thrombosis • Greater platelet response of 

!2-adrenergic and serotonin 
response upon activation 

• Improved platelet function 
following aspirin treatment 

• Risk of MI significantly 
decreased by aspirin therapy 

• Inhibition of major platelet 
integrin !IIb"3 (GPIIb/IIIa) 
lowers death and MI rates 

• More fibrinogen binding upon 
platelet activation 

• Lower response to prostacyclin 
following MI 

• Greater platelet activation 
compared to males (after MI) 

• Greater platelet activity 
following dual antiplatelet 
therapy vs. males 

• Lower antiplatelet effects of 
Aspirin 

• Aspirin therapy does not 
decrease MI  

• No effect of major platelet 
integrin !IIb"3 inhibition 
(GPIIb/IIIa) on death and MI 
rates 

Vascular 
reactivity 

• Age associated decrease in 
FMD 

• Less microvascular 
dysfunction 

• Increased worsening of FMD 
following menopause 

• More microvascular 
dysfunction 

• Impairment of endothelial 
dependent dilation 

• Impairment of intracoronary 
adenosine mediated vascular 
relaxation 
 

Other 
biological 
factors 

 • eNOS associated 
polymorphism 

• Sex hormone regulated 
increase in thrombosis 

!
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1.6.4.3: Psychosocial Factors 

 

The findings of the INTERHEART study indicate greater association of AMI with 

psychological risk factors in women, relative to men. Depression has been deemed as a 

primary risk factor for coronary heart disease in both genders however; the prevalence 

is significantly higher in women compared with men, particularly in the younger age 

group. Severity, duration and symptoms of depression are also greater in women with 

AMI as well as after CABG594. Following acute coronary syndrome and 

revascularization procedures, women experience lower quality of life. Low 

socioeconomic status, absence of a cooperative social network for support and 

integration are also strong predictors of adverse outcomes and recurrent cardiac events 

including revascularization procedures in women presenting with an acute coronary 

event595. In a national based study of over 11000 Australian adults, low socioeconomic 

position was more consistently associated with worse profile of CVD biomarkers in 

women596.   

!
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Table 6: Sex differences in key psychosocial factors 

7
 
 
Category 
 

 
Differences in female patients, compared to males 

Depression • Two-fold more prevalent in women than men 
• Greater number, severity and duration of depression 

symptoms experienced by women, compared to men 
• Greater risk factor in women, increasing risk of cardiac 

events by at least 50% in women. 
 

Emotional stress • Marital stress is linked to cardiac events and 
progression of CAD and carotid atherosclerosis in 
women 

• Psychological stress in early life is common among 
women, which is a risk factor for IHD 

• Social/emotional support is a significant risk factor in 
women 

 
Socioeconomic status • Poorer status is associated with worse outcomes in 

women  
 

Health status/Quality 
of life  

• Two-fold increase in major CV events and all-cause 
mortality in women with poorer self-rated health status 

• Women have poor QOL following ACS events and 
revascularisation procedures. 
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In the preceding sections, it has been shown that sex-differences in cardiovascular 

outcomes are evident and the underlying causes are multifactorial. This thesis focuses 

on evaluating biological mechanisms inherent to the vasculature that may contribute to 

this sex-difference. Thus the overall aim of this thesis was to examine sex differences in 

vascular reactivity across different vascular beds in patients (mean age of ~68 years) 

with and without known CAD. Specific aims included the following: 

A. Sex differences in vascular reactivity of graft conduits in patients undergoing 

coronary artery bypass grafting. 

1. To evaluate sex differences in vasoconstrictor responses of functional 

segments of internal mammary artery and saphenous vein. 

2. To evaluate potential mechanisms responsible for observed sex differences.  

B. Sex differences in vasoconstrictor responses of microvessels from patients with 

Coronary Artery Disease. 

1. To evaluate sex differences in vascular response of subcutaneous 

microvessels obtained from the saphenous vein donor site. 

2. To evaluate sex differences in microvascular reactivity in vessels from 

pericardial fat pad. 

C. Sex and disease dependent differences in subcutaneous microvessels of patients with 

and without known coronary artery disease. 

1. To evaluate sex differences in microvascular reactivity of subcutaneous 

vessels from patients without known CAD. 

2. To evaluate microvascular reactivity of patients with and without known 

CAD in a sex specific manner. 
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CHAPTER 2: Methods 
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This section provides a detailed outline and discussion of the methods used in this thesis. 

All experimental studies in this thesis were performed with isolated human vessels. This 

research was approved by the University of Adelaide, the Royal Adelaide hospital and 

the Queen Elizabeth hospital human ethics committees.  

 

2.1: Study Patients 
 

In this project, vascular reactivity was examined from two different patient cohorts. A 

coronary artery disease (CAD) cohort was recruited from patients undergoing coronary 

artery bypass grafting (CABG) at the Royal Adelaide Hospital for established CAD. 

Patients with no known CAD were recruited from a patient cohort undergoing elective 

hernia repair at The Queen Elizabeth Hospital. Written informed consent was obtained 

from all patients pre-operatively, following ethics committee guidelines.  

 

2.1.1: Patient Inclusion Criteria 

 

Patients aged >45 years undergoing elective surgical procedures were recruited for 

participation in the study. Female patients in post-menopausal state were included only. 

In the CAD cohort, only patients requiring CABG for existing epicardial CAD were 

included. While the patients with no known CAD had no history of chest pain, 

dyspnoea, prior myocardial infarction, prior angiography, or an established cardiac 

condition were included in the study. This cohort of patients was matched on the basis 

of age and sex to the CAD cohort. 
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2.1.2: Exclusion Criteria 

 

Patients were excluded on clinical criteria if (a) undergoing an emergency surgical 

procedure, (b) they had known significant valvular heart disease, or (c) they had a 

documented history of heart failure.  

 

2.1.3: Patient Case Report Form 

 

Clinical details were recorded for each patient on a pre-constructed case report form 

(CRF). The CRFs were designed to record detailed information including: (a) baseline 

demographics, specifically age, body mass index (BMI) and blood pressure, (b) pre-

existing conditions and co-morbidities, including hypertension, hypercholesterolemia, 

diabetes and tobacco use and (c) pre-operative mediations administered 24 hours prior 

to surgery.  The clinical profile of the recruited patients for the individual research 

studies, are listed in the respective baseline characteristics tables in chapters 3, 4 and 5. 

Since the CAD patients were undergoing CABG while those with no known CAD were 

having elective non-cardiac surgery, several differences exist in the patient profiles and 

surgical processes.  

 

2.2: Patient Surgical Procedures 
 

2.2.1: CAD Cohort 

On the day of surgery, the surgeon followed the standard coronary artery bypass graft 

procedure. Patients were anesthetized and intubated. Common agents administered 
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during anaesthesia in CABG are listed in table 1. Median sternotomy was performed 

and the internal mammary artery (IMA) was dissected free from the chest wall but with 

an intact proximal blood supply. Simultaneously, the saphenous vein (SV) was 

harvested from the lower limb. Following the harvest, the length of conduits required 

for grafting were measured and preserved. Any functional remnant of the distal IMA 

and the SV were donated for research. Mediastinal microvessels were obtained from the 

pericardial fat pad while inguinal subcutaneous adipose tissue provided the peripheral 

microvessels. All vascular tissues was collected and placed in ice-cold Krebs solution at 

4°C, that was previously gassed with Carbogen (95% O2 and 5% CO2). The Krebs 

solution was composed of the following (mmol/L): NaCl (118), KH2PO4 (1.18), 

NaHCO3 (25), MgCl2 (1.05), CaCl2 (2.34), EDTA (0.01), and glucose (5.56). 

 

As part of the regular surgical procedure, the internal mammary artery was sprayed with 

papavrine hydrochloride to induce dilation, preventing arterial spasm following the 

graft anastomosis. Functional remnants of the distal end of the IMA and the SV were 

collected for experimental procedures. Initial experiments revealed that papavrine 

treated IMA segments had blunted responses to agonists. For the purpose of this project 

examining sex differences in vascular reactivity of the isolated graft conduits (chapter 

3), external variables influencing vascular function needed to be minimized. Therefore, 

the distal end of the IMA was dissected and donated for the research before treatment 

with papaverine hydrochloride. 

 

 
 
 
 
 
 



! G#!

 
 
Table 1: Agents commonly administered during coronary artery bypass grafting. 
 
Drugs Function 

Propofol Anaesthetic 

Fentanyl Opiod analgesic 

Rocuronium Non-depolarizing Neuromuscular blocker 

(muscle relaxant) 

Pancuronium Non-depolarizing Neuromuscular blocker 

(muscle relaxant) 

Midazolam Sedative 

Metaraminol Vasopressor 

Tranexamic acid 4;(0A0Q+0;,/9(0. 

Vancomycin Antibiotic 

Gentamicin Antibiotic  

Lignocaine Antiarrythmitic  

Heparin IV Anticoagulant 

GTN Vasodilatory/anti-anginal 

Magnesium Mineral (Vasodilatory) 

Noradrenaline Vasopressor  

Insulin Antiglycemic  

Esmolol Short acting "1 receptor blocker 
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2.2.2: Cohort of patients with no known CAD 

This cohort constituted patients undergoing elective open hernia repair surgery. 

Following the standard surgical procedure, patients were anesthetized, intubated and an 

incision was made at the site of the hernia (inguinal or umbilical region). Common 

agents used during hernia repair surgeries are listed in table 2. Subcutaneous adipose 

tissue from the site of incision was collected for research and placed in ice cold Ca2+ 

free HEPES Tyrode buffer at 4°C.  The Ca2+ free HEPES tyrode buffer contained (mM) 

NaCl (135.5), KCl (5.9), MgCl2 (1.2), HEPES (11.6, pH 7.4) and glucose (11.6). 

 

Table 2: Commonly used agents during elective hernia repair surgery in patients 
with no known coronary artery disease. 
 
Drugs Function 

Propofol Anaesthetic  

Fentanyl Opiod analgesic 

Rocuronium Non-depolarising neuromuscular blocker 

(muscle relaxant)  

Sugammadex Reversal of muscle relaxant 

Midazolam Benzodiazepine 

Metaraminol Vasopressor 

Parecoxib NSAID 

Caphazolin Antibiotic 

Dexamethasone Corticosteroid (anti-inflammatory) 
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2.3: Isolated Vessels 
 

2.3.1: Isolated Vessel Apparatus 

 

A large vessel myograph system with Grass isometric transducers and a DMT model 

610M wire myograph were used to assess vascular reactivity of large and small 

resistance vessels, respectively. Each system included individual channels for each 

vascular segment. The blood vessels were mounted on clamps in the large vessel 

myograph and through luminal wires on the wire myograph. In each system the force 

transducers were, connected to the PowerLab software and a chart recorder (Chart 7, 

AD Instruments, Australia).  

 

Through out the experiments the blood vessels were bathed in physiological salt 

solution at 37°C.  

 

2.3.2: Principles of Assessing Isolated Vessel Responses 

 

Myograph based measurements of vascular reactivity evaluates the isometric developed 

tension of blood vessels in response to test agents. Generation of maximum developed 

tension is based on the size and medial thickness of vessels within a given vascular bed. 

By constructing a plot of length (vessels stretch) vs. developed tension one is able to 

identify the optimal resting length L0 or tension from which to begin the experiment. 
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2.3.3: Vascular preparations 

 

2.3.3.1: Large vessels 

 

The IMA and SV segments were dissected free of adventitia and cut into 2.5 mm rings 

while bathing in ice-cold Krebs solution. The vessels were mounted into the myograph 

by inserting two stainless steel wires in to the lumen of each ring. One of the wires was 

connected to Grass FT03 transducers for measuring the isometric tension of the blood 

vessels, while the other wire was fixed. Each ring was suspended in 15ml of Krebs 

solution maintained at 37°C using a water-jacketed bath. The Krebs solution was 

continually gassed with Carbogen (95% O2 and 5% CO2) to maintain the pH at 7.4. 

Optimal resting tension for the IMA and SV were previously identified in our 

laboratory 597. Specifically the IMA and SV segments were stretched to the optimal 

resting tension of 18.6 mN and 9.8 mN, respectively. Vessels were left to equilibrate for 

60-minutes during which time Krebs solution was replaced every 15-minutes.  

 

2.3.3.2: Small vessels 

 

CAD Cohort 

The pericardial and subcutaneous adipose tissues containing the microvessels were 

placed in a Sylgard®-lined dissecting dish. Using a dissecting microscope, small vessels 

(150-400%m diameter) were isolated while being fully submerged in ice cold Krebs 

solution. The surrounding adventitia was removed from the isolated vessels before 

being dissected into 2mm rings.  It was ensured that the microvessels were not over 

stretched during the dissection process as it could damage the vessels. To mount the 
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microvascular rings onto the wire myograph, two 40%m wires were inserted into the 

lumen of the blood vessel and suspended into the myograph channels, containing 5ml of 

ice-cold Krebs solution. The myograph channels were then washed out with fresh Krebs 

solution heated at 37°C and continually gassed with Carbogen. The optimal resting 

tension was set and the microvessels were left to equilibrate for 30 minutes. The Krebs 

solution was washed out every 15 minutes.  

 

Cohort of patients with no known CAD  

Subcutaneous adipose tissue from patients undergoing hernia repair were treated in 

exactly the same manner as those of the CAD patients. Krebs solution was replaced 

with another physiological salt solution, HEPES Tyrode buffer (in mM: NaCl (135.5), 

KCl (5.9), MgCl2 (1.2), CaCl2 (2.5), HEPES (11.6, pH 7.4) and glucose (11.6)), the use 

of the HEPES buffer at pH 7.4 precluded the need for carbogen bubbling to maintain 

pH and was therefore more convenient. Pilot studies showed no difference in functional 

activity of blood vessels in Krebs solution compared to HEPES Tyrode buffer. The 

subcutaneous adipose tissue were collected, vessels dissected free from fat and mounted 

in ice-cold Ca2+-free HEPES Tyrode buffer using the same methods described above. 

Once suspended in the myograph, the Ca2+-free HEPES Tyrode buffer was replaced 

with normal Ca2+ containing HEPES Tyrode buffer, heated to 37°C.  

 

2.3.4: Baseline Vasomotor Assessment 

 

2.3.4.1: Depolarization Stimulus Assessment 

Several physical factors, including tissue handling during the surgical process, 

dissection and mounting in the laboratory, could influence vascular integrity. Exposing 
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the vessels to a high K+ solution assesses integrity of isolated blood vessels. High K+ 

solution induces vasoconstriction by depolarizing the plasma membrane, activating 

voltage gated Ca2+ channels, which in turn increases cytosolic Ca2+ levels and activates 

the contractile apparatus. This is a standardised procedure used at the beginning of all 

experiments. The high K+ response of each vascular segment was also used as a 

standard contractile value to which subsequent agonist mediated responses may be 

normalised. Agonist responses of a vessel represented as a percentage of its own high 

K+ depolarising stimuli controls for inter-vessel differences in contractility due to 

various sources of variances, including vessel size.  

 

To ensure consistent tissue viability, the large conduit arteries and small vessels were 

stimulated with a standard high K+ containing potassium physiological salt solution 

(KPSS) at 37°C, comprised of (mM/L): KCl (217), KH2PO4 (1.18), NaHCO3 (25), 

MgCl2 (1.05), CaCl2 (2.34), Na2EDTA (0.01) and glucose (5.56), pH7.4. Similar to 

Krebs, KPSS was continually gassed with Carbogen. For experiments using normal 

HEPES Tyrode buffer, High K+ stimulation was achieved with KCl HEPES Tyrode 

buffer at 37°C containing (mM/L) NaCl (54.4), KCl (87), MgCl2 (1.2), CaCl2 (2.5), 

HEPES (11.6) pH 7.4 and glucose (11.6). Once the high K+ induced constriction 

reached its maximum peak, the vessels were relaxed with the respective physiological 

salt solutions (Krebs and normal HEPES Tyrode buffer).  This process was repeated 

three times at 30-minute intervals to obtain reproducible results from high K+ mediated 

vasoconstriction. In addition, repeated K+ stimulation depletes adrenergic nerve 

terminals, ensuring that agonist mediated vascular responses are not effected by local 

neurotransmitter release. The vessels were allowed a 30-minute washout period to re-

equilibrate.  
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2.3.4.2: Endothelial Function Assessment 

The endothelial layer is crucial in maintenance of vascular tone. All experiments for this 

project were performed in presence of intact endothelium. Endothelial integrity was 

determined using specific approaches for the large conduit vessels and the 

microvasculature.  

 

2.3.4.2.1: Large Vessel Endothelial Function 
 

Preliminary experiments determined the Ca2+ ionophore A23187 as a more reliable 

endothelial dependent vasodilator in the IMA and SV compared to acetylcholine and 

bradykinin. Moreover, it was apparent that use of A23187 prior to the experimental 

protocol (dose-response curves see section 2.3.5) altered the subsequent agonist-

mediated responses. In order to minimize the impact of such pharmacological variables 

on agonist mediated contractile responses, the endothelial function testing was 

performed at the end of the experimental protocol. Pilot studies performed over a dose 

response range of A23187 identified 1%M of the compound to induce maximal 

endothelial dependent dilation598. Presence of intact endothelium was confirmed when a 

80% vasodilatory response was seen in the pre-contracted IMA and SV segments upon 

exposure to 1%M A23187.  

 

2.3.4.2.2: Microvascular Endothelial Function 
 

In the microvascular experiments, endothelial integrity was assessed following high K+ 

stimulations. Microvessels were precontracted with submaximal concentration of !1-

adrenergic agonist, phenylephrine (2%M) and acetylcholine (2%M) was then added to 
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induce endothelial dependent vasodilation. Microvessels producing greater than 80% 

vasorelaxation in response to acetylcholine were considered to have intact endothelium 

and were included in the study. Subsequently, the vessels were washed three times with 

their respective physiological salt solution and allowed to equilibrate for 30 minutes.  

 

2.3.5: Vasoactive Agonists Responses 

 

Vascular reactivity of both large and microvessels were assessed in response to specific 

agonists, establishing concentration response curves. Cumulative doses of each agonist 

were added to both large and small vessels. Agonist concentrations were increased in 

0.5 log unit increments once the peak contractile response was reached. Concentration 

response curves were determined to the following agonists: Phenylephrine (PE, 0.01 - 

300%M), Serotonin (5HT, 0.001 - 100%M), thromboxane analogue (U46619, 0.0001 - 

3%M) and Endothelin-1 (Et-1, 0.01 - 300nM).  

 

2.2.6: Mechanistic Studies 

 

The role of endothelium by endothelial denudation was not undertaken in this thesis but 

is the subject of ongoing investigations within our research group. The role of nitric 

oxide and prostaglandin was investigated in one study. In chapter 3, the influence of 

endothelial autacoids on male and female IMA segments were identified in response to 

phenylephrine stimulation. Following the high K+ stimulation and the 30-minute 

equilibration, the vessels were incubated with either (1) nitric oxide synthase blocker L-

NAME (300%M), (2) non-specific cyclo-oxygenase blocker indomethacin (100%M) or 

(3) a combination of L-NAME (300%M) and indomethacin (100%M) for 60-minutes. 
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Control IMA segments were incubated in Krebs solution for similar duration. 

Subsequently, phenylephrine concentration response curve was then performed for each 

arterial segment. Comparisons of each treatment group were made between males and 

females. 

 

2.4. Data analysis 
 

Sample size calculation was performed based on previously published studies utilising 

human isolated blood vessels. Since published sex-specific data is scarce, the EC50 

value derived from PE concentration-response curve in a predominantly male patient 

cohort was used as the standard representative for all agonists in both genders599. Given 

a EC50 value of 6.2 ± 0.529, to identify a 20% difference in the EC50 values between 

males and female with 90% power, a sample size of 4 patients was needed in each 

group. Sample size calculation was performed on STATA version 11.  

 

The developed tensions of large and small vessels to high K+ solution are presented in 

mN. The dose response curves to all agonists were expressed as the percentage of the 

high K+ mediated contraction for data presented in chapters 3 and 4. Since the high K+ 

induced contraction was significantly different between subcutaneous microvessels of 

male and female hernia patients (chapter 5), the agonist dose responses are presented as 

net developed tension in mN. Non-linear regression analyses were performed to 

construct sigmoid curves of best fit. Vascular contractile analyses were analysed using 

the parameters concentration eliciting half the maximum response (EC50) and the 

maximum response (Emax). Statistical significance of these parameters were assessed 

using two-tailed, unpaired students t-test, with p<0.05 considered significant. All data 
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analysis was performed using GraphPad Prism, Version 6 (GraphPad Software Inc, La 

Jolla, USA). Data are expressed as mean ± SEM, unless specified.  
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2.5. Vascular Receptor Quantification 
 

To evaluate vascular receptor density as a mechanism underlying observed sex-

differences in vascular responses, isolated blood vessels were stored and receptors 

quantified using Western blot. This was undertaken in Chapter 3 to investigate sex-

differences in IMA responses to !1-adrenergic and serotonergic stimulation.  

 

2.5.1: Tissue storage 

 

IMA segments were dissected free of adventitia in ice-cold KREBS solution, cut to 

2.5mm and snap-frozen by submersion in liquid nitrogen and stored at -80°C for later 

use. 

 

2.5.2: Protein extraction 

 

Proteins from the snap-frozen IMA segments of male and female patients were 

extracted in 500%L of 2x SDS sample buffer. The sample buffer included of the 

following: Tris-HCl (50mM; pH 6.8), SDS (1%), bromopheonol blue (0.01%), sucrose 

(20%), complete protease inhibitor cocktailTm (10%), DTT (10mM) and DFP (10%M). 

 

Following addition of 2x sample buffer, the IMA segments were heated to 95°C for a 5 

minutes to denature the proteins. Subsequently, each sample was vortexed three times 

for 15 seconds at 5-minute intervals. Samples were then loaded on SDS-polyacrylamide 

gels for protein separation. 
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2.5.3: SDS-polyacrylamide gels 

 

For serotonergic and adrenergic receptors with molecular weights of 50-80kDa*, 12.5% 

mini gels were cast as the lower separating layer. This separating layer was comprised 

of the following: acrylamide (12.3%), bisacrylamide (0.2%), Tris-HCL (375mM, pH 

8.8), SDS (0.1%) TEMED (0.025%) and APS (0.025%).  

 

The upper less dense stacking gel (5%) layer was comprised of the following: 

acrylamide (4.87%), bisacrylamide (0.13%), Tris-HCl (375mL, pH 8.8), SDS (0.1%), 

TEMED (0.025%) and APS (0.025%). The stacking gel was cast in a similar manner as 

the separating gel with inclusion of a 15 well comb with 1.5mm spacers to form the 

wells. 

 

2.5.4: Sample loading and SDS-PAGE run 

 

The polyacrylamide gels were placed in mini format BioRAD Protean® II 

electrophoresis module filled with SDS running buffer. The running buffer consisted of 

the following: Tris-HCl (25mM), glycine (192mM) and SDS (1%). Equal volumes of 

the sample buffer with solubilised IMA segments were loaded in the wells of the upper 

stacking gels. The SDS polyacrylamide gel electrophoresis (SDS-PAGE) was run for 

200V for 60-minutes. The gels were then stained with coomassie brilliant blue R250 

and then destained with 10% acetic acid. Quantification of total protein per patient 

sample was performed using Oyssey V3 software (Li-Vor Biosciences, USA). Samples 

volumes were adjusted through dilution accordingly in order to ensure an equal protein 
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concentration. The adjusted samples were electrophoresed on a second SDS-PAGE and 

transferred to nitrocellulose for specific analysis of each receptor protein. 

 

2.5.5: Protein transfer 

 

The proteins separated on gels need to be transferred onto a membrane for analysis of 

specific proteins. A sharp knife was used to cut out the stacking layer and unused edges 

of the gels, forming 5x6cm segments. This pre-trimming of the gel enabled on to 

transfer multiple gels simultaneously using one transfer unit, minimizing variability.  

For protein transfer onto a 0.22%M nitrocellulose membrane the mini Protean® transfer 

units (BioRad Laboratories, Australia) were filled with transfer buffer comprised of the 

following: Tris (25mM), glycine (192mM) and methanol (20%). Samples were 

transferred at 100V for 60-minutes.  

 

After completion of the transfer, the nitrocellulose membrane was stained with a 0.1% 

Ponceau-S solution acidified with 5% acetic acid for 5 minutes, which was then rinsed 

with deionized water. Visibility of protein bands on the membrane provided 

confirmation of effective transfer and uniform sample loading. Re-staining the 

polyacrylamide gel with coomassie brilliant blue R-250 following transfer provided 

further confirmation of effective transfer and uniformity of sample loading. 
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2.5.6: Western blot analysis 

 

The western blotting technique enables identification and quantification of proteins 

through the use of specific antibodies. Following SDS-PAGE and transfer, exposure of 

proteins to primary antibody marks the target protein while addition of secondary 

antibody aids in visualization. For the data presented in chapter 3, antibodies specific to 

serotonergic and adrenergic receptors were used to quantify total abundance.  

 

2.5.6.1: Blocking 

 

Once the proteins were transferred to nitrocellulose membrane, blocking buffer was 

used to block non-specific binding of antibodies. The nitrocellulose membrane was 

submerged in 30mLs of blocking buffer for 60-minutes while being gently agitated. The 

blocking buffer was composed of the following: Tris (50mM, pH 7.4), NaCl (150mM), 

Tween-20 (0.05%) and 5% non-fat milk powder.  

 

2.5.6.2: Step 1: The primary antibody 
 

The protein of interest is identified and marked upon binding of its specific antibody. 

The nitrocellulose membranes were exposed to the chosen primary antibodies for 1 hour 

at room temperature. The antibodies were diluted to 1:1000 in Tris buffered saline with 

Tween-20 (TBS-T) solution containing: Tris (50mM, pH 7.4), NaCl (150mM) and 

Tween-20 (0.05%). The following specific antibodies were used (1) rabbit polyclonal 

anti-!1 adrenergic receptor, (2) rabbit polyclonal anti-"2 adrenergic receptor, (3) mouse 

monoclonal anti-5HT2A receptor and (4) mouse monoclonal anti-5HT2B receptor. After 
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1-hour, the primary antibody solution was removed and the membrane, rinsed once and 

washed three times for five minutes with TBS-T. 

 

2.5.6.3: Step 2: the biotin-conjugated secondary IgG 
 

The secondary antibody is specified to the primary antibody. For the membranes 

exposed to rabbit anti- !1 and "2 adrenergic receptors, anti-rabbit biotin-conjugated 

secondary IgG was used. While membranes treated with mouse anti-5HT2A and 5HT2B, 

were incubated with anti-mouse biotin-conjugated secondary IgG. The secondary 

antibodies were diluted to 1:10,000 with TBS-T. Membranes were incubated in 10mLs 

of secondary antibody for 1-hour followed by one rinse and 3 x 5 minute washes with 

TBS-T.  

 

2.5.6.4: Step 3: the streptavidin-conjugated 800nm fluorochrome 
 

Membranes were submerged in 10mLs of streptavidin-conjugated 800nm fluorochrome 

diluted to 1:10,000 for 1 hour. Continuous gentle agitation ensured all bound secondary 

antibodies were exposed to the streptavidin. After the 1-hour incubation period the 

streptavidin-conjugated fluorochrome was removed and the membrane was rinsed once 

and washed 3 x 5 minutes with TBS-T. Since the streptavidin was conjugated with 

light-sensitive fluorochrome, membrane incubation and wash protocol was carried out 

in a dark chamber. Once dried, the membranes were scanned using Odyssey imager 

LiCor® Biosciences. 

 

2.5.6.5: Data analysis 
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The Odyssey LiCor V3 software was used to identify the integrated intensity (darkness) 

of the protein bands. Data is presented as mean integrated intensity ± SEM. Two-tailed 

unpaired student’s t-test was performed to compared difference in male and female 

samples, where p<0.05 was set as statistically significant.  
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2.7: Materials  

Materials used for experiments in this thesis were purchased from several providers as 

listed in table 3. 

Table 3: List of all materials and the respective providers used in this thesis. 

Provider Products purchased 

Sigma-Aldrich, Australia Phenylephrine, serotonin, U46619, A23187, L-NAME, 

indomethacin, glycerol, sodium dodecyl sulfate (SDS), 

bromophenol blue, diisopropylfluorophosphate (DFP), 

ammonium persulfate (APS), TEMED (N, N, N’, N’-

tetramethylethylenediamine), HEPES sodium salt 

((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 

acetylcholine, glycerol, sodium dodecyl sulfate (SDS), 

bromophenol blue, diisopropylfluorophosphate (DFP),  

Auspep, Australia Endothelin-1 

Merck & Co Inc, Australia Sodium chloride, potassium chloride, magnesium 

chloride, calcium chloride, potassium dihydrogen 

phosphate, sodium bicarbonate, EDTA, D-glucose, 

Acetic acid, Dithiothreitol (DTT), coomassie brilliant 

blue R-250, and ponceau-S 

Dow Corning, Australia Sylgard® 

AMRESCO, USA Glycine and Tris 

BioRad Laboratories, 

Australia 

30% acrylamide/0.8% N,N’-methylenebisacrylamide 

solution, Tween-20, and 0.2%m nitrocellulose membrane 

Roche, Australia Complete protease inhibitor cocktailTM 
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Fermentas Life Sciences Pre-stained molecular weight markers (PageRulerTM 

prestained protein ladder plus) 

Santa Cruz Biotechnology Rabbit polyclonal anti-"2-adrenergic receptor and mouse 

monoclonal anti-5HT2A,  

Pierce Thermo Fisher 

Scientific Australia Pty 

Anti-rabbit biotin- conjugated secondary IgG, anti-

mouse biotin-conjugated secondary IgG, streptavidin 

conjugated 800nM Dylight fluorochrome 

Abcam Rabbit polyclonal anti-!1-adrenergic receptor and mouse 

monoclonal anti-5HT2B 
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CHAPTER 3: Sex Differences in Vascular Reactivity of 

Coronary Artery Bypass Graft Conduits 
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ABSTRACT 

 

Background: Women have poorer post-operative outcomes following coronary artery 

bypass grafting (CABG) compared with men. Biological differences in the vascular 

reactivity of the internal mammary artery (IMA) and saphenous vein (SV) graft 

conduits may contribute to this sex-dependent disparity. This study examined if there 

were sex differences in the vasoconstrictor responses isolated of CABG conduits. 

 

Methods and Results: Functional segments of IMA and SV were obtained from 54 

male and 26 female patients undergoing CABG (68±11 and 71±11 years, respectively). 

Compared to male IMA, female IMA segments were hypersensitive to the !1-adrenergic 

agonist, phenylephrine (PE) and serotonin (5HT) (p<0.05) but were not different in 

sensitivity to endothelin (ET-1) or the thromboxane mimetic (U46619) (p>0.05). The 

vascular reactivity of the male and female SV were not significantly different in 

response to PE, 5HT, ET-1 or U46619. In the presence of indomethacin-mediated 

cyclooxygenase blockade the PE and 5HT dependent differences in vasoreactivity of 

the IMA were abolished (p>0.05).  By inhibiting tonic NO release, L-NAME-dependent 

inhibition potentiated IMA vascular reactivity to all agonists but did not abolish the sex- 

difference. 

 

Conclusion: Female IMA graft conduits are hyper-reactive to !1-adrenergic and 

serotonergic stimuli, which is dependent upon endothelial prostaglandin production. 

Endogenous or post-operative inotrope and direct !1-adrenergic agonists may cause 

more IMA graft constriction in females, reduced myocardial blood flow and contribute 

to their poorer CABG outcomes.  
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INTRODUCTION 

 

Following coronary artery bypass grafting (CABG), women experience poorer 

outcomes compared to men 600. In particular, women have an increased risk of peri-

operative mortality and morbidity, as well as 30-day mortality following CABG413, 416, 601, 

602. Furthermore women have increased incidence of readmission following CABG, 

primarily due to unstable angina, compromised ventricular function and heart failure407. 

The cause/s for these early poorer outcomes warrants investigation so that this gender 

disparity can be remedied.  

  

The reasons for the poorer outcomes are likely to be multifactorial including clinical, 

psychosocial and biological factors. Clinical factors include being older, more risk 

factors especially hypertension530, 603, 604, and a delay in presentation/diagnosis of 

coronary artery disease. Psychosocial factors may include a higher prevalence of 

depression594, 605 and poorer socioeconomic status606, 607, both important predictors of 

coronary artery disease outcomes. Biological factors include increased platelet 

aggregation 550, 608 and associated loss of the cardioprotective effects of oestrogen.  

 

These biological explanations for the poorer outcomes in women following CABG have 

largely focused on atherothrombotic mechanisms with little attention to vascular 

reactivity. The objective of this study was to characterize sex differences in vascular 

reactivity of isolated internal mammary artery (IMA) and saphenous vein (SV) graft 

conduits, utilising an in vitro myography. This approach allows evaluation of vascular 

function independent of the circulating hormones, the thrombotic processes and the 

evaluation of endothelial mechanisms. Thus we hypothesize that inherent vascular 
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hyper-reactivity exists in female IMA and SV grafts, which may contribute to their 

poorer post-operative outcomes. 
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METHODS 

The study used isolated functional remnants of the IMA and SV obtained from coronary 

artery disease patients undergoing CABG. Patients scheduled for CABG at the Royal 

Adelaide Hospital were consented pre-operatively. The study was approved by ethics 

committees of the Royal Adelaide hospital and the University of Adelaide. 

 

Functional Isolated Vessel Studies 

 

Segments of IMA and SV obtained during surgery were placed in ice-cold Krebs 

solution and transported to the basic vascular laboratory. The vessels were dissected 

into 2.5mm vascular rings, which were then suspended on wires and mounted in a 

water-jacketed organ bath. The vessels were bathed in Krebs solution with continuously 

gassed Carbogen (95% O2 and 5% CO2) to maintain pH of 7.4 at 37oC. The Krebs 

solution was composed of the following (mmol/L): NaCl (118), KH2PO4 (1.18), 

NaHCO3 (25), MgCl2 (1.05), CaCl2 (2.34), EDTA (0.01), and glucose (5.56). The 

optimal resting tension of 9.8mN was used for the SV segments and 19.6mN for the 

IMA segments 609.  

Following a 60-minute equilibration period, the contractile responses of the vessels 

were evaluated in response to a depolarizing potassium (112mmol/L) physiological salt 

solution (KPSS). The KPSS response was consecutively repeated 3 times. Vessels 

showing no or poor response to high K+ were considered to have been damaged during 

dissection and discarded, for non damaged vessels the final contractile response was 

used as the reference value to normalise agonist mediated contractile responses.  
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Following a 30-minute equilibration, cumulative concentration-response curves of the 

IMA and SV segments were established to the following agonists: Phenylephrine (PE, 

0.01 - 300%M), Serotonin (5HT, 0.001 - 100%M), thromboxane analogue (U46619; 

0.0001 - 3%M) and Endothelin-1 (ET-1, 0.01 - 300nM).  Endothelial integrity was 

assessed at the end of the concentration-response curves utilising a bolus dose of the 

Ca2+ ionophore A23187 (1%M) in PE pre-constricted vessels. 

Mechanistic studies elucidating the role of endothelial-derived factors were performed 

for observed sex-differences in the above vasomotor reactivity experiments. Vascular 

segments were incubated for 30 minutes with either (1) L-nitroarginine methyl ester (L-

NAME; nitric oxide synthase blocker, 300%M), (2) indomethacin (non-specific 

cyclooxygenase inhibitor, 100%M), (3) combined L-NAME (300%M) and indomethacin, 

(100%M), or (4) Krebs control. Following these pre-treatment incubations, 

concentration-response curves to PE were assessed.  

 

Receptor Quantification 

 

Quantitative western blot analysis was used to identify total serotonergic, !1-adrenergic 

and "2-adrenergic receptor density in the IMA segments of male and female patients. 

The antibodies used included mouse monoclonal anti-5HT2A, mouse monoclonal anti-

5HT2B, rabbit polyclonal anti-"2-adrenergic receptor and rabbit polyclonal anti-!1-

adrenergic receptor. 

Untreated IMA segments (2mm) were snap frozen in liquid nitrogen and protein 

extracted in a 2 x SDS sample buffer (500%L) comprised of the following; Tris-HCl 

(50mM; pH 6.8), SDS (1%), bromopheonol blue (0.01%), sucrose (20%), complete 
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protease inhibitor cocktailTm, DTT (10mM) and DFP (10%M). Samples were heated to 

95°C for a 5 minutes followed by 3 x 15 second vortex at 5 min intervals. 

Samples were subject to SDS-PAGE, the gel stained with coomassie brilliant blue and 

quantification of total protein per patient sample was performed using Oyssey V3 

software (Li-Cor® Biosciences, USA). Sample volumes were adjusted to ensure an 

equal quantity of protein was loaded. The adjusted samples were electrophoresed on a 

12.5% polycrylamide mini-gels at 200 volts for 1 hour. Proteins were transferred onto a 

0.2%m nitrocellulose membrane. Non-specific binding sites were blocked by 60-minute 

incubation of the membrane in a solution containing 5% skim milk powder in TBS-T 

(Tris-buffered saline; 50mM Tris [pH 7.4], 150 mM NaCl and 0.05% Tween 20).  

Following blocking, the membranes were incubated for 1 hour with primary antibodies 

diluted to 1:1000 in TBS-T. Unbound antibody was rinsed away and washed three times 

for 5-minutes in TBS-T. Subsequently, membranes were incubated with anti-rabbit 

biotin conjugated secondary or anti-mouse biotin-conjugated secondary I (1:10, 000 

dilution in TBS-T) for 1 hour.  Membranes were rinsed and washed three times for 5-

minutes in TBS-T and incubated for 60-minute with streptavidin-conjugated 800nm 

fluorochrome (1:10, 000 dilution) in TBS-T. Following three final washes membranes 

dried prior to scanning and quantification using Odyssey imager and LiCor V3 software.  

 

Data Analysis 

 

The concentration response curves to all the agonists were expressed as the percentage 

of the final KPSS contraction. Sigmoid curves of best fit were constructed by 

performing nonlinear regression analyses using GraphPad Prism, Version 6 (GraphPad 

Software Inc, La Jolla, USA). The EC50 (agonist concentration eliciting half the 
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maximal response) and Emax (maximum response) were derived for each curve. 

Student’s unpaired t-tests were used to identify statistically significant sex-differences 

for both the vascular responses and western blot experiments. Data is presented as 

mean±SEM with p < 0.05 considered statistically significant.  

 

For western blot experiments data is presented as mean integrated intensity ± SEM and 

unpaired student’s t-test was used to identify statistical differences (p<0.05) between 

male and female patient samples. 

 

Materials 

 

Phenylephrine, serotonin, U46619, A23187, L-NAME, indomethacin, glycerol, sodium 

dodecyl sulfate (SDS), bromophenol blue, diisopropylfluorophosphate (DFP), 

ammonium persulfate (APS) and N, N, N’, N’-tetramethylethylenediamine (TEMED) 

were all from Sigma-Aldrich, Australia. Endothelin-1 was bought from Auspep, 

Australia. Dithiothreitol (DTT), coomassie brilliant blue R-250, and ponceau-S were 

from Merck & Co Inc., Australia. 30% acrylamide/0.8% N,N’-methylenebisacrylamide 

solution, Tween-20, and 0.2%m nitrocellulose membrane were from BioRad 

Laboratories, Australia. Tris was from AMRESCO, USA. Complete protease inhibitor 

cocktailTM was from Roche, Australia. Rabbit polyclonal anti-"2-adrenergic receptor and 

mouse monoclonal anti-5HT2A were purchased from Santa Cruz Biotechnology, USA. 

Rabbit polyclonal anti-!1-adrenergic receptor and mouse monoclonal anti-5HT2B were 

bought from Abcam. Anti-rabbit biotin- conjugated secondary IgG, anti-mouse biotin-

conjugated secondary IgG, streptavidin conjugated 800nM Dylight fluorochrome and 
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West Femto enhanced chemiluminescent (ECL) reagents were from Pierce Thermo 

Fisher Scientific Australia Pty. 
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RESULTS 

 

IMA and SV were obtained from a total of 54 males and 26 females undergoing CABG. 

Table 1 summarizes the clinical characteristics of the study patients. As expected there 

were more males recruited, however, there were no significant differences between 

sexes in demographics, clinical risk factors or pre-operative medications (Table 1). All 

female patients were of post-menopausal age and none were on hormone replacement 

therapy.  

 

Vascular Functional Studies 

 

The mean vessel diameters were 1.2±0.3mm for the IMA segments and 2.8±0.7mm for 

the SV segments. Endothelium-dependent vasodilator responses were intact for all 

vessels and the depolarization solution (KPPS) produced 27.9±14.9mN tension in the 

IMA segments and 41.0±10.5mN in the SV segments. There were no sex differences 

observed in the KPPS mediated vasoconstriction. 

Vasoconstrictor responses. The concentration-responses curves and EC50/Emax values are 

detailed in Figure1 & 2 and Table 2, respectively. The SV segments showed no 

significant sex-differences in response to any vasoconstrictor agonist (figure 2). 

Furthermore, there were no sex-differences in response to ET-1 or U46619 in IMA 

segments (figure 1). In contrast, female IMA vessels had a 2-fold increased sensitivity 

to PE and a 5-fold hypersensitivity to 5HT, relative to males.  

Endothelial mechanistic studies in IMA segments. Table 3 and Figure 3 summarise the 

studies elucidating the role of endothelial nitric oxide and cyclo-oxygenase in the 
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observed IMA segment sex-differences in PE responses. Pre-treatment with combined 

L-NAME and indomethacin abolished the sex differences in PE constrictor responses. 

Blockade of the nitric oxide synthase did not abolish the PE constrictor sex difference 

whereas inhibition of cyclo-oxygenase with indomethacin abolished the PE dependent 

sex difference. 

 

IMA Receptor Expression 

 

Total protein expression of !1- and "2-adrenergic receptors revealed no relative sex-

differences in total abundance of these receptors (Figure 4). Similarly, no sex-difference 

was observed in the total protein expression of 5HT2B receptor, however, female IMA 

segments had significantly higher expression of 5HT2A receptor protein compared with 

males (n=5, p<0.05) (Figure 5).  
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TABLES 
 

Table 1: Patient Characteristics 
 

  

MALES  
(N=54) 

 

FEMALES  
(N=26) 

 

Average Age (years) 68 ± 11 71 ± 11 

Average BMI 28.9 ± 5.8 30.4 ± 7.9 

RISK FACTORS   

Hypertension 70% 65% 

Hypercholesterolemia 67% 81% 

Diabetes 41% 46% 

Current Smoker 24% 23% 

MEDICATIONS   

Anti-platelets 70% 54% 

Statins 93% 77% 

RAS Inhibitors 78% 81% 

Ca2+ Channel blockers 48% 35% 

Nitrates 39% 50% 

Beta Blockers 52% 42% 
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Table 2: Reactivity of IMA and SV segments to PE, 5HT, ET-1 and U46619 

 

 No. of Subjects EC50 Emax % 

 Male Female Male Female Male Female 

IMA       

PE (!M) 15 13 1.14 ± 0.23 0.52 ± 0.15* 105.9 ± 6.81 112.2 ± 9.44 

5HT (!M) 7 10 0.82 ± 0.32 0.14 ± 0.03* 81.647 ± 13.0 102.2 ± 10.09 

Et-1 (nM) 13 11 11.91 ± 1.74 12.88 ±2.15 133.4 ± 14.04 124.4 ± 4.14 

U46619 (nM) 10 11 6.54 ± 1.21 3.39 ± 0.93 181.0 ± 18.53 155.4 ± 7.93 

SV       

PE (!M) 18 10 4.29 ± 1.28 1.45 ± 0.40 107.4 ± 8.09 99.89 ± 6.80 

5HT (!M) 13 9 0.34 ± 0.18 0.32 ± 0.19 123.7 ± 6.49 134.1 ± 7.55 

Et-1 (nM) 9 7 29.22 ± 8.08 21.78 ± 4.60 144.4 ± 12.16 129.2 ± 14.71 

U46619 (nM) 11 9 3.37 ± 0.79 2.55 ± 0.45 164.0 ± 11.77 159.0 ± 14.45 

 

Values are mean ± SEM. 

*P<0.05 for male vs. female groups 
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Table 3: Reactivity of IMA segments to PE in absence and presence of L-NAME and Indomethacin.  

  

 No. of Subjects PE EC50 !M PE Emax % 

 Male Female Male Female Male Female 

PE  14 11 3.84 ± 1.84 1.06 ± 0.33* 101.1 ± 10.11 111.2 ± 8.03 

PE  

(L-NAME + 

Indomethacin) 

14 10 0.71 ± 0.23 0.26 ± 0.08 100.4 ± 7.30 87.44 ± 7.48 

PE  

(L-NAME) 

15 11 1.25 ± 0.25 0.51 ± 0.14* 104.6 ± 5.39 121.8 ± 7.96 

PE 

(Indomethacin) 

12 9 0.93 ± 0.35 0.34 ± 0.11 92.54 ± 5.93 100.2 ± 10.93 

 

Values are mean ± SEM. 

*P<0.05 for male vs. female groups 
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FIGURES 

 

(A)      (B) 

 
 
 
 
 
(C)      (D) 
 

 
 
 

 

Figure 1: Female IMA segments were significantly more hypersensitive to (A) PE 

(EC50: 0.52±0.15 vs. 1.14±0.23, p<0.05) and (B) 5HT (0.14± 0.03 vs. 0.82 ± 0.32, 

p<0.05), compared to males. There were no sex differences in vasoconstrictor responses 

to (C) ET-1 and (D) U46619 (p>0.05). Open blue symbols indicate males and closed 

red symbols indicate females (n=7-15).  
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(A)      (B) 
 

 
 
 
 
 
(C)      (D) 
 

 
 
 

Figure 2: There were no sex differences in vasoconstrictor responses of SV. Sex 

specific dose response curves to (A) PE, (B) 5HT, (C) ET-1 and (D) U46619 in SV. 

Open blue symbols indicate males and closed red symbols indicate females (n=7-18).  
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(A)      (B) 

   
 

(C)      (D) 

!  
   

Figure 3: Female hypersensitivity to !1-adrenergic stimulation is ameliorated in 

presence of cyclo-oxygenase blockade. Dose response curves to phenylephrine (PE) in 

internal mammary artery of male (open, blue circles) and female (closed, red square) 

patients in (A) absence (EC50: 3.84 ± 1.84 vs. 1.06 ± 0.33, p<0.05) and (B) presence of 

combined L-NAME (300"M) and Indomethicin (100"M) (0.71 ± 0.23 vs. 0.26 ± 0.08, 

p>0.05), (C) L-NAME (300"M) (1.25 ± 0.25 vs. 0.51 ± 0.14, p<0.05) and (D) 

Indomethacin (100"M) (0.93 ± 0.35 vs. 0.34 ± 0.11, p>0.05) (n=9-15). 

-8 -7 -6 -5 -4 -3
0

50

100

150

PE (Log M)

D
ev

el
op

ed
 te

ns
io

n 
(%

K
P

S
S

)

-8 -7 -6 -5 -4 -3
0

50

100

150

PE (Log M)

D
ev

el
op

ed
 te

ns
io

n 
(%

K
P

S
S

)

-8 -7 -6 -5 -4 -3
0

50

100

150

PE (LogM)

D
ev

el
op

ed
 te

ns
io

n 
(%

K
P

S
S

)

-8 -7 -6 -5 -4 -3
0

50

100

150

PE (Log M)

D
ev

el
op

ed
 te

ns
io

n 
(%

K
P

S
S

)



! "#'!

(A)      (C) 

     
(B)      (D) 

 
 

 
Figure 4: There is no difference in !1- and #2- adrenergic receptor density in internal 

mammary artery of male and female patients. (a) Representative western blot of total 

!1-adrenergic receptor abundance (b) cumulative western blot data for total !1-

adrenergic receptor density (c) representative western blot of total #2-adrenergic 

receptor abundance (d) cumulative western blot data for total #2-adreneric receptor 

density. (n=5, p>0.05) 
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(A)      (C) 

           
 
 
(B)      (D) 
 

 
 
 
 
Figure 5: Specific serotonin 5HT2A receptor density is increased in female internal 

mammary artery but not in matched males. (a) Representative western blot of total 

5HT2A receptor abundance (b) cumulative western blot data for total 5HT2A receptor 

density (n=5, p<0.05) (c) representative western blot of total 5HT2B receptor abundance 

(d) cumulative western blot data for total 5HT2B receptor density. (n=5, p>0.05) 

 
 

5-HT2A receptor 

Male Female
0

2

4

6

8

10

In
te

gr
at

ed
 In

te
ns

ity

5-HT2B receptor

Male Female
0

2

4

6

8

10

In
te

gr
at

ed
 In

te
ns

ity* 



! "#)!

 
DISCUSSION 

This study demonstrates female hypersensitivity in the IMA to both !1-adrenergic and 

serotonergic vasoconstrictors. The mechanisms responsible for these sex-differences in 

vasoconstrictor hypersensitivity was agonist-dependent. The female hypersensitivity to 

the !1-adrenergic agonist was abolished by the cyclo-oxygenase inhibition, suggesting 

that endothelial prostanoids play a key role in this phenomenon. Based on a sample size 

of 5 males and females there was no significant difference in total !1 or #2 receptor 

expression in male and female IMA. In contrast, female hypersensitivity to serotonergic 

agonists may relate to an overexpression of 5HT2A receptors, as demonstrated by the 

receptor studies. These sex differences in vasoconstrictor responses are on a background 

of homogeneous responses to KPPS in all vessels (indicating uniform activity of voltage 

gated Ca2+ channels between males and females), and no sex-differences in vasomotor 

reactivity in SV segments nor in response to endothelin or thromboxane agonists in 

IMA segments. This selective hyper-reactivity to !1-adrenergic and serotonergic 

agonists is particularly pertinent in clinical setting of CABG and may explain the poorer 

outcomes experienced by women in the post-operative period. 

 

Female IMA Hypersensitivity to !1-adrenergic Agonists 

 

Post-menopausal women have increased adrenergic influences compared with men, as 

evidenced by (i) increased sympathetic activity based upon clinical tests of autonomic 

function610, (ii)  increased plasma noradrenaline levels611, and (iii) increased muscle 

sympathetic nerve activity612. This may contribute to the increased systemic vascular 

resistance611 and thus the higher prevalence of hypertension and stroke amongst 

women613. However it is noteworthy that although muscle sympathetic nerve activity is 
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increased in post-menopausal women, it could not account for all the sex-differences in 

blood pressure612, suggesting that vessels were hyper-responsive to the sympathetic 

nerve bursts. In the current isolated vessel study, we have conclusively demonstrated for 

the first time that post-menopausal vessels are hypersensitive to a conventional !1-

adrenergic agonist, independent of extrinsic adrenergic influence. Thus the combination 

of increased systemic adrenergic activity and vascular hypersensitivity to these 

influences, it is not surprising that women have escalating cardiovascular events in their 

post-menopausal years. 

 

The mechanism/s responsible for the !1-adrenergic vascular hypersensitivity is not 

related to increased total !1-receptors on the blood vessels, as demonstrated by our 

receptor studies. +,-./.01!,23,423!.56.047.28!9:423!;.<<!:90=>;.!?4,842@<>84,2!>0.!

>47.A!8,!42/.:843>8.!-B.8B.0!:90=>;.!0.;.68,0!A.2:48@!4:!A4==.0.28!?.8-..2!8B.!

:.5.:C Furthermore endothelial nitric oxide synthase (eNOS) inhibition by L-NAME 

did not attenuate the female hypersensitivity to the !1-adrenergic agonist, suggesting 

nitric oxide did not contribute to this sex-difference. In contrast, inhibition of 

prostaglandin synthesis with indomethacin did attenuate the sex-difference, implicating 

a key role in the vascular prostanoid pathway. 

 

Sex-differences mediated by vascular prostanoids have received limited attention. 

Given that indomethacin treatment abolishes the sex difference in vascular reactivity 

between males and females it is tempting to consider that indomethacin may be 

beneficial, however, if one carefully examines the EC50 values is the presence of 

indomethacin (table 3) one can see that although there is no sex difference the EC50 

and vascular sensitivity is higher in both groups. These data underline the importance of  
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our current ongoing work quantifying the specific prostanoids generated in this patient 

cohort. Considering indomethacin inhibits the vasodilator (prostacyclin, PGI2) and 

vasoconstrictor prostanoids (thromboxane A2, TxA2; prostaglandin F2a, PGF2a), so that 

the observed sex-difference may be due to over-activity of either TxA2 or PGF2a,  or 

PGI2or a combination thereof. Clinical studies have utilized urinary 11-dehydro 

thromboxane B2 (TxB2; a TxA2 metabolite) as a clinical marker of TxA2 activity. 

Elevated levels of TxB2 have been associated with increased risk of cardiovascular 

events614. Of particular relevance, female sex has been shown to be an independent 

predictor of higher urinary 11-dehydro thromboxane B2 615, implicating greater TxA2 

activity amongst women. Alternatively, male arterial segments may have increased 

PGI2 production, which could also result in blunted PE and 5HT responses, compared 

to females. Future experiments are aimed at identifying the culprit prostaglandin 

mediating the sex-dependent differences in vasoconstrictor responses. 

 

Isolated rat vessel studies have also reported sex-differences. Aortic ring studies from 

male normoglycaemic rats have showed an increased constrictor response to PE 

compared with females 616.  In contrast, female diabetic rat vessels were hyper-reactive 

to PE compared to male diabetic vessels 616. These hyper-reactivity responses to PE 

were attenuated by indomethacin 616.  Although interesting, the relevance of these 

findings to human blood vessels in tenuous considering species differences in female 

hormone cycles, the streptozotocin-induced diabetic model, and endothelium-dependent 

vasodilator responses. Moreover, a sensitivity analysis (data not shown) of our human 

IMA vessels demonstrated that the sex-difference in PE responses were maintained 

when diabetic patients were excluded. 
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Female IMA Hypersensitivity to Serotonergic Agonists  

 

The role of 5HT in platelet aggregation is well established and its release from platelets 

during this process contributes to local vasoconstriction. The importance of 5HT in the 

coronary circulation has been confirmed in clinical studies that have demonstrated its 

release within the coronary circulation617 and its ability to induce constriction of both 

large and small coronary vessels 286, 618.  

 

In relation to sex-differences in 5HT effects, women have been shown to have higher 

5HT platelet concentrations compared with males 619, 620, which may contribute to the 

higher platelet aggregation in women after acute myocardial infarction549, 621. In isolated 

human IMA segments, Dignan et al also reported sex-differences in 5HT-induced 

constrictor responses622. However in contrast to our findings, they observed an increased 

5HT constrictor response (Emax) in women but the same sensitivity (EC50) with men622. 

The reason for these differences is not apparent but may relate to variation in patients 

numbers/recruitment and IMA vessel pre-treatment (IMA vessels pre-treated with 

papaverine by the surgeon, were excluded from this study). 

 

The mechanism for the increased 5HT sensitivity in women may be related to the 

increased numbers of 5HT vasoconstrictor receptors in female IMA vessels. In the IMA, 

5HT exerts its constrictor effect predominantly through the 5HT2A and to a lesser extent 

through 5HT1D receptors 623. The Western blot analysis demonstrated that female IMA 

vessels had increased expression of total 5HT2A receptors although the functional 

significance of this has not been determined. Current experiments using cell surface 

biotinylation technique will address more specifically whether female IMA have 
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increased 5HT2A receptor density at the plasma membrane, relative to males. The role of 

endothelial factors in mediating the 5HT response also has not been explored and is the 

objective of on-going research. 

 

Study Limitations 

 

These studies were conducted in an isolated vessel model, which enabled us to focus on 

interpretation of vasomotor responses to individual agonists, independent of platelets, 

circulating hormones and nerve activation. However, utilizing an isolated vessel 

sourced from the distal IMA with the adventitia removed, devoids the vessel of its usual 

autonomic influences that may play a role in vasomotor responses of the in-situ IMA 

(especially the proximal segments that are not mobilized during surgery for IMA in-situ 

grafting). Furthermore the luminal blood milieu that would traverse an intact IMA graft 

has been excluded in this model and thus limits interpretation to in-vivo responses since: 

(a) the impact of synergistic vasoconstrictors on the IMA response has not been 

assessed, and (b) compensatory vasodilatory mechanisms may have been excluded. The 

western blot analysis represent total receptor density in the IMA segments, which 

include the inactive intracellular and the functional plasma membrane receptors. 

Ongoing studies with our research group are making use of cell surface biotinylation to 

specifically quantify the plasma membrane receptor density. Despite these limitations, 

this isolated vessel model has provided an opportunity to identify sex-differences in 

human vasoconstrictor responses in a clinically relevant paradigm (i.e., patients with 

coronary artery disease undergoing IMA grafting). 

 

Clinical Implications  
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A combination of clinical, psychosocial and biological factors are likely to be 

responsible for the poor outcomes experienced by women undergoing CABG. This 

study identifies another biological factor that may also contribute to female IMA 

hypersensitivity to !1-adrenergic and serotonergic vasoconstrictors.  These data may 

account for the increased in-hospital mortality experienced by women, since the post-

operative CABG period is characterized by a hyper-adrenergic state both from (a) 

endogenous catecholamine release 624, 625, and (b) exogenous exposure, with the frequent 

administration of inotropes and vasopressors. Thus the exaggerated IMA 

vasoconstriction to these E"-adrenergic agonists may result in reduced myocardial blood 

flow and ischemia (frequently involving the anterior wall, where the IMA is often 

grafted) thereby compromising left ventricular function. When high dose inotropes and 

vasopressors are used to maintain blood pressure in an already compromised post-

operative patient, this phenomenon will be further aggravated in female patients and 

could lead to their demise. The exaggerated IMA vasoconstriction may also contribute 

to the increased frequency of myocardial infarction evident in women following CABG 

390, 442, since release of endogenous E"-adrenergic (eg catecholamines) and serotonergic 

(serotonin from platelet aggregation) vasoconstrictors could potentially result in IMA 

spasm, which may not occur as readily in men. Thus further clinical studies are required 

to confirm the role of female IMA hypersensitivity to these vasoconstrictors and 

possible therapies such as the use of prostaglandin inhibitors to manage these biological 

sex-differences. 

 

Conclusion 
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This study has identified clinically relevant biological sex differences in the vascular 

reactivity of the IMA conduit used in CABG that could result in exaggerated IMA 

vasoconstriction to alpha-adrenergic and serotonergic agonists. Over all the study add a 

caution to the use of inotropes and vasopressors with !1-adrenergic activity.  
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CHAPTER 4: Sex differences in vasoconstrictor responses of 

microvessels from patients with Coronary Artery Disease. 

 

!
!
!
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ABSTRACT  

Background 

It has recently been shown that large arterial vessels from women are hypersensitive to 

vasoconstrictor stimuli compared to men. Whether similar sex-differences are seen in 

microvessels of patients undergoing coronary artery bypass grafting (CABG) is 

unknown. This study aims to examine sex differences in vascular reactivity of 

microvessels from subcutaneous and pericardial regions. 

 

Methods and Results 

 

Isolated subcutaneous and pericardial microvessels were obtained from patients 

undergoing CABG. The vascular reactivity of these microvessels was assessed in 

response to phenylephrine (PE), noradrenaline (NA), endothelin-1 (ET-1), serotonin 

(5HT) and thromboxane mimetic (U46619). Although there were no sex differences in 

vascular reactivity of subcutaneous microvessels, female pericardial microvessels were 

hypersensitive to PE and 5HT, compared with males.  

 

Conclusions 

 

Similar to the large internal mammary artery, pericardial microvessels from women 

undergoing CABG were hypersensitive to !1-adrenergic and serotonergic receptor 

stimulation. In contrast to these mediastinal vessels, no sex difference was observed in 

subcutaneous microvessels.
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INTRODUCTION 

 

It is well established that women with coronary artery disease (CAD) have poorer 

outcomes than their male counterparts394. This sex difference is also evident in patients 

undergoing coronary artery bypass grafting626 (CABG). Female patients undergoing 

CABG have higher risk of postoperative complications and mortality compared with 

males407, 413, 415, 416. Although, the preoperative risk profile of males and females vary, 

Blankstein et al demonstrated that female sex remains an independent predictor of 

increased mortality after cardiac surgery following adjustment for age, diabetes and 

presence of valvular heart disease467.  Following CABG, females are more likely to be 

readmitted with acute myocardial infarction (MI), unstable angina and congestive heart 

failure407, 416.  

 

Several biological factors may contribute to the poorer outcomes in female patients 

compared to males following CABG. This includes problems with the large vessel 

bypass conduits and microvascular dysfunction. At the level of the arterial conduit, 

recurrent angina in females following CABG has been associated with a reduced 

number of bypass grafts deployed, especially fewer IMA grafts407, 415, 441, 627. Although 

fewer women may receive this preferential bypass conduit, in those who do receive an 

IMA graft,, there is concern regarding its efficacy.  As shown in chapter 3, female 

internal mammary artery segments have increased vascular reactivity to !1-adrenergic 

and serotonergic stimuli, may compromise myocardial perfusion through this graft 

conduit.  
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At the level of the microvasculature, myocardial ischemia may arise from microvascular 

dysfunction, with or without co-existing obstructive coronary artery disease628-632. 

Microvascular dysfunction is assessed in-vivo by coronary blood flow studies, in the 

absence of obstructive large vessel coronary artery disease. As discussed in Chapter 1, 

this is referred to as the coronary flow reserve (CFR) and is more often abnormal in 

women with angina and normal epicardial coronary arteries546, 633, 634. Furthermore, it has 

been shown to be an independent predictor of adverse outcome in these women555.  

 

Sex differences in human resistance vessels have not been explored in patients 

undergoing CABG. The objective of this study was to evaluate sex-differences in 

vascular reactivity of small resistance vessels from (a) pericardial microvessels and (b) 

subcutaneous microvessels, in patients with existing CAD undergoing CABG.  
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METHODS 

The Royal Adelaide Hospital and the University of Adelaide human ethics committees 

approved this study. Chapter 2 provides a detailed explanation of the experimental 

methods.  

 

Patient samples 

Patients scheduled for CABG at the Royal Adelaide Hospital were approached pre-

operatively to consent for participation in the study. Detailed clinical history and pre-

operative medications were recorded for each patient. Vascular tissues from the two 

different regions were obtained peri-operatively.  

 

Microvessels 

The isolated small resistance vessels assessed in this study include microvessels from 

two different regions, namely the mediastinum and the periphery. The pericardial 

adipose tissue microvessels are supplied by the distal branches of the IMA. The inguinal 

subcutaneous microvessels are supplied by the distal branches of the inferior epigastric 

artery.  

 

Pericardial microvessels 

Pericardial adipose tissue containing small resistance vessels was collected from the 

mediastinum, immediately after the IMA was harvested.  The tissue was placed in ice-

cold Krebs solution to be transported to the laboratory.  

 

Subcutaneous microvessels 
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Leg subcutaneous vessels were collected following saphenous vein isolation from the 

inguinal region. The tissue was then placed in the ice-cold Krebs solution and treated 

similar to the pericardial vessels.  

 

Isolated Vessel preparation 

The isolated microvessels from the pericardial and subcutaneous tissue were segmented 

into 2mm lengths and mounted in a wire myograph (multi myography model 610 M, 

Danish Myo technology). The luminal diameters of the microvessels were strictly 

selected between 150"m-300"m. The optimal resting tension for the vessels was 

determined from preliminary experiments assessing length-tension relationships in 

response to a standard depolarizing stimulus and pre-set for each vessel. The segments 

were equilibrated for 30 minutes while being continually bathed in Krebs solution at 

37°C and gassed with Carbogen (95% oxygen and 5% carbon dioxide). The Krebs 

solution comprised of the following (mmol/L): NaCl (118), KH2PO4 (1.18), NaHCO3 

(25), MgCl2 (1.05), CaCl2 (2.34), EDTA (0.01), and glucose (5.56; pH 7.4).  

 

Experimental protocol 

Vessel integrity was assessed by stimulation with a depolarizing potassium 

physiological salt solution (KPSS; 112mmol/L), comprised of (mM/L): KCl (217), 

KH2PO4 (1.18), NaHCO3 (25), MgCl2 (1.05), CaCl2 (2.34), Na2EDTA (0.01) and 

glucose (5.56), pH7.4. A series of three KPSS stimulations were carried out to obtain 

reproducible responses. The final KPSS stimulation of each arterial segment was used 

to normalize the agonist-mediated responses of the same segment.  
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Following a 20-minute equilibration in Krebs solution, the endothelial integrity of the 

isolated vessel was assessed. A submaximal phenylephrine (2"M) constrictor 

concentration was administered and the relaxation response to acetylcholine (2"M) 

determined. The vessels were then allowed to re-equilibrate for 30 minutes after a series 

of three washouts with Krebs. Concentration-response curves of the vessels were 

established by adding incremental doses of the following agonists: Phenylephrine 

(0.01"M to 300"M), Serotonin (0.001"M to 100"M), thromboxane mimetic-U46619 

(0.0001"M to 3"M) and Endothelin-1 (0.01nM to 300nM). 

 

Data analysis 

GraphPad Prism, Version 6 (GraphPad Software Inc, La Jolla, USA) software was used 

for all analyses. Baseline patient characteristics were analysed by Chi-squared and 

fisher’s exact test.  The concentration response curves of all agonists were normalized 

to the final KPSS stimulation. Non-linear regression analysis was performed to 

construct sigmoid curves of best fit for all concentration-response curves. The EC50 and 

Emax values were determined for individual patient and averaged for each curve. 

Unpaired, two-tailed Student’s t-test was used to compare sex differences in EC50 and 

Emax values. Data is presented as mean±SEM and statistical significance was defined at 

the p<0.05 level. 
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RESULTS 

During a 36-month period, surgical samples were collected from 95 patients, of which 

44 pericardial and 51 subcutaneous microvessels were viable. Following endothelial 

function assessment, 14 pericardial and 17 leg subcutaneous microvessels were 

excluded, due to lack endothelial dependent vasorelaxation.   

 

Baseline characteristics 

Table 1 summarizes the preoperative clinical characteristics of patients. Patient 

demographics, cardiovascular risk factors and pre-existing co-morbidities were not 

significantly different be males and females.  

 

Vasoconstrictor responses 

Pericardial microvessels 

Figure 1 shows concentration response curves for pericardial microvessels of male and 

female patients plotted for each agonist. The corresponding EC50 and Emax values are 

listed in the table 2. In response to serotonergic (5HT) stimulation, females had a 7-fold 

greater sensitivity to this agonist as compared to males (Table 2). Females also 

exhibited a 2-fold hypersensitivity to phenylephrine (PE) mediated !1-adrenergic 

stimulation (Table 2). Moreover, sex differences were seen in the maximal constriction 

induced by PE, with female vasculature displaying significantly higher Emax compared 

to males (Table 2). No sex differences were observed in vasoconstrictor responses of 

endothelin-1 (Et-1) and U46619 in these microvessels. 

 

Subcutaneous microvessels 
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As shown in figure 2, vasoconstriction of the small subcutaneous arteries from male and 

female patients displayed similar concentration response curves to PE, 5HT, Et-1 and 

U46619. Table 3 summarizes EC50 and Emax values of these concentration response 

curves. 
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TABLES 

Table 1: Patient Characteristics 

  

Subcutaneous leg vessels 

 

 

Pericardial vessels 

 Male  

(n=20) 

Female 

(n=14) 

Male  

(n=15) 

Female 

(n=15) 

Age (years) 70±10 67±10 69±8 74±9 

BMI 27.9±4.4 27.8±7.5 29.0±5.6 30.1±8.9 

RISK FACTORS     

Hypertension 60% 64% 67% 60% 

Hypercholesterolemia 65% 64% 60% 80% 

Diabetes 20% 50% 53% 33% 

Current Smoker 20% 29% 7% 7% 

Ex-smoker 55% 29% 46% 27% 

MEDICATIONS     

Anti-platelet 80% 71% 73% 40% 

Statins 90% 86% 73% 80% 

RAS Inhibitors 80% 71% 53% 87% 

Ca2+ Channel Blockers 50% 36% 20% 40% 

Nitrates 30% 29% 27% 60% 

Beta Blockers 60% 50% 53% 47% 
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Table 2: Reactivity of pericardial microvessels to PE, 5HT, ET-1 and U46619. 

  

 No. of Subjects EC50 Emax % 

 Male Female Male Female Male Female 

PE  

(!M) 

10 7 1.95 ± 0.66 0.84 ± 0.26* 

 

69.68 ± 8.85 

 

99.10 ± 10.81* 

 

5HT 

(!M) 

14 8 0.31 ± 0.14 

 

0.04 ± 0.01* 

 

64.91 ± 7.61 

 

70.10 ± 7.02 

 

U46619 

(nM) 

16 12 17.24 ± 4.20 

 

14.45 ± 4.25 

 

123.40 ± 5.27 

 

119.0 ± 3.91 

Et-1 

(nM) 

10 10 9.68 ± 1.50 

  

9.73 ± 1.12 

 

142.10 ± 14.71 

 

125.0 ± 4.01 

 

 
Values are mean ± SEM. 

*P<0.05 for male vs. female groups
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Table 3: Reactivity of subcutaneous microvessels to PE, 5HT, ET-1 and U46619. 

 

 No. of Subjects EC50 Emax % 

 Male Female Male Female Male Female 

PE  

(!M) 

13 7 1.00 ± 0.20 

 

0.87 ± 0.22 

 

77.22 ± 5.75 

 

85.49 ± 4.50 

 

5HT 

(!M) 

15 10 0.13 ± 0.04 

 

0.09 ± 0.02 

 

68.98 ± 11.12 

 

76.88 ± 7.19 

 

U46619 

(nM) 

13 7 4.85 ± 0.95 5.35 ± 1.11 141.3 ± 11.18 127.90 ± 5.18 

 

Et-1 

(nM) 

10 7 8.18 ± 1.40 

 

12.18 ± 4.38 

 

132.2 ± 9.03 

 

120.90 ± 11.74 

 

 

Values are mean ± SEM. 

P>0.05 for male vs. female groups 
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(A)      (B) 

! !

!

(C)      (D) 

!  

 

Figure 1: Female pericardial microvessels are hypersensitive to (A) PE (EC50: 0.84 ± 

0.26 vs. 1.95 ± 0.66, p<0.05) and (B) 5HT (0.04 ± 0.01 vs. 0.31 ± 0.14, p<0.05), 

compared to males. There were no sex differences in (C) ET-1 and (D) U46619 

mediated vasoconstriction (p>0.05). Open blue symbols indicate males and closed red 

symbols indicate females (n=7-16). 
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(A)      (B) 

! !

!

!

(C)      (D) 

!  

 

Figure 2: There were no sex differences in vasoconstrictor stimuli in the subcutaneous 

microvessels. Sex specific concentration response curves to (A) PE, (B) 5HT, (C), ET-1 

and (D) U46619 in peripheral subcutaneous vessels from patients with coronary artery 

disease. Open blue symbols indicate males and closed red symbols indicate females 

(n=6-15).  
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DISCUSSION 

 

The current study is the first investigation of sex differences in vasomotor reactivity of 

small resistance vessels from patients with existing epicardial coronary artery disease. 

The major findings include: (1) there was no sex-difference in response to 

vasoconstrictor stimuli in the subcutaneous microvessels, nor in response to endothelin 

or the thromboxane analogue in the pericardial small vessels. (2) In contrast, female 

pericardial small vessels were hyper-responsive to serotonergic and !1-adrenergic 

stimulation compared to males, with the later agonist also showing an increased 

maximal contractile response in females. 

 

Patients undergo CABG to restore perfusion of large epicardial vessels. A concern that 

remains is microvascular function, which in addition to restenosis, thrombosis and large 

vessel spasm may contribute to poorer outcomes, including recurrent angina. There is 

gap in literature regarding microvascular reactivity in patients with CAD. Previous 

studies examining microvascular reactivity have largely utilized animal models to 

evaluate effects of sex hormones and disease states like hypertension and diabetes635-637. 

Vasoconstrictor responses are blunted in presence of female sex hormones compared to 

males hormones, ovariectomy reverses this response predisposing vessels to increased 

vascular reactivity and sensitivity577. Most of these studies have assessed vascular 

reactivity of large conduit vessels and the mechanisms have focused on the role of 

endothelial NO638-641. As reviewed in Miller and Duckles 2008642. 
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Sex differences in pericardial microvessels 

We have identified female hypersensitivity to !1-adrenergic and serotonergic stimuli, 

the mechanisms warrant further discussion. These same agonists demonstrated selective 

sex differences in the large IMA vessels, with differences in endothelial prostanoids 

contributing to the underlying mechanism (as documented in chapter 3). Importantly, 

the pericardial microvessels anatomically originate from the branches of the distal IMA, 

suggesting that the responses (and potentially the mechanisms) may be similar 

throughout this circulatory bed. Accordingly, the sex differences in the IMA circulation 

may relate to its function of supplying blood to the mammary gland and differences 

between the sexes in this organ. 

 

From the perspective of regulating regional blood flow, vascular reactivity is influenced 

by multiple control mechanisms, which may differ between sexes. Extrinsically, 

dissimilar autonomic activity and variations in sex hormones over a lifetime can 

influence vascular reactivity differently in females, compared to males 643-646. However, 

in this study microvessels were isolated from the neuro-hormonal control, excluding 

extrinsic factors as potential mechanisms of the observed sex differences. Furthermore, 

the women recruited were all of post-menopausal age. 

 

Intrinsically, activity of the vascular smooth muscle cell layer and the endothelial cells 

control vascular reactivity. All microvascular segments used in this study displayed 

significant nitric oxide release upon stimulation with acetylcholine. Although, this 

ensured the presence of an intact endothelium, release and impact of endothelial 

autacoids under basal conditions were not measured. In the large internal mammary 

arteries, from where the pericardial microvessels originate, female hypersensitivity was 
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endothelial dependent 647. Using +/- eNOS transgenic mice also revealed a role of 

endothelium in serotonin-mediated vasoconstriction in females, compared to males648. 

In the literature, sex differences in non-coronary microvessels of CAD patients have not 

been studied, however, it is known that endothelial function is reduced in post-

menopausal women 568, 649. 

 

Although, the endothelial control of vascular reactivity has been extensively 

investigated, altered vascular smooth muscle activity can contribute to sex differences. 

Impairment of the vascular smooth muscle relaxation was indicated in women from the 

WISE study, showing reduced coronary flow reserve in response to intracoronary 

adenosine 555. On-going experiments in our laboratory are aimed at assessing the 

specific mechanisms of vascular smooth muscle cell hyper-reactivity contributing to 

this sex-difference. 

 

Heterogeneity in vascular beds 

In the current study, heterogeneous vascular responses were seen in small vessels of the 

pericardial and subcutaneous vascular beds. Agonist specific female hypersensitivity 

was seen in the pericardial but not the subcutaneous vessels, compared to males. The 

mechanisms responsible for these heterogeneous responses are likely to be 

multifactorial and underscore the well-established segmental heterogeneity in 

vasomotor reactivity. Many studies have demonstrated that vascular responses may 

differ not only within different circulatory beds but also within adjacent segments of the 

same vessel (i.e. proximal vs. distal vessel segments)650-653. As one might imagine 

mechanistic studies are difficult in humans due to the volume tissue obtained, however, 

several potential mechanisms to account for heterogeneity in vascular beds have been 
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explored in animal studies. For example, !1-adrenergic responses in small vessels have 

been reported to be more heavily dependent on the PKC-CPI-17 pathway than 

RhoA/ROK Ca2+ dependent sensitization common in large and intermediate vessels654. 

Additionally, greater functional role of T-type Ca2+ channels has been documented in 

small vessels compared to large vessels313. With respect to K+ channels, the SKCa and 

IKCa subtypes have a greater role in endothelial dependent VSMC relaxation in the 

fourth order mesenteric arteries, compared to that of the relatively larger first order 

mesenteric arteries655.  

 

In addition to intrinsic differences in the vasomotor reactivity of vascular segment, local 

environmental influences may also play an important role in these heterogeneous 

responses. A recent study highlighted the important regulatory role peri-vascular 

adipose tissue may play in vascular reactivity656. In this study, pericardial vessels were 

obtained from a visceral fat depot adjacent to the myocardium, while the subcutaneous 

adipose tissue was obtained from the saphenous vein donor site. In patients with known 

CAD, pericardial fat is increased and is positively correlated with disease severity 657, 658. 

Previously, expressions of various pro-inflammatory mediators have been shown in 

pericardial fat 659-661.  Thus local inflammatory mediators may influence the release of 

vasoactive agents and could impose differential effects on vascular reactivity within the 

pericardial vessels. However, in the current study all perivascular adipose tissue was 

removed, which implicates factors intrinsic to the microvessels are more likely to 

contribute to the observed heterogeneity. 

 

Clinical Implications 
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This study provides the first observation of agonist and vascular bed specific female 

hypersensitivity in patients with known CAD. The specific !1-adrenergic and 

serotonergic hypersensitivity of females may be contributing to their increased rate of 

post-CABG ischemia by potentially compromising myocardial blood flow. Moreover, 

as discussed in chapter 3, further research is warranted to assess the potential 

implication of commonly prescribed medication like selective serotonin reuptake 

inhibitors, "- and !-adrenergic receptor blockers.  

 

There is some evidence that females undergoing CABG have higher postoperative 

sternal wound infection, compared to their male counterparts 662.  Although mediastinitis 

does not occur frequently following CABG, the associated mortality is very high 

ranging from 10% to 47% 663. Deep sternal wound infections can occur due to decreased 

blood flow 664. Increased vascular reactivity in the pericardial microvessels of female 

patients may contribute to reduced blood flow in the sternum and in turn increase the 

risk of deep sternal wound infections.  

 

Study limitations 

Although this study provides useful insights into sex differences in vascular reactivity, 

several limitations exist. Firstly, functional analysis was performed on isolated vascular 

segments and thus was devoid of neuronal and circulating hormonal influences. The 

isolated vascular responses do not reflect in-vivo responses, which may differ due to 

compensatory homeostatic mechanisms. Nevertheless, isolated vessel studies provide 

the opportunity to assess sex differences inherent to the vessel.  
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A temptation is to consider the pericardial microvessels as surrogates for the coronary 

microvessels. Our experience with the documented regional heterogeneity in vascular 

reactivity would caution against such interpretation. Furthermore, even if pericardial 

and coronary microvessels are inherently similar in vascular reactivity, it is noteworthy 

that pericardial adipose tissue has a different embryological origin than the epicardial 

adipose tissue. Considering the potential influence of peri-vascular adipose tissue, this 

may also contribute to differences between coronary and pericardial microvessels. 

Accordingly, the sex differences observed in pericardial microvessel vasomotor 

reactivity does not necessarily translate to coronary microvessels. 

 

Conclusions 

This study identified agonist-specific sex differences in resistance vessels from the 

medistinum but not subcutaneous microcirculation. Female small resistance arteries 

from the pericardium are hypersensitive to !1-adrenergic and serotonergic receptor 

stimulation. Further studies are required to evaluate the sub-cellular signalling 

mechanisms responsible for these sex differences. 

!
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CHAPTER 5: Sex Differences in Vasoconstrictor Responses 

of Microvessels From Patients With and Without Known 

Coronary Artery Disease 

 

!
!
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ABSTRACT 

Background 

An increased prevalence of microvascular dysfunction exists in women compared to 

men. Previously, we have shown increased microvascular reactivity in the mediastinal 

vessels of women with obstructive coronary artery disease compared to men. This study 

evaluated human subcutaneous microvascular reactivity in order to determine if (1) sex 

differences are evident in asymptomatic patients with no known CAD and (2) the 

impact of coronary artery disease. 

 

Methods and Results 

Isolated subcutaneous microvessels were obtained from control and CAD patients 

undergoing non-cardiac surgery and coronary artery bypass grafting, respectively. The 

vascular reactivity of these vessels was assessed with high potassium depolarizing 

solution. In the endothelial intact vessels, dose-response curves of the following 

agonists were determined: phenylephrine, endothelin-1, serotonin and thromboxane A2. 

Female microvessels from patients with no known CAD displayed lower potassium 

mediated vasoconstriction, however, had more sensitive response phenylephrine and 

serotonin, compared to matched males. When comparing the male and female CAD 

patients to their respective controls, male CAD patients had increased sensitivity to !1-

adrenergic, serotonergic and thromboxane receptor stimulation, with the later also 

inducing increased maximum contraction. Female CAD patients were hypersensitive to 

!1-adrenergic stimulation and displayed increased contractile response to potassium, !1-

adrenergic and thromboxane receptor stimulation, relative to female without CAD. 

 

Conclusions 
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In asymptomatic patients with no history of coronary artery disease, females are 

hypersensitive to alpha-adrenergic receptor stimulation compared to males. The 

presence of epicardial coronary artery disease (requiring CABG) is associated with 

increased subcutaneous microvascular reactivity in both sexes. 
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INTRODUCTION 

 

Clinical cohort studies have demonstrated the presence of sex difference in coronary 

heart disease. In contrast to men, women have: 1) more risk factors when index cardiac 

events first occurs, 2) are less likely to have anatomically obstructive coronary artery 

disease, 3) have a higher prevalence of angina, including after revascularisation and 4) 

have significantly higher mortality following acute myocardial infarction 395, 474, 665-668. 

Microvascular disease has been suggested to have a more prominent role in 

pathophysiology of ischemic heart disease in women, compared to men 546, 556. 

 

Microvascular tone, reactivity and ultimately blood flow is the net balance between 

vasodilatory and vasoconstrictor stimuli. Clinically important vasoconstrictors include:  

neuronal and adrenal release of !1-adrenergic agonists, platelet derived TxA2 and 

serotonin, and endothelial derived endothelin-1 669-672. The vasoconstrictor effects of 

these agonists are counter balanced by endothelial derived factors, achieved 

predominantly through nitric oxide and prostacyclin released following endothelial Ca2+ 

influx, as well as endothelial derived hyperpolarising factor. Diffusion of NO and PGI2 

into the underlying vascular smooth muscle causes hyperpolarisation and in turn limits 

the activation of voltage gated Ca2+ channels 673, 674. Reduced cytosolic Ca2+ entry in the 

vascular smooth muscle cells leads to less activation of Ca2+-calmodulin dependent 

myosin light chain kinase and myosin LC20 phosphorylation decreasing vascular 

contraction. Several reports have also suggested that NO mediated activation of protein 

kinase G may lead to activation of myosin light chain phosphatase favouring 

dephosphorlyation of myosin LC20 and vasodilatation 295, 675-677. 
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In humans, peripheral vascular reactivity has been studied mainly in relation to the 

assessment of endothelial function. Techniques such as brachial flow-mediated 

dilatation following artery occlusion and peripheral artery tonometry measuring reactive 

hyperaemia induced changes in digital pulse wave amplitude have been utilized to index 

macro- and microvascular endothelial function. Such approaches are useful at detecting 

overt improvement in endothelial function due to lifestyle changes 678, 679. These 

techniques are limited in the stimuli assessed because of the ability to specifically 

evaluate microvascular responses, the possibility of examining several agonists in the 

same patient and the potential for adverse effects from some vasoconstrictors when 

administered in vivo 680. Changes in microvascular sensitivity to vasoconstrictors can be 

specifically assessed using isolated blood vessels and wire or perfusion myography 681, 

682. For research purposes, the isolated vessel preparation is of significant value, as it 

allows evaluation of fundamental changes at the vascular level independent from 

medication, circulating hormone and nervous innervations.  

 

Few studies have directly compared human male and female microvascular reactivity in 

healthy or diseased states 683. Recently, we have identified biological sex-dependent 

differences in vascular reactivity in the conduit internal mammary artery and small 

pericardial vessels of patients with existing epicardial coronary artery disease (Jaghoori 

et al., in preparation). To extend this investigation into the microcirculation we 

recruited an age matched group of male and female patients with CAD and a group with 

no known CAD, using wire myography to explore isolated microvascular reactivity to, 

K+ mediated depolarization, and receptor dependent vasoconstrictors including: !1 

adrenergic, thromboxane A2, serotonin and endothelin-1.  We aimed to test the 
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following hypothesis: (1) microvascular reactivity is different between males and 

females with no known CAD and (2) microvascular reactivity is different in males and 

females with and without known CAD. 
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METHODS 

 

To achieve this objective we undertook an age and sex matched comparison of 

vasomotor reactivity, utilizing an ex-vivo isolated subcutaneous microvessel 

preparation, amongst patients with no known CAD undergoing non-cardiac surgery and 

those with symptomatic CAD undergoing coronary artery bypass grafting (CABG). The 

study was approved by the human ethics committee at the Royal Adelaide Hospital and 

The Queen Elizabeth Hospital. 

 

Study Groups 

Patients scheduled for elective hernia repair surgery and CABG were approached and 

consented prior to surgery. Detailed clinical history including any prior cardiac history, 

risk factors and current medications were recorded. 

 

Inclusion Criteria 

Patients with no known CAD were recruited from those undergoing elective hernia 

repair surgery. Patients with no history of chest pain, dyspnoea, prior myocardial 

infarction, prior angiography, or an established cardiac condition were included in the 

study.  

Patients with CAD and proceeding with CABG were recruited for the study.  

 

Exclusion Criteria 

Patients were excluded on clinical criteria if (a) under the age of 18 years, (b) known 

significant valvular heart disease, or (c) documented heart failure. Vessels were 
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excluded if they had less than 80% relaxation to acetylcholine challenge or if their 

luminal diameter was >300#M. 

 

Isolated Vessel Preparation 

Subcutaneous tissue from the inguinal region of hernia repair and the saphenous vein 

incision site were collected intra-operatively from the patients with no known CAD and 

those with severe CAD, respectively. The tissue was immediately placed in ice-cold 

physiological salt solution and transported to the lab.  

 

Preliminary experiments identified there were no significant differences in agonist-

mediated responses between normal HEPES Tyrode and Krebs based buffers. 

Consequently experimental data using either buffer were undertaken.  Normal HEPES-

Tyrode (NHT) buffer consists of the following (mM): NaCl (135.5), KCl (5.9), MgCl2 

(1.2), CaCl2 (2.5), HEPES (11.6, pH 7.4) and glucose (11.6).  The KREBS solution was 

comprised of the following (mmol/L): NaCl (118), KH2PO4 (1.18), NaHCO3 (25), MgCl 

(1.05), CaCl2 (2.34), EDTA (0.01), and glucose (5.56; pH 7.4). During the experimental 

procedure the KREBS based buffer was continuously gassed with Carbogen (95% O2 

and 5% CO2) to maintain the pH at 7.4.  

 

Subcutaneous microvessels with luminal diameter of 200-300#m were dissected free of 

adventitia and cut in to 2mm segments. The number of microvascular segments 

obtained from each patient sample varied from 1 to 5. 

The segments were then mounted on a wire myograph (multi myograph model 610 M, 

Danish Myo Technology). The vessels were set at a pre-determined optimal resting 

tension of 2mN. The microvessels were equilibrated for 30 minutes while being 
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continually bathed in buffer at 37°C. Vessel integrity was evaluated by depolarising 

with a high K+ solution  [120mM] for CAD patients and [87mM] for patients with no 

known CAD. Normal osmolarity was maintained in the high K+ solutions by replacing 

the NaCl with equimolar concentration of KCl. High K+ challenge was followed by 

washout with non-depolarizing extracellular buffer this process repeated three times at 

10-minute intervals to ensure reproducible contractile responses. Following a 30-minute 

equilibration microvessels were challenged with sub-maximal phenylephrine [2#M] and 

endothelial integrity evaluated by the degree of acetylcholine [2#M] dependent 

relaxation. Endothelial function was considered intact if relaxation to acetylcholine was 

$80%. Following a 30-minute washout period, concentration-response curves of the 

microvessels were established to the following agonist: phenylephrine (PE, 0.01-

300#M), serotonin (5HT, 0.001-100#M), thromboxane analogue (U46619, 0.0001-

3#M) and endothelin-1 (Et-1, 0.01-300nM).  

 

Data analysis 

Comparisons in clinical characteristics between the genders and the presence/absence of 

known CAD was undertaken using a Fisher’s exact test for categorical variables. The 

microvascular responses to the depolarizing K+ solution and the agonists were presented 

as developed tension (mN). Non-linear regression analyses were performed to construct 

sigmoidal curves of best fit using GraphPad Prism 6. The EC50 (representing the agonist 

concentration producing half maximal response) and Emax (maximal response) were 

calculated for each concentration response and used as the parameters of vascular 

contractile responses between sexes and CAD disease state. Non-parametric statistical 

test was performed for data that is not normally distributed. Results are expressed as 

median (interquartile range) and p<0.05 was deemed significant.  
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RESULTS 

Subcutaneous microvessels with functional endothelial responses were isolated from 43 

hernia patients (27 males and 16 females) with no known CAD (10 patients [19%] 

excluded due to inadequate endothelium dependent relaxation). Microvessels of CAD 

patients were sourced from the subcutaneous inguinal region, 34 patient vessels (20 

males and 14 females) passed endothelial function testing  (17 patients [30%] excluded 

due to inadequate endothelium dependent relaxation). Following dissection, 1-5 

vascular segments were obtained per patient. Since the number of functional vascular 

segments obtained from each patient differed so that not every patient could be assessed 

with each of the agonists, a repeated measures analysis approach could not be employed 

but an unpaired comparison approach adopted. Furthermore, data from agonist mediated 

microvascular responses were not normally distributed. Due to this, data is presented as 

median with interquartile range and analysed via non-parametric statistical test.  

 

Baseline Clinical Characteristics 

Baseline characteristics including age, BMI and clinical risk factors were matched 

between males and females. As anticipated, pre-operative medications differed 

considerably between the study groups, with the CAD patients more likely to receive 

anti-platelet therapy, statins, renin-angiotensin system (RAS) inhibitors, calcium 

channel blockers, nitrates and beta blockers (Table 1). All microvessels had a luminal 

diameter of 200-300#m.  

 

Microvascular responses to membrane depolarisation stimulus 

High [K+] 87 mM and 120 mM, for males and females with no known CAD and CAD, 

respectively was used to depolarize the plasma membrane and activate voltage gated 
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Ca2+ channels independent from membrane receptor activation and activation of specific 

subcellular signalling. In patients with no known CAD the 87 mM K+ mediated 

contractile response was significantly lower in females compared to male patients, 

5.3±0.8mN and 8.7±1.0mN, respectively. (Figure 1a). In contrast, in patients with CAD 

there was no sex difference in microvascular constriction mediated by 120 mM K+, 

8.9±0.9mN and 11.41±1.6mN, for females and males, respectively. (Figure 1b). Since 

the no known CAD and CAD group received different [K+] stimuli 87 mM and 120 mM, 

respectively it was not possible to compare the K+ response between those with/without 

known CAD. Moreover, vascular responses could not be normalised relative to the K+ 

response but expressed in relation to the developed tension. 

 

Sex differences in microvascular reactivity in patients with no known CAD 

Isolated subcutaneous resistance vessels from females with no known CAD had a 

significant increase in sensitivity (EC50 in Table 2) to !1-adrenergic (PE) and 

serotonergic (5HT) receptor stimulation compared with males (Figure 2). In contrast, 

there were no statistically significant differences in sensitivity to thromboxane A2 

(U46619)  or endothelin-1 (Et-1) receptor activation (Figure 2 and Table 2). 

 

Differences in microvascular reactivity in patients with/without known CAD 

Subcutaneous microvessels isolated from male CAD patients were significantly more 

sensitive to PE, 5HT and U46619 compared to male patients with no known CAD 

(Figure 3). Male CAD patients also displayed increased maximum contraction in 

response to U46619, compared to males without known CAD (Emax in table 2). There 

were no significant differences in Et-1 mediated vasoconstriction (Figure 3).  
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Female CAD patients were significantly more sensitive to PE mediated vasoconstriction 

compared to females with no known CAD (Figure 4). In response to 5HT and U46619, 

female CAD patients had similar sensitivity, compared to females with no known CAD 

(Table 2). There were no differences in Et-1 mediated vasoconstriction between the two 

groups (Figure 4). Female CAD patients also displayed significantly increased 

maximum contraction in response to PE, 5HT and U46619.  
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TABLES 
 
Table 1: There are no differences in baseline patient characteristics and common risk 

factors between male and female patients, with and without known CADs. Preoperative 

medications are significantly higher in male and female CAD patients compared to 

controls. For clarity data are expressed as % * denotes P<0.05 based on a test statistic of 

the raw data. 

 
  

CAD 

 

 

No known CAD 

 Male  

(n=20) 

Female 

(n=14) 

Male  

(n=27) 

Female 

(n=16) 

Age (years) 70±10 67±10 65± 10  69±13 

BMI 27.86±4.4 27.76±7.5 30.19±5.5 32.51±7.5 

RISK FACTORS     

Hypertension 60% 64% 48% 50% 

Hypercholesterolemia 65% 64% 37% 25% 

Diabetes 20% 50% 19% 38% 

Current Smoker 20% 29% 22% 19% 

MEDICATOINS     

Anti-platelet 80% 71% 4%* 0%* 

Statins 90% 86% 15%* 0%* 

RAS Inhibitors 80% 71% 19%* 31%* 

Ca2+ Channel Blocker 50% 36% 4%* 6%* 

Nitrates 30% 29% 0%* 0%* 

Beta Blocker 60% 50% 4%* 0%* 
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Table 2: Reactivity of subcutaneous microvessels from patients with and without known CAD in response to PE, 5HT, ET-1 and 
U46619. 

 
 
Values are presented as median (interquartile range) 
 
* Denotes significant difference between same gender of different groups 

§ Denotes significant differences between males and females of same group. 

 
 
 
 

 
No. of 

Subjects 

 
EC50 

 

 
Emax (mN) 

 Male Female Male  
CAD 

Female  
CAD 

Male No 
known CAD 

Female No 
known CAD 

Male  
CAD 

Female  
CAD 

Male No 
known CAD 

Female No 
known CAD 

5HT  
(!M) 

8-12 6-13 0.06  
(0.04, 0.24)* 

 

0.07  
(0.03, 0.11) 

 

1.75  
(0.72, 20.01)§* 

 

0.10  
(0.04, 0.67)§ 

 

4.74  
(2.67, 6.68) 

 

8.64  
(3.85, 11.89)* 

 

4.34  
(3.12, 10.28) 

 

3.52  
(2.08, 4.14)* 

 
PE  
(!M) 

12-15 7-8 0.84  
(0.32, 1.67)* 

 

0.70  
(0.32, 1.23)* 

 

8.55  
(4.16, 12.56)§* 

 

1.48  
(0.92, 3.68)*§ 

 

8.15  
(3.92, 11.21) 

 

9.80  
(6.11, 11.97)* 

 

7.17  
(3.29, 11.46) 

 

3.48  
(2.10, 5.52)* 

 
U46619 
(nM) 

9-12 5-7 6.54  
(2.26, 8.69)* 

 

3.94  
(3.66, 6.75) 

 

15.24  
(10.93, 84.45)* 

 

14.49 
(4.39, 20.91) 

 

11.39  
(7.05, 17.00)* 

 

18.20  
(9.05, 25.79)* 

 

5.66  
(4.40, 7.14)* 

 

7.88  
(5.17, 12.63)* 

 
Et-1 
(nM) 

9-10 7 7.36  
(4.15, 13.55) 

11.19  
(4.77, 22.67) 

 

6.46  
(5.63, 9.72) 

 

10.86  
(5.70, 17.14) 

 

9.34  
(6.50, 14.41) 

 

9.31  
(6.16, 15.75) 

 

7.56  
(5.36, 8.78) 

 

8.26  
(7.33, 9.72) 
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FIGURES 
 

 
 
Figure 1a: Sex differences in the high K+ mediated vasoconstriction in patients 

with no known CAD. Female patients had significantly lower K+ mediated 

vasoconstriction compared to male non-CAD patients (*p<0.05, n=13-20). 

 

 
 
Figure 1b: Sex differences in the high K+ mediated vasoconstriction in patients 

with known CAD. There were no statistically significant differences between sexes 

(p>0.05, n=14-20). 
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(A)      (B) 

! !
!
!
!
(C)      (D) 

!  
 
 
Figure 2: Subcutaneous resistance arteries from asymptomatic female patients with out 

history of coronary artery stenosis are hypersensitive to (A) !1-adrenergic (median 

EC50: PE (1.48 (0.92, 3.68) vs. 8.55 (4.16, 12.56), p<0.05) and (B) serotonergic (0.10 

(0.04, 0.64) vs. 1.75 (0.72, 20.01), p<0.05) receptor stimulation, compared to matched 

males. There were no statistically significant sex-differences in response to (C) ET-1 

and (D) U46619 (thromboxane mimetic) mediated vasoconstrictions. Open blue 

symbols represent males and closed red symbols represent females (n=5-15).  
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(A)      (B) 

! !
!
!
(C)      (D) 

!
!
!
Figure 3: Subcutaneous resistance arteries of male patients with known CAD (closed, 

black symbol) are significantly hypersensitive to (A) !1-adrenergic (median EC50: 0.84 

(0.32, 1.67) vs. 8.55 (4.16, 12.56), p<0.05), (B) serotonergic (0.06 (0.04, 0.24) vs. 1.75 

(0.72, 20.01), p<0.05) and (C) thromboxane A2 (U46619) (6.54 (2.26, 8.69) vs. 15.24 

(10.93, 84.45), p<0.05) receptor stimulation, as compared to those with no known CAD 

(open, blue symbol). There were no differences in (D) Et-1 mediated vasoconstriction 

(p>0.05). 
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(A)      (B) 

! !
!
!
(C)      (D) 

! !
!
Figure 4: Subcutaneous resistance arteries of female patients with known CAD (open, 

black symbol) are significantly hypersensitive to (A) !1-adrenergic (median EC50: 0.70 

(0.32, 1.23) vs. 1.48 (0.92, 3.68), p<0.05) receptor stimulation, as compared to those 

with no known CAD (closed, red symbol) (p<0.05). There were no statistical 

differences in sensitivity of (B) 5HT, (C) thromboxane A2 (U46619) and (D) Et-1 

mediated vasoconstrictions (p>0.05) (n=5-13).
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DISCUSSION 

 

This is the first description of sex differences in microvascular reactivity in isolated 

vessels from patients with no known CAD, and the first to compare these responses to 

those from patients with CAD. The principal findings include: (1) subcutaneous 

resistance vessels from female patients with no known CAD are significantly more 

sensitive to !1-adrenergic and serotonergic stimuli and (2) compared with males and 

females with no known CAD, male and female patients with epicardial CAD have 

increased subcutaneous microvascular sensitivity to !1-adrenergic receptor agonists, 

males with CAD also have increased sensitivity to serotonin and thromboxane. These 

findings highlight the heterogeneity in microvascular reactivity in terms of sex, and 

coronary atherosclerosis.  

 

Sex Differences in Microvascular Reactivity 

Females with no known CAD had significantly lower potassium-mediated 

vasoconstriction than matched males. In contrast in similarly aged males and female 

patients with known epicardial CAD were not significantly different in their 

microvascular constrictor responses to high K+ mediated depolarization. Several sub 

cellular mechanisms could potentially be involved in the reduced K+ response in 

females with no known CAD. A high potassium stimulus induces vasoconstriction by 

depolarizing the plasma membrane, which activates the voltage gated calcium channels 

to increase cytosolic Ca2+ levels 315, 684. In the current study, the lower potassium 

mediated vasoconstriction in females is consistent with a more negative plasma 

membrane potential, decreasing the likelihood of activating the voltage gated Ca2+ 

channels. Higher nitric oxide and prostacyclin level produce a hyperpolarised 
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membrane potential 673, 674 and is consistent with improved endothelial function. 

Protection afforded by pre-menopausal oestrogen may afford women some advantage in 

endothelial function in later life, which could be mediated by small amounts of nitric 

oxide and perhaps more importantly prostacyclin. Importantly several, in-vivo studies 

have documented better peripheral endothelial function in women compared to men 

with no CAD until the age of 70 years 564, 565. If this were true in our patient cohort it is 

conceivable the lower cytosolic Ca2+ levels would reduce vascular contraction through 

decreased activation of Ca2+-calmodulin dependent myosin light kinase. Alternatively, 

several reports have indicated that NO acting through a protein kinase G- dependent 

mechanism may increase the activity of myosin light chain phosphatase 295, 675-677. 

Although acetylcholine stimulation confirmed presence of intact endothelium in the 

microvessels used in this study, basal production of endothelial-derived vasodilators 

were not tested. Future experiments in the human microvasculature will examine the 

role nitric oxide synthase and cyclooxygenase inhibitors to clarify this issue.  

 

Selective female microvascular hypersensitivity to !1-adrenergic and serotonergic 

receptor stimulation observed in patients with no known CAD is similar to those 

observed in the internal mammary artery and pericardial microvessels of patients with 

existing CAD (chapter 3 and 4). Also consistent with the other vascular beds, no sex 

difference was observed in the endothelin-mediated vasoconstriction. Previously, 

animal studies have investigated !1-adrenergic vasoconstriction in ovariectomised aged 

rats 685, 686, but sex differences are not addressed. This study is the first to directly 

compare isolated microvascular contractile responses in postmenopausal women and 

age matched men with no known CAD. It is puzzling that sex differences are not 

observed in peripheral subcutaneous microvessels patient with co-existing CAD and 
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may suggest intermittent segmental vascular dysfunction as opposed to more 

generalised dysfunction. To closely examine vascular reactivity and disease state, we 

made sex-specific comparisons between patients with and without known CAD. 

 

Presence of CAD and microvascular function 

Significant vascular disease is most often first identified as epicardial coronary disease. 

With the development and increased use of medical imaging modalities including IVUS 

687 and CT 688 as well as FMD and endoPAT, it has become a matter of some conjecture 

whether what was once thought to be local vascular dysfunction may be more systemic. 

A limitation of the current imaging modalities is the inability to identify microvascular 

dysfunction. The current study using isolated human arteries in an in vitro setting 

documents microvascular hypersensitivity to !1-adrenergic stimuli in CAD patients, 

compared with patients with no known CAD, which are largely independent from sex 

differences.  These finding are evident in a patient cohort matched for age, BMI and 

traditional cardiovascular risk factors.  Furthermore and as expected, CAD patients 

received significantly more vasodilatory medications compared to the patients with no 

known CAD. These data suggest an association between co-existing CAD and hyper-

reactivity in the isolated peripheral subcutaneous microvasculature. 

 

It seems that in presence of co-existing CAD, peripheral subcutaneous microvessels 

become more sensitive to !1-adrenergic receptor stimulation in both sexes, with males 

also showing increased sensitivity to serotonin receptor stimulation. Responses to 

thromboxane receptor agonist were heterogeneous between sexes and coronary disease.  

Sex difference is abolished in the peripheral subcutaneous microvascular 

vasoconstriction in patients with identified CAD.  This can be attributed to male 
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microvasculature becoming more sensitive to agonist stimulation in presence of co-

existing CAD, as females displayed increased sensitivity even in absence of known 

CAD. The fact that the vessels used in this study were isolated and function assessed in 

vitro affords valuable observation regarding the nature of the mechanism. The probable 

causes of differences in vascular reactivity are at least in part clearly due to inherent 

properties of the blood vessels as they were isolated from acute influences of neuro-

hormonal factors. However, further research is required to differences in the 

mechanisms of the various agonists.  

 

Study Limitations 

The experiments were performed in an isolated vessel preparation where the 

neurohormonal influences were eliminated. This approach allowed direct assessment of 

microvascular sensitivity to specific endogenous agonists. However in-vivo responses 

may differ due to the influence of other vasomotor pathways, including compensatory 

reflex responses. 

Secondly, the age-matched cohort of patients with no known CAD (undergoing elective 

hernia repair surgery) served as controls; however the absence of CAD cannot be 

excluded since angiography were not performed on these patients for ethical reasons.  

Thirdly, peri-operative patient care and anaesthetic agents were not matched between 

CAD patients and those with known CAD. However, as indicated above any differential 

influences were likely to be acute and washed out from the isolated vessels.  

Fourthly, the subcutaneous microvessels from CAD patients were obtained from the 

saphenous vein donor site whereas those from patients with no known CAD were from 

the hernia repair incision site. Although these microvessels do not belong from the same 

vascular tree developmentally the do originate from adjacent dermatomes. Previous 
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research from our group has demonstrated that vascular reactivity of subcutaneous 

microvessels from hernia repair site and buttocks biopsies are comparable 689.  

 

Clinical Implications 

It is well known that females are more prone to microvascular dysfunction compared to 

males. Microvascular dysfunction is commonly measured by the level of vasodilatation 

and in turn increases in blood flow, upon stimulation. This study highlights the 

existence of exaggerated vasoconstriction in endothelial intact peripheral 

microvasculature in asymptomatic females without history of CAD, compared to 

matched males. The heterogeneity of vasoconstrictor responses contributes to better 

understanding of the mechanisms behind microvascular dysfunction in an at risk 

population and emphasizes the need for sex-specific cardiovascular therapy. Moreover, 

progression of epicardial coronary diseases associated with increased systemic 

microvascular dysfunction in male and female patients. This is observed in the current 

study showing agonist specific hypersensitivity in resistance vessels of patients with 

CAD compared to those with no known CAD. Although revascularisation procedures 

improve perfusion through the large conduit arteries, enhanced microvascular 

contractility may expose patients to more ischemia. Catecholamine release following 

stress or increased thromboxane and serotonin release through activated platelets may 

restrict local blood flow as well as contribute to elevated blood pressure. This study 

provides a window to the next level of microvascular dysfunction studies with potential 

implications on medical therapy and dosing. Further investigations are required to better 

understand the mechanisms and develop therapies for constrictor specific microvascular 

sensitivity.  
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Conclusions 

In absence of obstructive CAD, subcutaneous resistance arteries from females with a 

mean age of 67 years were hypersensitive to !1-adrenergic stimulation compared to 

matched males. Both male and females with CAD have greater microvascular 

sensitivity to thromboxane A2, !1-adrenergic receptor stimulation than age matched 

patients with no known CAD. Males with CAD also appear more sensitive to serotonin 

compared with females with CAD and patients with no known CAD. 
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CHAPTER 6: Thesis Conclusion and Implications 
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6.1: Sex Differences in Vascular Reactivity – Major Findings 
 

In the literature sex differences in clinical outcomes of patients have been documented 

in a wide range of vascular syndromes, however, the mechanisms underlying these 

differences have been poorly explored. Females remain an understudied and poorly 

understood patient cohort, despite a significant focus over the last 10-15 years. The 

mechanisms of sex differences are thought to be multifaceted involving clinical, 

biological as well as psychosocial factors. Clinically, female patients present with 

greater burden of risk factors and fare worse in prognosis and treatment. Female 

patients also have more depression and lower socioeconomic status, compared to their 

male counterparts. Biologically, the pathophysiological aspect of vascular disease 

involves atheroma, thrombosis and vascular reactivity. Relative to atheroma and 

thrombosis, studies of sex differences in vascular reactivity are sparse in the literature. 

This thesis aimed to investigate sex differences in vascular reactivity in an ex-vivo 

setting across a range of vascular beds involving (1) large conduit vessels (2) 

mediastinal microvessels and (3) subcutaneous microvessels. Isolated vessel segments 

from patients with and without known CAD were subjected to exogenously 

administered G-protein coupled receptor agonists including phenylephrine, serotonin, 

endothelin-1 and thromboxane A2 mimetic (U46619). Vasoconstrictor responses of 

these agonists were assessed in endothelial intact segments of all vascular beds 

mentioned above.  

 

Chapter 3 explored sex differences in vascular reactivity of the large conduit vessels 

utilised in revascularisation surgery. The study recruited patients undergoing CABG 
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and demonstrated that both the SV and IMA segments assessed had intact endothelial 

function although only the IMA segments showed sex-differences in vascular reactivity. 

Specifically, the female IMA segments were hypersensitive to !1-adrenergic and 

serotonergic receptor stimulation, but not to endothelin-1 or thromboxane, compared to 

their male counterparts. Mechanistic studies demonstrated that the sex difference in !1-

adrenergic hyper-responsiveness persisted in presence of NOS inhibition but was 

abolished by cyclooxygenase inhibition, indicating the involvement of endothelial 

prostanoids. The female IMA hyper-reactivity to serotonergic agonist may in part be 

explained by sex differences in 5HT2A receptor abundance, which is more prevalent in 

women.  

 

Chapter 4 investigated sex differences in vascular reactivity of pericardial and 

subcutaneous microvessels (250mcm in diameter) from patients undergoing CABG. 

Heterogeneous agonist-specific sex differences were observed in these microvessels. 

Thus in the pericardial microvessels, females were hyper-sensitivity to !1-adrenergic 

and serotonergic receptor stimulation (similar to the IMA, which is the perfusion artery 

for the pericardium), whereas there was no sex-differences in the subcutaneous 

microvessels in these patients with established CAD.  

 

Chapter 5 extended the assessment of sex differences in microvascular reactivity to 

patients without known CAD. Utilising patients undergoing elective non-cardiac 

surgery, who had no known cardiac disorders or history of chest pain, the study 

examined vasomotor responses to conventional agonists. This demonstrated selective 

female microvascular hypersensitivity to !1-adrenergic and serotonergic receptor 

stimulation but not to endothelin-1 and thromboxane mediated vasoconstriction, 
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compared to matched males. Interestingly, female microvessels displayed significantly 

lower maximum contraction induced by membrane depolarisation by high [K+] solution, 

compared to matched males. This indicates that female hypersensitivity does not 

involve voltage gated Ca2+ channels, but rather is selective to signalling pathways 

specific to !1-adrenergic and serotonergic agonists. Furthermore comparisons between 

patients with and without known CAD reveals, that those with established CAD have an 

increased sensitivity to !1-adrenergic stimulation. In addition, the male CAD patients 

exhibited hypersensitive responses to serotonergic and thromboxane stimuli, compared 

with the no known CAD counterparts. This suggests an association between CAD and 

systemic peripheral microvascular hyper-reactivity.  

 

In summary, the key findings from this comprehensive assessment of sex differences in 

vascular reactivity include (a) heterogeneity in vascular responses in relation to sex, 

agonist, vessel size and the presence or absence of CAD, however (b) homogeneity in 

vascular responses to endothelin-1 (Table 1). The reasons for these differences require 

further consideration and may relate to the responsible signalling pathways. 
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Table 1: Summary of the observed female vascular hypersensitivity in response to 

specific agonists in different vascular beds. 

   
Female vascular hyper-sensitivity 

 
Patient 
Cohort 

Vascular bed Phenylephrine Serotonin Thromboxane 
mimetic 

(U46619) 

Endothelin-1 

 Macro-vessels     
IMA + + = = 
SV = = = = 

Microvessels     
Pericardial + + = = 

CAD 

Subcutaneous = = = = 
Non-
CAD 

Subcutaneous + + = = 

 

 

 

6.1.1: Heterogeneity in Vascular Responses between Sexes 

 

Sex differences in response to !1-adrenergic and serotonergic receptor agonists are seen 

in the IMA and pericardial microvessels of patients with established CAD as well as 

subcutaneous microvessels in those without known CAD. However the subcutaneous 

microvessels of patients with CAD do not exhibit this phenomenon (Table 1). Since 

both the !1-adrenergic and serotonergic receptor agonists show similar patterns in the 

vascular reactivity sex differences, it may implicate common signalling pathways. 

Interestingly both involve the PKC/CPI-17 and RhoA/ROK pathways (Table 2, Chapter 

1). Thus potentially this pathway may be responsible for the underlying sex difference. 

Moreover, abnormalities in these pathways are associated with various CVDs. 
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Enhanced PLC activity, which in turn activates the PKC pathway has been associated 

with vasospastic angina (a condition characterised by large vessel hyper-reactivity)690. 

Increased expression and activity of ROK is also associated with multiple pathologies 

including vasospastic angina, cerebral vasospasm, hypertension, atherosclerosis, 

restenosis and heart failure691. In other conditions associated with vascular hyper-

reactivity like diabetes, up-regulation of the active phosphorylated form of CPI-17 is 

described as a mechanism of increased contractility692, 693. The findings of this thesis lay 

the foundations of future research aimed at identifying sex differences in these 

molecular pathways in human patients.  

 

Interestingly, when comparing male and female responses to thromboxane receptor 

agonist, U46619, no sex differences are observed in any of the vascular beds. However, 

subcutaneous microvessels of males with CAD display increased sensitivity to U46619, 

compared to those without known CAD. The G-protein coupled receptors stimulated by 

U46619 activate the PKC and RhoA/ROK second messenger molecules, but CPI-17 is 

not employed in the thromboxane-signalling pathway243. This is different to PE and 5HT 

signalling cascades and may contribute to the differential behaviour of these agonists. 

Since male CAD patients display increased sensitivity to PE and 5HT as well U46619, 

it can be suggested that the mechanism of thromboxane mediated vascular 

hypersensitivity in male CAD patients is irrespective of CPI-17 activity and 

predominantly involves altered function of PKC and RhoA/ROK second messenger 

molecules. Further research examining the role these molecular pathway in male and 

female vasculature from patients with different disease states may provide useful insight 

into agonist specific sex differences observed in this thesis.  
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6.1.2. Homogeneity in Vascular Responses to Et-1 between Sexes 

 

The most consistent response observed in this comprehensive assessment of sex 

differences in vascular reactivity is the absence of a sex difference to endothelin-1. 

Although, thromboxane mediated vasoconstriction is also similar between sexes, 

heterogeneous responses were observed when comparing patients with and without 

CAD. The lack of sex differences in Et1- responses has also been observed in-vivo 

studies using forearm plethesmography694.  

 

The homogeneity in Et-1 vascular responses between sexes may relate to its signal 

transduction pathway.  Endothelin-1 employs multiple subcellular signalling molecules 

including PKC/CPI-17, IP3, RhoA/ROK as well as endothelial PKB (see table 2, 

chapter 1). Comparing the second messenger molecules employed in vascular responses 

of the other agonists, it can be speculated that recruitment of multiple molecular 

pathways by ET-1 masks any potential sex differences that may exist in these signalling 

cascades.  

 

6.2. Clinical Implications of Sex Differences in Vascular Responses 
 

For the first time, the findings of this thesis show different vasoconstrictor responses 

between male and female vasculature. This is an important biological factor that may 

have major influences in sex differences observed in various cardiovascular disorders, 

as well as contributing to the poorer outcomes women experience with cardiovascular 

disease. Moreover, future therapies may need to be sex-specific as we enter an era of 

personalised medicine.  
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6.2.1: Cardiovascular Disorders 

 

Vascular disorders such as migraine, pulmonary hypertension, vasculitis, Raynaud’s 

phenomenon and coronary microvascular dysfunction are more prevalent in women, 

compared to men695. These conditions are characterised by vascular hyper-reactivity and 

perhaps the female predilection to hypersensitivity demonstrated in this thesis may 

contribute. Isolated vessel studies focussing on these disorders would be of interest as 

they may show increased sensitivity to some of the agonists used in this thesis. 

 

6.2.2: Cardiovascular Outcomes 

 

Sex differences are observed in various CVD states, with female patients having worse 

clinical outcomes in both chronic and acute coronary syndromes (chapter 1, section 1.6). 

Female patients experience higher mortality following AMI395-400 as well as 

revascularisation procedures407, 413, 415, 416, compared to matched males. After undergoing 

CABG for established CAD, female patients continue to experience recurrent angina 

and have higher hospital readmission rates407, 415, 416, 418, 424-429. The findings of this thesis 

indicate increased vasoconstrictor responses in female IMA segments, which can inturn 

compensate myocardial perfusion through the arterial graft. Furthermore, coronary 

angiography following AMI shows less obstructive epicardial stenosis in females, 

compared to males392. It is suggested that females more commonly suffer from coronary 

MVD392. The results of this thesis observe increased vasoconstrictor sensitivity in 

peripheral subcutaneous microvessels of females with no known CAD, compared to 

matched males. Development of therapeutic strategies aimed at microvascular 
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hypersensitivity in CVD patients without obstructive disease can potentially have major 

influences in improvement of clinical outcomes. 

 

6.2.3: Sex-specific Therapies 

 

As discussed in chapter 1, vascular reactivity plays a major role in cardiovascular 

diseases as well as in other pathologies. The universality of sex differences in vascular 

disorders warrants a thorough understanding of vascular reactivity in the female and 

male vasculature, which can subsequently lead to development of sex-specific therapies. 

Current therapeutic strategies are based on clinical trials that were performed on 

predominantly male cohorts, in which female patients are largely under-represented696-

698. Caution must be exercised when administering medications with vasoactive 

properties.  

 

From the findings of the current thesis, it is evident that sex differences exist in vascular 

reactivity. Clinically administered drugs with vasoactive properties like "-blockers, !1-

adrenergic agonist and serotonin reuptake inhibitors (SSRI) may indirectly induce sex-

specific effects on patients. Administration of non-selective "-blocker like propranolol 

inhibits the vasodilatory "2-adrenergic receptors, thereby potentiating the net adrenergic 

vasoconstriction699, mediated by un-opposed !1-adrenergic receptor stimulation. In 

patients with coronary artery spasm, administration of "-blockers exacerbates angina 

attacks700. Female patients display increased sensitivity in response to !1-adrenergic 

receptor agonist in both large and micro-vessels. Non-selective "-blockers may further 

accentuate adrenergic vasoconstriction in females.  
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Furthermore, PE, a specific !1-adrenergic agonist, comprise 16% of the inotropes used 

acutely post-CABG701. Female patients more commonly receive postoperative inotropic 

support, compared to their male counterparts626. Exposure of hypersensitive female 

vessels to PE can potentially compromise graft blood flow, which may contribute to the 

significantly poorer short-term outcomes in females following CABG626. In addition, PE 

is also readily available in over-the-counter cold and influenza medications, which are 

typically combined with paracetamol. Recent evidence shows that administration of PE 

in combination with paracetamol quadrupled the maximal plasma PE concentrations702. 

Increased circulating PE beyond the safe and effective concentrations can potentially 

limit blood flow through the IMA graft in female CABG patients as well as increase 

vascular tone in those with no known CAD. Similar concerns are raised in terms of 

exposure to high plasma serotonin concentrations. Antidepressants such as SSRIs can 

induce adverse cardiac events in patients with CHD by increasing circulating levels of 

serotonin703. Development of sex-specific guidelines for clinically used medications that 

have vasoactive properties can prove beneficial. 

6.3: Future Directions 
!
The research undertaken in this thesis has illustrated the presence of sex differences in 

vascular reactivity as well as demonstrating its complexity. The findings have important 

clinical implications as discussed above but further research is required to translate 

these findings to the in-vivo environment. Thus studies utilising techniques such as skin 

laser Doppler and plethysmography would be beneficial. Furthermore clinical 

comparisons of sex-differences in responses to vasoconstrictors such as catecholamines 

in the ICU setting are required. It is hoped that this thesis will provide the catalyst for 

these future studies.!!
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